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Session OF THURSDAY MorNING, DECEMBER 28, 1922 

The Thirty-fifth Annual Meeting of the Geological Society of America 

was called to order in the Natural Sciences Building of the University 

of Michigan, Ann Arbor, Michigan, at 10.22 a. m., by President Charles 

Schuchert. Brief remarks reminiscent of the influence of the University 

of Michigan in American geology were made by President Schuchert, 
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who called attention to the fact that this was early a center of geological 

activity under the influence of Alexander Winchell, the real father of 

the Geological Society of America and one of its earliest Presidents, as 

well as under his successor, Israel C. Russell, who also became a Presi- 

dent of this Society. He poimted out that Ann Arbor, both because of 

its former great influence and also because of its continued prominence 

to the present day as an active center of geological teaching and investi- 

gation, is a very appropriate place for this annual meeting of the Geolog- 

ical Society and its affiliated societies, covering the geologic, mineralogic, 

paleontologic, geographic, and physiographic fields of investigation. 

REPORT OF THE COUNCIL 

The report of the Council was presented by Secretary Hovey, as fol- 

lows: 

To the Geological Society of America, in thoirty-fifth annual meeting 

assembled: 

The regular annual meeting of the Council was held at Amherst, 

Massachusetts, in connection with the meeting of the Society, December 

28-30, 1921. A special meeting was held in New York on October 15, 

1922. 

- The details of administration for the thirty-fourth year of the exist- 

ence of the Society are given in the following reports of the officers: 

SECRETARY'S REPORT 

To the Council of the Geological Society of America: 

The Secretary’s annual report for the vear ending November 30, 1922, 

is as follows: 

Meetings.—The proceedings of the annual general meeting of the 

Society, held at Amherst, Massachusetts, December 28-30, 1921, have 

been recorded in volume 33, pages 1-186, of the Bulletin. Those of the 

Cordilleran Section, pages 187-190: of the Paleontological Society, pages 

191-222; of the Society of Economic Geologists, pages 223-226; of the 

Mineralogical Society of America, pages 227-230, of the same volume. 

Membership.—During the last year the Society has lost five Fellows 

by death—John C. Branner, R. D. Salisbury, James E. Todd, Levi 

Holbrook, and G. H. Cox. The names of the twenty-one Fellows elected 

at the Amherst meeting who qualified have been added to the printed 

list. Six Fellows have resigned or been dropped for non-payment of 
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dues. The present enrollment of the Society is 463. Sixteen candidates 

for Fellowship are before the Society for election and several applications 

are under consideration by the Council. 

Distribution of the Bulletin.—During the past year there have been 

sent out to subscribers 158 copies of volume 33 of the Bulletin. Five 

volumes have been distributed gratis, as follows: Library of Congress, 

American Museum of Natural History, the Government Geological Sur- 

veys of the United States, Canada, and Mexico. Fifty-eight copies have 

been sent to our foreign exchange list. The receipts from subscriptions 

to and sales of the Bulletin and separate brochures therefrom appear in 

the following table: 
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Bulletin Sales, December 1, 1921—November 30, 1922 

Complete volumes. 

| 

i 

| 

Brochures and parts. 
Grand 
total. 

Fellows.| Public. Total. Fellows.) Public. | Total. 

| i — 

Vooluumne Bn eo os ce 5 Seema aie cee ame in NR rca ca 
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Tatar receipts: te. date. issu: epeeees cee eee $31,556.57 

Respectfully submitted, 
EpmMuND Otis Hovey, 

Secretary. 
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TREASURER’S REPORT 

To the Council of the Geological Society of America: 

The Treasurer herewith submits his annual report for the year ae 

November 30, 1922. 

The membership of the Society at the present time is 463, of whom 

372 pay annual dues. Twenty-two new members were elected at the last 

annual meeting, 21 of whom qualified. One elected in 1920 also qualified, 

making a total of 22 new members. Jour members commuted for life, 

making the total Life Membership 91. There have been 5 deaths during 

the year. When the books closed for the year 26 members were delin- 

quent in the payment of dues—2 for 4 years, 3 for 3 years, 4 for 2 

years—and are therefore lable to be dropped from the roll, and 17 for 

1 year. 

RECEIPTS 

Gacnven hand December 1, 1920... eo. oo ee a $1,684.96 

omommcinig tees > 1918 (1) css ke ee ee $10.00 

PRON Ole (Ol agen) coe aes es lae & io 10.00 

Fg 24 (2 3 a 40.00 

TSE A US (ey |e lea ae ee 230.00 

Ey mea DEN Seavel obs, Boe eid ee 6 Atle wee 3,510.00 

eel 

imucnwon tees (21 for 1921 -+ 1 for 1920)............. 220.00 

iPmmcmmimnnnatrons (4) 5 26. ck cee ce eee nee eeee D8T .00* 

eG SneeOMeMAVESHIMENMLS. ..o.ccc sce chee elsceveceucees 1,420.00 

Interest on deposits in Baltimore Trust Company...... 124.85 

PPeLOMOiion AGE GO CHECKS. 26.550. bce tc ew cea wees 2.29 

Peo BONG PCCMIUM, . 5s)... ne fb ok ea od ces 7.50 

Redemption of New York Central bond................ 1,050.00 

ieee men AIN OM ACCOUNL S. 2 oc fc ne ccs cc es oe kc cee cc eee 300.00 

Received from Secretary : 

SMCS Ot MUUMCALTONS. 2 oss 62 28 8 owe $2,003 .52 
PUnnON Ss (SCM ARALCS coc %e.5.6 ville s ba 6 a ew ces 354.65 
Author’s corrections refunded........... 26.21 

Pepe CETUNOCUH: s vas sfc decd pave oes s vc cee 23 .83 
Hngraver’s charge refunded............. 5.00 
Exchange on checks refunded............ 1.89 
eM SUS i sn ew Oh eb ww pc 3) 5) 
ESTED C{CiG 607 9) Rare en rr 12.00 
eolopien! Marazine.: oo... ce sce ca ee 222). 25 
(ELA SITE OES Soha SUS aa ae 2.50 
SEITE CUTS I cena ce a 4.40 

2,639 .50 

$11,856.10 

* $7.00 overpayment subsequently returned. 
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DISBURSEMENTS 

Secretary's office : 

AGmMinigheation v.55 's «sends we Vie ee ee $415.79 

Ballot cok chs BOTS On es ae eee abit 507.58 

POPUDRIG | 1a skcaa 3 Sion earn Saude alain ace ea 5.00 

Geological Magamine. ...\sii savas wew tie eee 247 .53 

en Ree ka bale S'S a n'a Wi thie an nw eae nee ete 1,000. 00 

Treasurer's office: 

EIRNONSOS: He dina i's snd sah sees pinata $66.50 

CIERROs ih avn owkan vee wa rea G Sey See 150.00 

Publication of Bulletin: 

PP | iseotcia Sala Saal Om hee eae heen $2,497 . 07 

PHISPOVIE Noir ok.s kok eR OR eae SAA ae 697.28 

GLLOr DS. SRIAT Uk 5 ks Sas Re eens 250.00 

Mineralogical Society of America..........ccccesceaees 

Refund on account of overpayment on Life Membership. 

Investments : 

1 Braden Copper Mines bond............ $1,010.83 

1 Commonwealth Edison Company bond.. 1,002.22 

Balance in Baltimore Trust: Company. .. <2... 05 Jes se% 

Respectfully submitted, Epwarp B. 

Epiror’s Report 

To the Council of the Geological Society of America: 

PROCEEDINGS OF THE ANN ARBOR MEETING 

$2,175.90 

216.50 

3,444.35 

93.00 

7.00 

2,013.05 
3,886.30 

$11,836.10 

MATHEWS, 

Treasurer. 

The following tables cover statistical data for the thirty-three volumes 
thus far issued: 

ANALYSIS OF COSTS OF PUBLICATION 

Cost. Average— 
Vols. 1-30. Vol. 3]. Vol. 32. Vol. 33. 

Bae See | $$ | 

pp. 737. | pp. 468. pp. 506. | pp. 883. 
pls. 31. pls. 14. pls. 12 pis: 6. 

| oT a a 

|e SoS. a RE A A, SS AI | $1,776.16 | $1,541.45 | $1,883.18 | $3,006.32 
PRIMER CII oes cian Sree, Codd tees Ls ee eae eS 433.34 131.94 272.44 616.01 
PDO cs Ae eck nS ecaeierneeea ces Sone eee 428.12 266.64 792.00 686.81 

pS Ip eS ea ne Sp, ie es Aly Bee eye ad $2,566.03 | $1,940.03 $2,947.62 | $4,309.14 

= =| 

AWREEQE: PRY PARE aiden neeahnun ae ee a eee $3.51 $4.15 $5.83 | $4.85 
| 

a 
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CLASSIFICATION OF SUBJECT-MATTER 

| | > P | : 
2 US Pa a Ue Pa i Re = g : 
Beeb -| Sa eah en seiacb e212 Bee | ot Bele ol ee eel eal of eS 

Volume. ae s =e eet eS Sis eee a | ea ) <4 Total. 
- = Ss - ee] se) Be Be ee 2 E a) ieee be te ta iets Wh ele |S < £ o | a | a) fe) = =) 

Number of Pages. 

ae 6-1 137 92 8 83 44 = a ane a 60 4 4) 593+-x1i 

2 a 36 | 110 60 | 111 52 | 168 47 | 9 || 55 1 7| 662+-xiv 
2 ee 56 41 44 4] Be toe | 104-4. > 61 15) 1} 541+ xii 

a a 25 | 134 38 74 52 52 2 0 eae 47 32 | Z| 458-+-xii 
en 138 | 135 7 54 28 ge ME ee faa 14 | 9) 665-+-xii 

Be rey 0-7 491 7d 39 71 99 I dy ee ot 63 25 | 4) 5388+-x 
"aaa 38 77 :| 105 53 40 7A an Vi br 3 4 66 28 13) 558+~x 
Peas) 34 50 98 5 43 67 08 | 14 79 8|___.| 464 x 

ae ZAI OT 4 es oo (en 28 64 16 64 18 oie 60+~x 

| 39 33 96 37 59 62 68 28 84 27, 17) 534+-xiii 

Lr No a 65 | 110 ZA 10 54 31 | 188 7 71 60, 46) 651+-xii 
| A oa 199 39 dD 503 24 98 a a Fi 2|-...| 598+-xi 

eens, 125 eA 13 24 28 | 116 42 4 || 165 32| 29) 583+-xii 

Ne 48 47 48 59 | 183 | 118 22 1 80 14 1} 609+-xi 

ae My | 124 3 94 BV Lead | bins cellu Pilbas. ve 17 3) 626+x 

Wepre 64 | Lil 78 30 | 102 | 141 US fu iene 67 22; 18) 636-+-xili 
| ieee ea 49 | 161 41 84 47 | 294 27 fei 71 9 2| 785+-xiv 

‘ys See H 164 | 141 D 29 | 246 Ee eee aes 68 40 3) 717-+-xii 

‘| Seep 106 | 108 29 66 30 | 155 Bere oes 56 15} 20) 617+-~x 
v2, | SO 43 54 19) 29 ay 45 | 303 | 8 60 3) 132) 749+-xiv 
7, | Sa a2 | Zot 79 48 89 70 | 106 1 lil Jl. 10} 8284 xvi 

27 aS 23 o4 28 28 743) LE ee Ce 63 49 1) 747+-xii 
ae ip see | 126° | 108 5 I ce Sa as b= Si 66 32 | l| 758+-xvi 

7 J: a Naa 18 a7 96 a7 49 | 160 | 106 25 ll too 50 3) 737--xviii 

Pe oA } Zit a4 32 | 156 OF i Io 108 9; 22) 8024 xviii 
CS EG ae Road hed 3 11 56 90 | 148 |.___- 04 44 6| 5044 xxi 
“1 SN Oey 1 9 | 125 31 | 146 re 1 tab arb 2 io 24\ 98| 7394 xviii 
/::, TS 2 | Zio 70 69 78 | 200 33) 39 94 | 110) 14/1005+-xxii 

ge 3 | 107 62 15 | 127 | 169 64: joe he 73 a7) 621) 6794+-xix 

2 ee 160 3 41 4 5 386 | 205 16 ia 599; 80) 6444+-xili 
2 ea 20%: 30 19 4 i3 45 oe ZA 69 97) 79) 450+-xvili 

ens 73 47 fi 72 63 H 77 17 || 105 2) 37) 488+-xviii 
Bae ee, 39 | 166 | 160 47 7 | 107 | 101 3 91 | 41 31| 862+-xxj 

Respectfully submitted, 

Ties JOSEPH STANLEY-Brown, Editor. 

The foregoing report is respectfully submitted. 

THE CoUNCIL. 

December 28, 1922. 

ELECTION OF AUDITING COMMITTEE 

_ The printed report of the Council was distributed to the members in 

attendance and was available for additional circulation. Since the report 

of the Council contained the Treasurer’s report, it was laid on the table 
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pending report of an auditing committee named from the floor, consist- 

ing of H. B. Kummel, Harry Fielding Reid, and R. T. Chamberlin. 

ELECTION OF OFFICERS, MEMBERS OF STANDING COMMITTEES, AND 

FELLOWS 

The Secretary then declared the vote for officers, members of standing 

committees, and Fellows for 1923, resulting from the canvas made by 

mail, as follows: 

President: 

Davin Wurte, Washington, D. C. 

First Vice-President: 

Witi1am H. Hogpps, Ann Arbor, Michigan 

Second Vice-President: 

Wittram H. Emmons, Minneapolis, Minnesota 

Third Vice-President: 

T. WayLanp VAUGHAN, Washington, D. C. 

lice-President to represent the Mineralogical Society of America: 

Epear T. WuHerry, Washington, D. C. 

Secretary: 

Cuaries P. Berkey, New York City 

Treasurer: 

Epwarp B. MatHews, Baltimore, Maryland 

Editor: 

JOSEPH STANLEY-Brown, New York City 

Councilors (1923-1925) : 

EpmuNbD Otis Hovey, New York City 

AurreD H. Brooks, Washington, D. C. 

Representatives on the National Research Council (July 1, 1923, to 
June 30, 1926): 

ApoLpH KNopr, New Haven, Connecticut 

FrepertcK B. Loomis, Amherst, Massachusetts 



ELECTIGN OF OFFICERS AND FELLOWS ts 

Members of the Standing Committee on Teaching of Geology 

(1923-1925) : 

Exiot BLACKWELDER, Stanford University, California 

WarREN J. Mreap, Madison, Wisconsin 

FELLOWS 

‘Leason H. ApDAMS, B. S., Geophysical Laboratory, Washington, D. C. 

EUGENE T. ALLEN, Ph. D., Geophysical Laboratory, Washington, D. C. 

PauL BiLuiInGsteEy, A. B., Anaconda Copper Mining Company, Portage, Wash- 

ington. 

JOHN StTarrorD Brown, B.S., Associate Geologist, U. S. Geological Survey, 

Washington, D. C. 

Kirk Bryan, Ph. D., Geologist, U. S. Geological Survey, Washington, D. C. 

Victor DoLMaAGE, Ph. D., Canadian Geological Survey, Ottawa, Canada. 

JAMES WILLIAMS GIpDLEY, Ph. D., U. S. National Museum, Washington, D. C. 

AnNA I. JonAS, Ph. D., Bridgeton, New Jersey. 

BERTRAM ReEtD MacKay, Ph. D., Geological Survey of Canada, Ottawa, Canada. 

ALEXANDER Watts McCoy, M.<A., Bartlesville, Oklahoma. 

DonaLp HAMILTON McLaAuGuuin, Ph. D., Berkeley, California. 

Maurice GoLpsMITH Ment, Ph. D., University of Missouri, Columbia, Missouri. 

CHARLES CrAIG Moox, Ph. D., Metuchen, New Jersey, Research Assistant, 

American Museum of Natural History. 

STANLEY SmitH, D.Sc., Assistant Professor in Geology, Queens University, 

Kingston, Ontario. 

WILLIAM LAWRENCE Uctow, Ph. D., University of British Columbia, Vancouver, 

Canada. 

Harry Oscar Woop, A. M., Mount Wilson Observatory, Pasadena, California. 

E. G. Wooprurr, M. A., Geologist, New England Oil and Pipe Company, Tulsa, 

Oklahoma. 

VOTE ON PROPOSED AMENDMENT TO THE CONSTITUTION 

The proposed amendment was as follows: 

Resolved, That section 4 of Article V of the Constitution be amended by 

deleting the words ‘the Council,” in the first line of the section, and substi- 

tuting therefor the words “trial ballot by the Fellows.” 

The President announced that the vote called for by mail on the adop- 

tion of the proposed constitutional amendment resulted in 87 in favor of 

the proposed amendment and 99 against it (required to adopt, 347), and 

that therefore the amendment was defeated. He called attention to the 

fact that with this result it was unnecessary to present the corresponding 
amendment to the By-Laws, which hinged directly on the adoption of 
the proposed amendment to the Constitution. No further action was 
taken by the Society. 
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INTRODUCTION OF CORRESPONDENT EMMANUEL DE MARGERIE 

President Schuchert at this poit introduced Prof. Emmanuel de 

Margerie, Director of the Geological Survey of Alsace and Correspondent 

of the Geological Society of America, calling attention to the fact that 

this is the first time in the history of the Society that a Correspondent 

has attended one of its meetings. Professor de Margerie responded 

briefly, speaking in a very appreciative manner of the work and influence 

of the Geological Society. 

REPORT OF THE REPRESENTATIVE TO THE INTERNATIONAL GEOLOGICAL 

CONGRESS 

Edward B. Mathews gave a brief oral report of his service as repre- 

sentative to the International Geological Congress. 

REPORT OF COMMITTEE ON TEACHING GEOLOGY 

H. F. Cleland, chairman of the Committee on the Teaching of Geology, 

submitted a report by letter, which was read by the Secretary, as follows: 

During the past year the committee has endeavored to carry out some 

of its recommendations of last year. In that report it was recommended 

that geological models of ten of the principal physiographic provinces 

be constructed. Specialists on each of these provinces have agreed to 

furnish the data from which such models can be made. After each model 

is completed it is to be submitted for correction and approval to the 

geologist supplying the data. A short description is to accompany each 

model. One model is completed and has the approval of Prof. R: T. 

Chamberlin. It is desired that teachers of geology study the model, 

which will be on exhibition, and tell the committee whether or not such 

models will be useful, and, if so, what modification will add to their use- 

fulness. 

No one has been found to construct animated block diagrams for moy- 

ing pictures, but a moving-picture company has expressed itself as 

anxious to undertake the production of such films. It is hoped that some 

competent geological artist will undertake this important work. 

A number of models which were illustrated in the last report of the 

committee will soon be placed on the market by a well-known firm. 

It is again recommended that standard collections of lantern slides of 

geological, physiographical, and paleontological subjects be brought to- 

gether. 

It is further recommended that a method be devised and carried out 



| 
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so that colleges and universities can secure geological specimens for use 

in teaching. A suggestion has been offered which seems feasible. 

NECROLOGY 

The Secretary announced the death during the year of five Fellows, 

all but one of whom were original Fellows of the Society. Brief oral 

tributes were then given as follows: J. C. Branner, by Bailey Willis; 

R. D. Salisbury, by N. M. Fenneman, in the absence of T. C. Chamber- 

lin; James E. Todd, by Frank Leverett; Levi Holbrook, by James F. 

Kemp. 

C. L. Dake, who had prepared a written memorial of G. H. Cox, was 

unable to be present to give his oral tribute. 

The written memorials are given in the Proceedings. In addition to 

the foregoing, a memorial of Joseph Barrell, held over from last year, 

is included. 

MEMORIAL OF GUY H. COX? 

BY C. L. DAKE 

Doctor G. H. Cox, Fellow of the Geological Society, was overturned 

in his automobile late Saturday night, August 19, 1922, while driving 

between Bristow and Sapulpa, Oklahoma, and fatally injured. He was 

taken to the hospital at Bristow, where he died early the following morn- 

ing, never having recovered consciousness after the accident. 

Guy Henry Cox was born at Lehigh, Iowa, May 4, 1881, son of Edward 

Henry Cox and Ada Wilson. His early education was in the public 

schools of Fort Dodge, Iowa. In 1905 he was graduated from North- 

western University with the degree of Bachelor of Arts. Following this 

he did graduate work in the School of Mines of the University of Cali- 

fornia in 1905-1906. 

During the years of 1906-1908 he carried on graduate work at the Uni- 

versity of Wisconsin, holding the Fellowship in Geology in 1907-1908. 

He received the degree of Doctor of Philosophy from that institution in 

1911. In 1914 he was granted the degree of Engineer of Mines by the 

Missouri School of Mines and Metallurgy. 
On December 27, 1907, Doctor Cox was united in marriage to Miss 

Kitty May Gates, of Clear Lake, Iowa, and to them were born two chil- 

dren, Kenneth Dale and Catherine Gates. 

Doctor Cox served as instructor in geology in the University of Cali- 

fornia during the college year of 1908-1909, coming to the Missouri 

1 Manuscript received by the Secretary of the Society November 6, 1922. 
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School of Mines and Metallurgy as Assistant Professor of Mineralogy and 

Petrography in 1909. In 1911 he was made Professor of Geology and 

Mineralogy, and occupied that chair until 1920, when he resigned to go 

into consulting petroleum geology. 

The work of Doctor Cox for the School of Mines is particularly note- 

worthy for the fine organization of the department that he brought about. 

He was an ambitious and tireless worker and made his department a 

recognized force in the school. 

Doctor Cox had a wide field experience, beginning in 1904 with a 

season in southwestern Wisconsin for the Geological and Natural History 

Survey of that State. The summer of 1906 was spent, under the super- 

vision of Doctor U. S. Grant, with a party in Wyoming. The summer 

of 1907 was spent in engineering and exploration work in Alaska, inelud- 

ing a study of Alaskan tin deposits and also involving extensive sampling 

of Nome placer deposits. 

In 1908 he was engaged with the Wisconsin Survey in the zine and 

lead district, and the two following seasons with the Illinois Survey in 

working out the origin of the lead and zine deposits of the upper Missis- 

sippi Valley. During 1911 he served as engineer for the Wisconsin Zine 

Company. This work resulted in the publication of two of his most im- 

portant contributions to geological literature: “The origin of the lead 

and zine deposits of the upper Mississippi Valley district,” Economic 

Geology, volume 6, number 5, 1911, and “Lead and zine deposits of north- 

western Illinois,” Illinois Geological Survey, Bulletin 21, 1914. In these 

papers he advances the theory that the sulphides of zine and lead were ~ 

first deposited from the sea, in disseminated form, in the highly organic 

Maquoketa shale, and that as this formation was removed by erosion, 

descending cold solutions redeposited the ores where they now occur. 

Doctor Cox also spent one summer prospecting in the vicinity of Trout 

Creek, Montana. More recently his field activities were devoted almost 

exclusively to petroleum exploration. These activities began with an ex- 

tensive trip, designed primarily to secure data on which to build up a 

course in petroleum geology in the School of Mines. This trip involved 

visits to Wyoming, California, Texas, Louisiana, Oklahoma, and Kansas. 

During. the college year of 1916-1917 he was on leave and maintained 

consulting offices in Tulsa, Oklahoma, under the name of Cox & Radeliffe. 

As a result of his extensive field-work in petroleum geology, he invited 

the other members of his department to cooperate with him in the prepa- 

ration of a treatise on “Field methods in petroleum geology,” his experi- 

ence leading him to feel that there was a real place for such a work. This 

appeared as a McGraw-Hill publication in 1921. 
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In 1920 Doctor Cox resigned his position in the School of Mines, and 

from that time until his death he devoted his energies entirely to petro- 

leum exploration, the major part of his work being done in the mid- 

continent field in Oklahoma, Texas, Kansas, and Arkansas. He was 

located in Oklahoma City. 

Doctor Cox was a member of the Alpha of Wisconsin Chapter of Alpha 

Chi Sigma, an honorary member of the Beta of Missouri Chapter of Tau 
Beta Pi, and a charter member of the Missouri School of Mines Chapter 

of Phi Kappa Phi. 7 

He had belonged to the American Institute of Mining Engineers since 

1912; to the American Association of Petroleum Geologists since 1917; 

to the Society for the Promotion of Engineering Education since 1919, 

and to the Geological Society of America since 1920. 

Not only was Doctor Cox an able teacher, he was also an ambitious and 

tireless worker and an excellent organizer. He has contributed a number 

of important papers to the literature of geology and was one of the few 

men who, in the keen competition of commercial work, kept up his inter- 

est in purely scientific problems. Had he been spared he would undoubt- 

edly have contributed much to the further development of our science, 

contributions rendered especially valuable because guided by the spirit of 

quantitative precision engendered by engineering practice. He was of 

the type we can ill afford to lose. | ; : 

PUBLICATIONS 

Copper in southwestern Wisconsin. Mining and Scientific Press, volume 99, 

page 529, 1909. 

Lead and zine district of northern Illinois. Mining World, volume 34, pages 

439-442, 1911. 

A new type of Wisconsin zinc deposit. Engineering and Mining Journal, No- 

vember 30, 1912, page 1040. 

The origin of the lead and zinc ores of the upper Mississippi Valley district. 

Economic Geology, volume 6, number 5, 1911. 

Lead and zine deposits of northwestern Illinois. I[llinois Geological ‘Survey, 

Bulletin 21, 1914. 

Methods of prospecting and estimating ore bodies in the Wisconsin zine and 

lead district. Thesis for Engineer of Mines degree, Missouri School of 

Mines and Metallurgy. 

Structureless structure. Oil and Gas Journal, 1917. 

JOINT PUBLICATIONS 

Highland, Linden, Mifflin, and Mineral Point topographic and geologic sheets, 

in Atlas of Bulletin 14, Wisconsin Geological and Natural History Survey, 

lead and zine deposits of Wisconsin. (With U. S. Grant. M. J. Perdue, 

J. R. Banister, and G. H. Cady.) 

TI—Bwutt Grou. Soc. AM., Vou. 34, 1922 



18 PROCEEDINGS OF THE ANN ARBOR MEETING 

Elizabeth sheet of the lead and zine district of northern Illinois. Illinois 

Geological Survey, Bulletin 16, 1909. 

Some relations between the composition of a mineral and its physical proper- 

ties. Missouri School of Mines and Metallurgy, General Series, volume 3. 

number 1, 1910. (With E. P. Murray.) 

Geologic criteria for determining the structural position of sedimentary beds. 

Missouri School of Mines and Metallurgy, Technical Series, volume 2, 

number 4, 1916. (With C. L. Dake.) 

Studies on the origin of Missouri cherts and zine ores. Missouri School of 

Mines and Metallurgy, Technical Series, volume 3, number 2, 1916. (With 

V. H. Gottschalk and Reginald Dean.) 

Field methods in petroleum geology. McGraw-Hill, 1920. (With C. L. Dake 

and G. A. Muilenburg. ) 

MEMORIAL OF JOSEPH BARRELL * 

BY HERBERT E. GREGORY 
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INTRODUCTION 

During the past few years an unusual number of names have been 

erased from the rolls of the Geological Society—men whom our science 

can ill afford to spare. From the Yale contingent alone and in seventeen 

months death has taken three eminent geologists, all in the height ot 

1 Manuscript received by the Secretary of the Society November 8, 1922. 

Joseph Barrell, born in New Providence, New Jersey, December 15, 1869, was the 

son of Henry Ferdinand and Elizabeth (Wisner) Barrell. B, S. 1892, E. M. 1893, M.S. 

1897 (Se. D., Honorary, 1916), Lehigh University ; Ph. D., Yale University, 1900. Mar- 

ried Lena Hopper Bailey December 27, 1902. Teacher in public schools, 1886-87; in- 

structor in mining and metallurgy, Lehigh University, 1893-97; assistant mining engi- 

neer, Lehigh Valley Coal Company, 1894, Butte & Boston, and Boston & Montana mining 

companies, Butte, Montana, 1897-98 ; field assistant, U. S. Geological Survey, 1899-1901 ; 

assistant professor of geology, Lehigh University, and in charge of Department of Nat- 

ural Sciences, 1900-03; assistant professor of geology, 1903-08, professor of structural 

geology, 1908-1919, Yale University. Fellow of the American Association for the Ad- 

vancement of Science, Geological Society of America, Washington Academy of Sciences, 

American Academy of Arts and Sciences, Paleontological Society, National Academy of 

Sciences ; member of Connecticut Academy of Sciences. Died at New Haven, Connecticut, 

May 4, 1919. 
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their productive power. The loss of Irving, Pirsson, and Barrell is a 

staggering blow to the geological faculty ; it disrupts the team and affects 

fundamentally the plans for maintaining a strong, well-balanced depart- 

ment. To carry out the program for organized graduate instruction 

authorized by the university in 1902, Barrell was the first man called, 

and quickly justified the choice. In the words of Professor Schuchert, 

“He was a power among us and it was around him that our graduate 

courses were built.” 

HisroricaL SKETCH ? 

In Professor Barrell, birth and education appear to have combined to 

prepare for a distinguished career. Generations of seafaring men and 

farmers in Normandy, England, Massachusetts, New York, and New 

Jersey may have contributed a taste for nature and disregard for refine- 

ments and superficial views. For Barrell’s father one must have the 

highest admiration. He was an intellectual leader in a country town— 

a lover of books and of the out-of-doors, a man who interested his chil- 

dren in trees, insects, and stars and directed their reading in serious 

topics relating to natural history. This man of learning and common 

sense appears to have been responsible also for outlining the course of 

training which made up the first three stages of an ideal program of 

studies. What better course could be devised for a man set aside as a 

physical geologist than that chosen for and by Barrell: elementary school 

and high school in a rural village, a year at a city preparatory school, 

four years of engineering studies, six years of mining practice combined 

with teaching of mathematics, astronomy, mining, and metallurgy, and 

capped by two years of graduate study of field and laboratory problems. 

Few men at the age of thirty-one have built such a broad and solid base 

for a future scholarly career. 

After receiving the doctorate at Yale in 1900,*Barrell returned to 

Lehigh as Assistant Professor of Geology—a position held open for two 

years through the generosity of Prof. E. H. Williams, Jr. This appoint- 

ment involved giving special attention to the economic and engineering 

aspects of the geology and also instructing an elementary class in biology. 

After teaching three years at Lehigh, Barrell was called upon to make 

what he would have termed “the critical decision.” His life had been 

planned for a promising career as a mining geologist, with its desirable 

professional and financial relations. The acceptance of an invitation ex- 

2A biography of Barrell which includes much detail of educational and family history, 

compiled by Charles Schuchert, appeared in the American Journal of Science in October, 

1919. 
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tended by Yale College in 1903 to develop the field of structural geology 

involved almost a right-about-face in purpose and personal contacts. It 

involved the substitution of a career in engineering and connection with 

an engineering school for graduate teaching and research in an institu- 

tion devoted to non-professional training. I well remember the ensuing 

conversations and correspondence, which were so characteristic of his 

mental processes. On the one hand, devotion to his Alma Mater and to 

his friend, Professor Williams, counted for something, and the practical 

assurance of financial competence for one who had recently married, and 

who all his life had gone without luxuries, counted for more. On the 

other hand, he realized that the mining engineer necessarily emphasizes 

commercial utilization rather than the solution of geological problems, 

and that uninterrupted time for study and intimate association with 

minds devoted solely to advancing knowledge offered favorable conditions 

for finding answers:to the many questions which crowded his fertile brain. 

Fortunately, Barrell chose Yale, and found there the leisure, stimulus, 

and appreciation which constitute the favorable environment for the play 

of a powerful intellect. 

In the scheme of instruction at Yale, Barrell had charge of two classes: 

a half-year undergraduate class in historical geology and a full-year 

course, primarily for graduates in dynamical and structural geology. 

From time to time as emergencies arose, he took part in teaching classes 

in field geology, and nearly every year students studying for the degree 

of doctor of philosophy were grouped by him in a special course in which 

study of the literature and solution of problems constituted the subject- 

‘matter. The decision to relieve Barrell of the multitudinous routine 

tasks which consume the time of the average professor was amply 

justified. 

Barrell’s undergraduate teaching was characterized by systematic plan- 

ning and orderliness, by logical development of the subject-matter, and 
by careful choice of essentials. But before the class he was the geologist 
rather than the teacher of untrained minds. He devoted his attention to 
the arrangement and presentation of valuable information rather than 
to perfecting of devices for leading the student to think in geological 
terms. The informal give-and-take method of elementary instruction 
was unsuited to his mode of thought. The recognition of the average 
undergraduate viewpoint played little part in his teaching, and sympa- 
thetic personal relations with students were rarely maintained; but a 
“square deal” was always forthcoming, and evidence is abundant that the 
method used by Barrell was eminently successful for the better minds in 
his classes. 
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While mildly begrudging the time and thought necessarily consumed 

by even a moderate amount of undergraduate teaching, Barrell persist- 

ently clung to his class in historical geology, not only for the joy of pre- 

senting truths to interested minds, but because, as he expressed it, “teach- 

ing benefits the teacher even more than the taught.” That his reasoning 

was sound is shown by the disappearance of “Old Bathylth” and “Inter- 

stitial Relations” as friendly nicknames on the campus. And it is prob- 

able that the practice in presenting geological subjects to men unfamiliar 

with facts and processes and terminology is in large part responsible for 

the improvement in style revealed in his latest writing. 

In graduate teaching, where analytical thought, mental invention, 

breadth and depth of knowledge make the successful instructor, Barrell 

had few equals. Few advanced students listened to his lectures without 

a desire to know more about earth history and processes, and without a 

feeling of thankfulness for the opportunity to come closely into contact 

with this exceptional mind. And it is worthy of note that the men who 

came to Barrell with the most experience and knowledge are the most 

enthusiastic in their praise. The attitude of the serious, experienced 

student is well shown in a letter from D. Foster Hewett: 

It was my good fortune to have close acquaintance as a student with Pro- 

fessor Barrell, first at Lehigh for three years and later at Yale for two vears. 

In the classroom I feel that his most distinctive characteristics were simple 

and unaffected bearing, faithful and systematic preparation for his tasks, and 

orderly and well-balanced use of the class-room period. It is worth while to 

lay emphasis upon his simplicity, expressed in manner, speech, and dress; for, 

however natural it may have been, it was also an expression of a profound 

conviction that the unessential is generally wasteful. Those who knew him 

outside of the classroom recollect that in advance of each period he system- 

atically prepared outlines for the lecture or recitation. Preserved in note- 

books, the outlines furnished the basis for each new year’s work. In suceceed- 

ing years, the course was-enriched by his own experience and wide reading. 

There must be few who were not impressed by the rare facility he showed for 

making each lecture a well-balanced statement of fact, a development and test 

of hypothesis, and a summary of conclusions, all fitted nicely to the allotted 

period. His engineering training was frequently brought out in his facility 

for using algebra, descriptive geometry, calculus, or analytical mechanies in 

presenting or testing hypotheses. In his teaching, as in his writing, he em- 

phasized what many students of earth processes overlook—that many of the 

forces in operation, though commonly of great magnitude, are governed by 

simple laws of physics. Many will recall his annual lecture on the conditions 

of deposition of the Newark series. By the use of lantern slides, carefully 

selected to show the evidence concerning the conditions and fauna of the’ time. 

he developed the imaginary vicissitudes and tragedies of the Triassic inhab- 

itants of Connecticut with such rare imagination and keen sense of humor 

that he rarely failed to bring forth a spontaneous burst of applause. 



22, PROCEEDINGS OF THE ANN ARBOR MEETING 

In seminar periods he showed exceptional capacity for visualizing the stu- 

dent’s problem and generosity in contributing time and interest to the serious 

student. At the monthly meeting of the Dana Club, composed of the graduate 

students in geology at Yale, he inspired debate with the predetermined pur- 

pose of encouraging facility for expression, but if extreme divergence of opin- 

ion developed he sought to reconcile the differences. 

I can clearly recall several incidents, particularly near Mount Carmel, north 

of New Haven, when he gave fine exhibitions of grasp of the principle of 

multiple working hypothesis in the examination of small outcrops of diabase 

with the view to proving beyond doubt whether’ they represented masses of 

surface flows. Many may remember that even Dana did not instinctively 

understand this process. 

A student could scarcely fail to be impressed by the capacity of his intellect, 

the force of his appeal, the breadth of his interest and sympathetic consider- 

ation, and the high mental and physical standards that he set for himself and 

those who were fortunate enough to be associated with him. 

As a teacher of professional geologists, Barrell has received wide recog- 

nition. In the many letters of appreciation received from distinguished 

geologists at home and abroad the expressions “leader,” “guide,” and 

“teacher” are common. Certain it is that the analyses, demonstration 

of method, and evaluation of the literature shown in the writings of 

Barrell have cleared the way for a more successful attack on problems of 

stratigraphy and structure. 

SOME PERSONAL CHARACTERISTICS 

Barrell was a man of strong, unique personality. His ideals were high 

and his’'demands for creature comforts small. He cared little for popu- 

larity and for the non-essentials which go with social prestige. His great. 

desires were uninterrupted time for work and intellectual fellowship 

established through writings. He possessed many attractive human 

traits, but his intellectual power was so obvious and so continuously dis- 

played that twenty years of intimacy has left me an impression of a mind 

rather than of a man. His personality appeared to be contained in a 

mind of surpassing fertility, imagination, and machine-like logic. His 

death marks the loss of a thinker—rare in any generation. 

The key words to Barrell’s character are “justice” and “logic” rather 

than “‘sentiment” and ‘altruism’; and these dominant mental traits 

appear even in small affairs. 

In playing handball, a game which Barrell put on his schedule, not 

for the sheer joy of playing, but as a conditioning factor in mental work, 

disputed points were not to be settled by mutual give and take, but by 

plotting the course which a ball must have taken to reach a certain point. 
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He took no advantage, and he gave none; he was meticuously just and 

carried exactness of method into details of every-day life. 

Barrell’s unbounded confidence in conclusions reached by reasoning— 

a quality which yielded such large returns to science—also led him to 

‘some odd convictions. No amount of argument and friendly ridicule 

could convince Barrell that a man of his length and build and weight 

could learn to swim in fresh water. Likewise a careful study of his 

family history and insurance tables led to the unshakable belief that some 

thirty years of active life were ahead of him. And in spite of his natu- 

rally kindly disposition and his desire to maintain an open mind, he 

found it extremely difficult to modify his views of individuals, political 

tenets, and religious teachings, after a thoughtful decision had once been 

made. 
A striking feature of Barrell’s mind was its complete detachment. He 

used the same criteria in judging his own powers and attainments as 

those he applied to others. He cared little for adverse criticism and not 

much more for praise. He felt that work should be measured by abstract 

standards or, to use his term, “an independent witness,” and that ques- 

tions of friendship and nationality and codes of ethics and modesty have 

nothing to do with principles and methods. He placed high valuation 

on his own work, was fond of quoting from himself, and somewhat im- 

patient of those who failed to recognize the worth of his contributions. 

But in this attitude there was no discernible trace of lack of modesty or 

undue seeking for personal glory. He thought highly of his opinions 

and of his publications not because they were his, but because they were 

good. His clean-cut, detached mind had pronounced a judgment in 

which we all concur. 

MetuHop oF Work 

It is interesting and helpful to record the methods used by Barrell in 

the preparation of his papers. His choice of topics arose partly from 

personal interest and the needs of his immediate colleagues, but largely 

from a feeling that investigation in certain fields was prerequisite to 

progress in geological thought. When chosen, the problem was analyzed 

and, controlled by multiple hypotheses, a series of deductions was 

framed, each one of which rested solidly on the assumptions adopted for 

the purpose. In the form of elaborate outlines, the paper thus made its 

initial appearance. Then, and usually not till then, was a serious study 

of the literature made. When, as sometimes happened, a perusal of 

printed works showed that conclusions similar to his own had previously 
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been recorded, Barrell laid aside the problem for a time or proceeded 

with his original plan, on the theory that, as he expressed it, “an inde- 

pendent treatment of any important topic is valuable,” and “the results 

of thinking ought not to be wasted.” Geological literature to Barrell was 

an aid, not a guide, to thinking; but this aid was utilized to the full and 

in a masterly manner. As Schuchert has remarked, “his best results were 

obtained through generalizing from the publications of others.” 

But his criticism of published works, his skill in assembling, testing, 

and interpreting the field and laboratory observations of others, was of 

no ordinary sort. T.C. Chamberlin made the remark, “I consider Barrell 

the best reader of geology in America.” ; 

For the average mind, this method of substituting the printed page 

for direct observation and experiment has obvious disadvantages, and the 

quality of Barrell’s mind is nowhere better shown than in the interpre- 

tations of processes and structures and formations which he had not seen. 

The remarkable success of his method, recognized as clearly by him as by 

others, doubtless accounts for Barrell’s neglect of opportunities for ex- 

tensive field studies in America and abroad. 

THE WRITINGS OF PROFESSOR BARRELL 

In his writings Barrell shows a surprising range of accomplishment, a 

firm grasp of the subject-matter of geology lying between the extremes 

of physical chemistry and biology, and familiarity with the inductive 

and deductive methods of reasoning. His studies of the Elkhorn and the 

Marysville mining district, which reveal the mastery of petrography and 

chemical mineralogy, resulted in the invention of the theory of magmatic 

stoping, which has played such an important part in the investigations 

of the processes of igneous intrusion. At the other end of the geological 

field are his interesting contributions to paleontology and evolution, “the 

rise of air-breathing vertebrates and the origin of the Tertiary ape-man.” 

Conscious choice and the necessary distribution of labor among the Yale 

professors led to a centering of interest on dynamical and structural 

geology—“‘the center of the geological field,” as he termed it; but within 

this roughly defined area no subdivisions into structure, physiography. 

erosion, sedimentation, climatology, isostasy, and stratigraphy were rec- 

ognized. It is probable that Barrell will be valued by future geologists 

not as a specialist, but as a man who has enlarged the boundaries and 
strengthened the foundations of what might be called “general geology.” 

All of Barrell’s writings rank with the best and will stimulate thought 

for many years to come, but the ones which appear to have produced the 
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greatest influence are his papers on isostasy and those dealing with the 

origin of continental and littoral sediments. A proper evaluation of 

these contributions can only come from men who are masters of the 

subjects. 

In response to my request for a statement regarding the character, 

scope, and significance of Barrell’s work on isostasy, Dr. William Bowie 

has submitted the following: 

I wish to take this opportunity of expressing my deep appreciation of the 

very valuable contribution made to the literature on the theory of isostasy by 

Prof. Joseph Barrell. His work was far-reaching and thorough and threw 

much light on the relation of isostasy to geology. In fact, Barrell did more, 

in my estimation, to bring the geodesists and geologists together in the science 

of isostasy than did any other investigator. Geodesists deeply feel the loss 

of Barrell, for they were depending on him to lead thought in the application 

of the theory of isostasy to geological science. 

Barrell’s work in isostasy will long be an inspiration to geodesists and geol- 

ogists and his name will always be associated with those of Pratt, Dutton, 

Hayford, and others who have made notable contributions to the knowledge 

of isostasy. 

The group of papers which may be termed studies in sedimentation 

reveal so fully the mental characteristics of Barrell, his methods of think- 

ing, and the results and significance of his contribution that they deserve 

separate treatment. To supply this need, T. Wayland Vaughan kindly 

consented to prepare the paper on the work of Professor Barrell in prob- 

lems of sedimentation.* 

BIBLIOGRAPHY + 

The scientific reputation of Barrell rests on the papers listed below. 

A complete list of titles would include 19 reviews, chiefly in the general 

field of geophysics, 5 brief discussions of papers read before the Geolog- 

ical Society of America, 3 abstracts of papers later published in full, and 

4+ contributions of local university interest. 

As arranged chronologically, Barrell’s bibliography shows a develop- 

ment of interest in the broad aspects of geology, and also the influence 

of changed surroundings and associations. The engineer and mining 

geologist is revealed in the papers published before 1906 and also in the 

“Geology of the Marysville Mining District,’ which, though published 

in 1907, is based on field-work done some years previously. After adjust- 

ing himself to his routine work at Yale, Barrell entered whole-heartedly 
ae a 

’ Bull. Geol. Soc. Am., this volume, pp. 28-44. 

*For a complete bibliography of Professor Barrell, see Schuchert, loc. cit., pp. 277- 

280. 
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into the investigation of sediments with particular reference to climatic 

influences, and his papers bearing dates 1906-1914 show a decided change 

from the viewpoint and the precise methods of the engineer and petrog- 

rapher. Another change of emphasis is shown in the publication of the 

series of papers on the strength of the earth’s crust, in 1914-15. In the 

publications since that time Barrell’s two absorbing interests, origin of 

sediments and geophysics, are about equally represented. The bibhog- 

raphy includes no titles which would ordinarily be classed as popular 

articles. The nearest approach are the five papers which appeared in 

1917-1919, and it is significant to note that these contributions were the 

response to definite local requests. 

PUBLISHED WORKS 

1899. Rocky Mountain mine surveying: Some convenient methods which are 

especially suited to the conditions there met. Mines and Minerals, 

volume 19, pages 241-244. 

Corrections for errors in mine surveying. Ibid., volume 19, pages 433- 

437. 

Stope books. Methods for keeping precise records of stopes. Ibid., 

volume 20, pages 97-100. 

1900. The real error of a survey. Some notes on the accuracy of surveys in 

inclined seams and an analysis of the sources of error. Ibid., volume 

20, pages 299-301. ‘ 

Surveys in inclined shafts. Theoretical and practical considerations 

governing the choice of instruments. Ibid., volume 20, pages 420-421. 

1902. Microscopical petrography of the Elkhorn mining district, Jefferson 

County, Montana. United States Geological Survey, 22d Annual Re- 

port, part 2, pages 511-549. 

The physical effects of contact metamorphism. American Journal of 

Science (4), volume 13, pages 279-296. 

1904. Recent studies of the moon’s features. Ibid., volume 18, pages 314-318. 

1906. Relative geological importance of continental, littoral, and marine sedi- 

mentation. Journal of Geology, volume 14, pages 316, 356, 430-457, 

524-568. 

1907. Geology of the Marysville mining district, Montana: a study of igneous 

intrusion and contact metamorphism. United States Geological Sur- 

vey, Professional Paper 57, 178 pages, 16 plates. 

Origin and significance of the Mauch Chunk shale. Bulletin of the 

Geological Society of America, volume 18, pages 449-476. Abstract in 

Science, new series, volume 25, page 766. 

1908. Relations between climate and terrestrial deposits. Journal of Geology, 

yolume 16, pages 159-190, 255-295, 363-384. 

1909. Fair play and toleration in criticism. Science, new series, volume 30, 

pages 21-28. 

1910. Influence of earth shrinkage on the distribution of continental seas. 

In “Paleogeography of North America,” by Charles Schuchert. Bul- 
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letin of the Geological Society of America, volume 20, pages 506-508. 

The lithology of Connecticut. Part I, An outline of lithology. Con- 

necticut State Geological and Natural History Survey, Bulletin 15, 

pages 17-131, 6 tables. 

1912. Criteria for the recognition of ancient delta deposits. Bulletin of the 

Geological Society of America, volume 23, pages 377-446. 

1918. Field and office methods in the preparation of geologic reports; meas- 

urements by compass, pace, and aneroid. Economic Geology, volume 

8, pages 691-700. 

1913-1914. The Upper Devonian delta of the Appalachian geosyncline. Amer- 

ican Journal of Science (4), volume 36, pages 429-472, volume 37, 

pages 87-100, 226-253. 

1914. (With Charles Schuchert.) A revised geologic time-table for North 

America. American Journal of Science, volume 38, pages 1, 17-23, 

26, 27. 

1914-1915. The strength of the earth’s crust. Journal of Geology, volume 22, 

pages 28-48, 145-165, 209-236, 289-314, 441-468, 537-555, 655-683, 729- 

741; volume 23, pages 27-44, 425-448, 499-515. 

1915. Origin of the solar system under the planetesimal hypothesis. In “Text- 

book of geology,” by L. V. Pirsson and Charles Schuchert, pages 413- 

526. 

Factors in movements of the strand line and their results in the Pleis- 

tocene and post-Pleistocene. American Journal of Science (4), vol- 

ume 40, pages 1-22. In modified form in Journal of the Washington 

Academy of Science, volume 5, pages 413-420. 

Central Connecticut in the geologic past. Connecticut State Geological 

and Natural History Survey, Bulletin 23, pages 6-44. Originally pub- 

lished in much shorter form, under the same title, in Wyoming His- 

torical and Geological Society, Proceedings and Collaborations, vol- 

ume 12, pages 25-54. 

1916. Dominantly fluviatile origin under seasonal rainfall of the old red sand- 

stone. Geological Society of America, volume 27, pages 345-386. In 

shorter form, Proceedings of the National Academy of Science, vol- 

ume 2, pages 496-499. 

The influence of Silurian-Devonian climates on the rise of air-breathing 

vertebrates. Bulletin of the Geological Society of America, volume 

27, pages 387-436. In shorter form, Proceedings of the, National 

Academy of Science, volume 2, pages 499-504. 

1917. Rhythms and the measurements of geologic time. Bulletin of the Geo- 

logical Society of America, volume 28, pages 745-904. 

Probable relations of climatic change to the origin of the Tertiary ape- 

man. Science Monthly, volume 4, pages 16-26. 

1918. A century of geology, 1818-1918: The growth of knowledge of earth 

structure. American Journal of Science (4), volume 46, pages 133- 

170. Also in “A century of science in America,’ pages 153-192. Yale 

University Press, 1918. 

The origin of the earth. In “The evolution of the earth and its inhab- 

itants,” pages 1-44. Yale University Press. 
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1919. Sources and tendencies in American geology. Science Monthly, volume 

8, pages 193-206. ; 

The place of modern languages in research, particularly in geological 

research. Science Monthly, pages 481-495. 

The nature and bearings of isostasy. American Journal of Science (4), 

volume 48, pages 281-290. 

Status of the theory of isostasy. American Journal of Science, pages 

291-338. 

PostTHUMOUS MANUSCRIPTS 

1914. Relations of subjacent igneous invasions to regional metamorphism. 

Edited by Frank S. Grout, January-March, 1921, American Journal 

of Science, series 5, volume 1, pages 1-19, 174-186, 255-267. 

Piedmont terraces of the northern Appalachians. Edited by H. H. 

Robinson, 1920. American Journal of Science, volume 49, pages 227- 

258, 327-362, 407-428. 

THE WORK OF JOSEPH BARRELL ON PROBLEMS IN SEDIMENTATION ? 

BY THOMAS WAYLAND VAUGHAN * 

CONTENTS 

Page 

Problems in sedimentation considered by Barrell.......................- 28 

Barrell’s investigations of the principles of sedimentation............... 3 

General observations on Barrell’s work: ... 0.35... seer ~) 6. Dee eee 3 

The relief factor in deposition)... < 6o ois. lane tie ewes wel ee ee 52 

The climatic factor in deposition... 2c.. so. A. So A See bee 8 

Restoration of the former limits of greatly eroded formations........ 3 

The significance of some special features of sediments.............. 36 

The interpretation of particular geologic formations.................... os 

Rhythms and the measurements of geologic time....................... 41 

CONMGHOSION.< «ssa 0s oN SS SRR CE i are SLI Rite State de 44 

PROBLEMS IN SEDIMENTATION CONSIDERED BY BARRELL 

The best way quickly to gain a correct idea of that part of the field of 

sedimentation in the study of which Barrell was active is to give the fol- 

lowing list of his papers on the subject :* 

1906. Relative geological importance of continental. littoral, and marine sedi- 

mentation. Journal of Geology, volume 14. pages 316-356, 430-457. 

524-568. 

1907. Review of “Manual of the geology of Connecticut,” by W. N. Rice and 

H. Ek. Gregory. American Journal of Science, fourth series, volume 

25, pages 385-392. 

‘Manuscript received by the Secretary of the Society November 8, 1922. 

> Published by permission of the Director of the U. S. Geological Survey. 

* Taken from list by Charles Schuchert. Am. Jour, Sci. (4). vol. 48, 1919, pp. 277-280. 
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1909. 

1910. 

1912. 

1913. 
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Origin and significance of the Mauch Chunk shale. Bulletin of the 

Geological Society of America, volume 18, pages 449-476. Abstract in 

Science, new series, volume 25, page 766. 

Relations between climate and terrestrial deposits. Part I, Relations 

of sediments to regions of erosion. Journal of Geology, volume 16, 

pages 159-190. Part II, Relation of sediments to regions of deposi- 

tion. Ibid., pages 255-295. Part III, Relations of climate to stream 

transportation. Ibid., pages 363-384. Abstracts in Science, new series, 

volume 25, 1907, page 766; and Bulletin of the Geological Society of 

America, volume 18, 1906, pages 616-621. 

Some distinctions between marine and terrestrial conglomerates. <Ab- 

stract in Science, new series, volume 29, page 624; also in Bulletin of 

the Geological Society of America, volume 20, 1910, page 620. 

Discussion of paper by Ellsworth Huntington on ‘“Post-Tertiary history 

of the lakes of Asia Minor and Syria.” Ibid., volume 21, page 756. 

Discussion of paper by W. H. Sherzer on “Criteria for the recognition 

of sand grains.” Ibid., volume 21, pages 775-776. 

The lithology of Connecticut. Part I, An outline of lithology. Con- 

necticut State Geological and Natural History Survey, Bulletin 13, 

pages 17-131, 6 tables. 

Criteria for the recognition of ancient delta deposits. Bulletin of the 

Geological Society of America, volume 23, pages 377-446. 

Discussion of paper by A. W. Grabau on “A classification of marine de- 

posits.” Bulletin of the Geological Society of: America. volume 24, 

pages 713-714. 

1913-1914. The Upper Devonian delta of the Appalachian geosyncline. Part I, 

1914. 

1915. 

1916. 

The delta and its relations to the interior sea. American Journal of 

Science, fourth series, volume 36, pages 429-472. Part II, Factors 

controlling the present limits of the strata. Ibid., volume 37, pages 

87-109. Part III, The relations of the delta to Appalachia.  Ibid.. 

pages 225-253. 

Review of “Principles of stratigraphy,’ by A. W. Grabau. Science, new 

series, volume 40, pages 135-139. 

Review of “The climatic factor as illustrated in arid America,” by Ells- 

worth Huntington. Journal of Geology,: volume 23, pages 95-96: also 

American Journal of Science, fourth series, volume 38, 1914, pages 

563-567. 

Central Connecticut in the geologic past. Connecticut State Geological 

and Natural History Survey, Bulletin 23, pages 6-44. Originally pub- 
lished in much shorter form, under the same title, in Wyoming His- 

torical and Geological Society, Proceedings and Collaborations, vol- 

ume 12, 1912, pages 25-54. 

Discussion of paper by R. W. Sayles on “Banded glacial slates of Per- 
mocarboniferous age, showing possible seasonal variations in deposi- 
tion.” Bulletin of the Geological Society of America, volume 27, pages 
112-113. 

Dominantly fluviatile origin under seasonal rainfall of the old red sand- 
stone. Ibid., volume 27, pages 345-386. In shorter form in Proceed- 
ings of the National Academy of Science, volume 2, pages 496-499. 



NL 

350 PROCEEDINGS OF THE ANN ARBOR MEETING 

1917. Rhythms and the measurements of geologic time. Bulletin of the Geo- 

logical Society of America, volume 28, pages 745-904. 

From this list it is evident that his personal research was limited in 

its scope, and that it was devoted almost entirely to continental and lit- 

toral sediments. In his studies of delta deposits he considered some ma- 

rine sediments. Otherwise, except in an incidental manner, he scarcely 

discussed marine deposits until it became necessary for him in his paper, 

“Rhythms and the measurements of geologic time,” to devote more atten- 

tion to them, and he did not then add to knowledge of the origin and 

classification of marine deposits. Barrell’s rough estimate of the area 

now covered by “the subaerial deposits of piedmont waste, of continental 

basins, and of deltas” is one-tenth of the emerged continental surfaces, 

and that “adding this to the estimate of the deposits of arid climates 

would give a fifth of the land surface as mantled by continental de- 

* Although this ratio was not persistent throughout the different 

geologic epochs, the question logically raises itself, Why did he devote so 

large a part of his energies to deposits that occupy relatively so small a 

part of the earth’s surface? The answer to this question may be found 

in his early environment and in the geologic problems he there encoun- 

tered, for they cast over him a spell that was never broken. 

When Barrell was only five years old his father bought a farm at New 

Providence, New Jersey, and there Joseph made his home until he grew 

to manhood. New Providence is situated in the Triassic belt of New 

Jersey, on the outcrop of the Brunswick formation, the uppermost of the 

three formations that compose the Newark group in that district. In this 

connection it is interesting to note that there are in Barrell’s writings 

frequent reference to the Triassic deposits of the eastern United States, 

and that he clearly had an extensive first-hand familiarity with them. 

When nineteen years old Barrell went to college at Lehigh, in South 

Bethlehem, Pennsylvania. South Bethlehem is not actually within the 

district from the study of which Barrell was later to make himself fa- 

mous, but it is situated near the eastern edge of the outcrop of the Ordo- 
vician formations, and he subsequently needed to use all the knowledge 
he could command of that part of the Appalachians. His work for his 

master’s degree familiarized him with the Archean Highlands of New 

Jersey and their extensions into New York and Pennsylvania, but he 
found his big problem in the Anthracite region, where he practiced mine 
surveying with students after he became an instructor at Lehigh in 1893. 

posits.” 

* Jour. Geol., vol. 14, 1906, p. 355. 
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Barrell was evidently impressed by the features of certain formations 

with which he became familiar during this period of his life; these forma- 

tions were the Triassic deposits, the Mauch Chunk shale, and the over- 

lying Coal Measures, the Pocono sandstone, and the deposits of the 

Catskill group. The current interpretations of the conditions under 

which and the processes by which these deposits were formed did not 

satisfy him. Furthermore, there were the great problems of the forma- 

tion of the geosynclines in which the deposits were laid down, the former 

extension of the deposits, and the sources of the materials composing the 

deposits, all of which led to the consideration of the orographic history 

of the northern Appalachians and their degradation and the origin of 

the Continental Shelf of eastern North America. The experiences in 

eastern and central Pennsylvania unfolded to Barrell problems to the 

solution of which he assiduously set to work. 

BARRELL’S INVESTIGATIONS OF THE PRINCIPLES OF SEDIMENTATION 

GENERAL OBSERVATIONS ON BARRELL’S WORK 

The first paragraph in the second one of Barrell’s longer papers on 

sedimentation, “The origin and significance of the Mauch Chunk shale.” 

is as follows: 

“A discussion of the nature of geographic and climatic control of sedimenta- 

tion has been previously made by the writer in order that the origin of certain 

specific formations might be dealt with, and the present paper on the interpre- 

tation of the Mauch Chunk follows these previous articles in logical sequence.” ° 

A quotation from the article referred to in the footnote is as follows: 

“As pointed out by Walther in 1893, although all geologists are familiar with 

the occasional extensive deposition of land-waste upon the land as among the 

results of geological activities at the present time, yet the prevalence of ero- 

sion on the land and of sedimentation beneath the sea has governed the inter- 

pretation of nearly all ancient sedimentary deposits. It has ordinarily been 

accepted as a geological principle, that ancient continental surfaces are only 

determined by unconformities, while, on the other hand, all sediments, unless 

obviously deposited by fresh waters, as proved by their organic contents, are 

taken as indications of the presence of ancient seas. 

“As showing exceptions to this tendency to neglect the deposits. formed upon 

the land must be noted the work of the geologists of the Indian Survey for 

the past thirty years, and that of other geologists who have been most famil- 

iar with the Tertiary and Recent deposits within the interiors of Asia and 

America.” | 

> Relative importance of continental, littoral, and marine sedimentation. Jour. Geol., 

vol. 14, 1906, pp. 316-356, 430-457, 524-568. 
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Barrell, after recognizing that the characteristics of certain important 

geologic formations were not compatible with what was known of the 

features of marine sediments, undertook a comprehensive study of the 

characteristics of continental and littoral deposits, the only other classes 

of deposits to which they could belong. He worked mostly by compila- 

tion from literature and by deduction from well established principles, 

hut he made a few simple experiments on the formation of mud-ceracks. 

In many respects his work was not so detailed as desirable. For instance, 

he gave no mechanical analyses of the sediments studied, sorting is dis- 

cussed in only a general way, and more attention might profitably have 

been paid to the mineralogic and chemical composition of sediments. 

He himself recognized and mentioned these deficiencies, thereby offering 

guidance to further studies in many of the important problems in sedi- 

mentation. 

It is practicable in a brief review, such as this necessarily is, merely to 

indicate some of the important results of Barrell’s studies, and it should 

be stated in fairness to others that many others had prior to Barrell done 

more or less work along similar lines; but to him belongs the credit of 

assembling scattered observations and conclusions, organizing them into 

a consistent body of usable criteria, and applying these criteria to the 

interpretation of many formations. Certain factors in the control of 

sedimentation and certain distinctive features of some kinds of sediments 

will be briefly discussed, the remarks being based on his principal articles. 

Reviews by him and his discussions of papers by others are not consid- 

ered, because to do so would unluly extend the length of this statement. 

THE RELIEF FACTOR IN. DEPOSITION 

A concept of fundamental importance in the consideration of problems 

of sedimentation is that of baselevel. That there is a terrestrial base- 

level, the goal toward which all erosional agencies on the land are work- 

ing,.and that there is a marine baselevel, which is effective wave base, 

toward which marine agencies are working, have long been recognized, 

but they had not been sufficiently considered in their relations one to the 

other. Barrell says: 

“Thus sediments whose interpretation from [sic] the basis of earth history 

have been characteristically deposited with respect to a nearly horizontal con- 

trolling surface. This surface of control is baselevel, but for continents and 

marine deposits the baselevel is determined by different agencies and is a 

word of more inclusive content than the sense in which it has generally been 

used by physiographers as a level limiting the depth of filuviatile erosion. 

Sedimentation as Well as erosion is controlled by baselevel, and baselevel, local 
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or regional, is that surface toward which the external forces strive, the sur- 

face at which neither erosion nor sedimentation takes place.” ° 

Any change in the surface of the lithosphere that causes a change in 

the position of the land surface or of the sea-bottom with reference to 

baselevel will obviously produce corresponding changes in sedimentation. 

Barrell states a principle accepted by most geologists, although he con- 

sidered it desirable to present the evidence on which it is based, as follows: 

“The rate of denudation increases through the stage of topographic youth, 

reaching a maximum when all of a drainage basin has become dissected and 

given a maximum of sloping surface. From this mature stage the rate de- 

creases as the elevation of the interstream areas are lowered, and finally 

nearly ceases in topographic old age.” ‘ 

Firmly grasping this principle, the characteristics of continental de- 

posits are discussed.* He classifies these as follows: 

“Formations made upon the land may be classified under several divisions, 

as follows: 

“Desert deposits.—Typically where the evaporation exceeds the precipita- 

tion and no outflowing drainage results. 

“Piedmont river deposits—-Built up by rivers or shallow lakes upon the 

foreland plains or piedmont belt fronting high mountain ranges. 

“Basin deposits of pluvial climates.—The deposits laid down by rivers or in 

lakes in down-warped basins, such as those of the Great Lakes, situated in 

continental interiors, but not necessarily associated with mountains. If a 

large river, laden with sediment, flows across such a region, a lake condition 

can hardly arise, but, on the contrary, a broad river plain is more likely to be 

found, constantly built up as subsidence takes place. 

“Subaerial delta deposits—Where powerful and sediment-laden rivers meet 

the sea, especially if the latter is shallow and protected from tides and storms, 

a delta is rapidly developed, a considerable portion of which is a land surface 

reclaimed by the river from the sea.’ 

Each of these classes of deposits is discussed with reference to its stage 

in the physiographic cycle, but the conclusions can not be summarized in 

this place. 

The effect of both orogenic and epeiric crustal movement on sedimenta- 

tion are discussed in considerable detail, particularly in his “rhythms 

®Rhythms and the measurements of geologic time. Bull. Geol. Soc. Am., vol. 28. 

TON. py 708. 

TOp. sup. cit., p. 756. 

§ Illustrative quotations are not in chronologic order, for it can be inferred from 

Barrell’s writings that conclusions had been definitely reached and were being utilized 

by him before he actually expressed them in the words best adapted for purposes of 

quotation. 

* Relative geological importance of continental, littoral, and marine sedimentation. 

Jour. Geol., vol. 14, 1906, pp. 328, 329. 

ITI—BuLL. GEOL. Soc. AM., VoL. 34, 1922 
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and the measurements of geologic time,” pages 753-809, where it is con- 

vincingly shown that because of tectonic movements in late Tertiary and 

Pleistocene time and the consequent high stand and great relief of the 

continents, the rate of erosion, and correlatively the rate of sedimenta- 

tion, far exceeds the average rate of erosion and sedimentation of earlier 

geologic time, “ten or fifteen times the rate for all of geologic time since . 

the opening of the Paleozoic.” 

Under the caption “Rate of sedimentation determined by subsi- 

dence,’ ?° Barrell emphasizes a geologic relation that deserves noting. 

In connection with the recognition of the control of baselevel over both 

erosion and deposition, it is stated that ‘‘on the surface of deltas or the 

floors of epeiric seas sedimentation records the rate of subsidence, not 

the rate nor the amount of denudation.” The subsidence in general is 

not due to the load of sediments. “It may readily be granted that this 

load of sediment, acting in the same direction as the forces initiating 

subsidence, would tend to continue it and carry it to greater depths; but 

without the sediments, deep water would almost surely have resulted. 

such as exists at present in the southern part of the Gulf of California. 

a geosyncline filled only at its northern end.” 

THE CLIMATIC FACTOR IN DEPOSITION 

One of Barrell’s longest papers on problems of sedimentation is en- 

titled “Relations between climate and terrestrial deposits.’ In the gen- 

eral introduction to this series of articles he says: 

“The environment of the lands may be classified into three fundamental and 

independent factors—the relations to the surrounding seas, the topography 

which forms their surfaces, and the climates which envelop them—each of 

major importance in controlling the character of the lands and the evolution 

of their inhabitants. 

“The third great problem of terrestrial environment, the succession of ancient 

climates, lags still farther behind in development, but is no less important in 

a complete understanding of the history of the earth and its inhabitants. This 

lack of development is doubtless due to the intangible nature of climate and 

the absence of direct record of its geologic changes. When it is considered, 

however, how fundamental are the relations of continental deposits to the 

climates in which they are formed, it is seen that the record of geologic eli- 

mates, while indirect and largely awaiting interpretation, is nevertheless in 

existence. 

1 Rhythms and the measurements of geologic time. Bull. Geol. Soe. Am., vol. 28, 

1917, pp. 785-789. 

11 Jour. Geol., vol. 16, 1908, pp. 159-190, 255-295. 363-384. 
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ee 
. climate is a factor comparable to disturbances of the crust or move- 

ments of the shoreline in determining the nature and the variations in the 

stratified rocks of continental or offshore origin, thus playing a part of large, 

though but little-appreciated, importance in the making of the stratigraphic 

record.” 

As it is quite impracticable to summarize in this place this excellent 

study, only the divisions of the subjects will be given and a few general 

remarks made. Part I is entitled “Relations of sediments to regions of 

erosion,” and in it are discussed the “character of rocks supplying sedi- 

ment,” “relations of rainfall and topography to erosion,” “relations of 

temperature and topography to erosion,” “separation of the topographic 

and climatic factors,” and “separation of tectonic and climatic oscilla- 

tions.” Part II is entitled “Relations of sediments to regions of deposi- 

tion,” and in it are considered the “influence of nature of surface of 

deposition” (piedmont slopes and aerial deltas, lower floodplains and 

aqueous deltas, and criteria for the elimination of local geographic fac- 

tors), and the “climatic influences in regions of deposition.” Under the 

latter caption attention is paid to the effects of constantly rainy climates, 

intermittently rainy climates, semi-arid climates, and arid climates, and 

to the climatic significance of color. Part III is devoted to the “Relations 

of climate to stream transportation.” In this part the topics discussed 

are “the effects of stream transportation,” “relations of stable climates to 

transportation,” and “effects of varying climates upon transportation.” 

These topics can only give an idea of the treatment of the subject. 

One chmatic relation of special importance will be mentioned. Barrell 

describes in the third part of this article how the piedmont slopes built 

up in the youth of a normal topographic cycle would be trenched and the 

remoyal of the component materials commence in a stage of maturity. 

If there were in topographic maturity a sudden change from semi-arid 

to pluvial climate, erosion of the piedmont slopes will be accelerated and 

“the final region of deposit undergo a sudden increase in sedimentation, 

which may be called a veritable flood of waste, but it will be of phenom- 

enal coarseness compared to that which preceded and that which will 

come after.” 1” Conglomerates and sandstones are classified into marine. 

tectonic, and climatic. He says: 

“Climatic conglomerates and sandstones are here made distinct and inde- 

pendent from those of tectonic origin by the taxonomic elevation of the shift- 

img location of deposits (in space) to coordinate importance with intermitten? 

uplift and resulting pulses of erosion (in time). * 

PAO Clive OD: OF L; otc. 

Hee Clits, Ds ose 
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RESTORATION OF THE FORMER LIMITS OF GREATLY ERODED FORMATIONS 

There has been a tendency among paleogeographers to draw the orig- 

inal boundaries of geologic formations not far from the present limiting 

outcrops. Because of the existence of detached outliers and because of 

the evidence of the superposition of drainage lines, as Davis showed to 

be the case in New Jersey, the original boundaries of some formations 

have been indicated as lying some distance from the present outcrops of 

the main bodies of the formations. Barrell in his paper, “The Upper 

Devonian delta of the Appalachian geosyncline,” presented additional 

criteria for ascertaining the approximate limits of formations that have 

undergone great erosion. One section of this article is devoted to show- 

ing that, except on the borders of fault troughs, there is no necessary 

structural relation between the present and the original limits of forma- 

tions, therein taking issue with Willis’s opinion on initial dips and the 

original limits of formations. The additional criteria adduced by Barrell 

are derived from the character of the sediments of the marginal outcrops 

and the rate of thinning at the present margins. If continental clastic 

sediments show by the rounding of pebbles and by gradual reduction in 

size of pebbles away from the source of the constituents, thereby indicat- 

ing transportation for long distances, it is obvious that the original mar- 

gin of the formation lay nearer the source of supply of the sediments than 

does that part of it still preserved. Deductions from rate of thinning of 

sediments as to the position of the original boundary rest upon the as- 

sumption that “the thinning shown near the present margin continued 

uniformly to original limits—an assumption which certainly is not ex- 

actly true, but which on the other hand serves as an approximation.” 

THE SIGNIFICANCE OF SOME SPECIAL FEATURES OF SEDIMENTS 

Barrell repeatedly emphasized that really sound conclusions on the 

origin and conditions of deposition of sediments should result not from 

a single line of evidence, but from the convergence of several independent 

lines. However, a few special features of importance in interpreting 

continental deposits will be mentioned. 

The most favorable conditions for the formation and preservation of 

mud-cracks are undoubtedly floodplains that are subjected to periodic 
overflow and on which are made deposits of non-calcareous clay alternat- 

ing with somewhat coarser material. Although Barrell gave his first 

comprehensive discussion of the significance of mud-cracks in 1806,14 

the subject is brought up again and again in his later papers. He says: 

1*# Relative geological importance of continental, littoral, and marine sedimentation. 

Jour. Geol., vol. 14, 1906, pp. 524-568. 
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“It would seem that next to coal beds formed in situ, or abundance of land 

fossils belonging to the animal kingdom, that mud-cracks form one of the 

surest indications of the continental origin of argillaceous deposits.” ” 

The significance of mud-cracks, and also of rain-prints and rootmarks, 

is entirely convincing when developed, both broadly and vertically through 

mechanical sediments.” *° 
From a study of the conditions most favorable for the production of 

thick conglomerate formations,’ Barrell concluded that continental con- 

glomerates exceeded marine conglomerates in importance. He says: 

“A maximum limit to widespread basal marine conglomerates seems to be 

100 feet, and therefore broad conglomerate formations of greater thickness 

are evidence of terrestrial accumulation.” * 

Minor features indicating marine or river action is pointed out. For 

instance, he says: 

“W. D. Johnson pointed out that in the Tertiary deposits of the High Plains 

the gravel courses, where exposed to observation, are greatly elongated in the 

direction of the streams—that is, in the direction leading away from the source 

of supply. Mansfield has noted that shore gravels, on the contrary, are ex- 

tended in courses parallel to the margin of the deposit.” 

He also says: 

“River gravels are shingled by the currents, so that the longer diameter of 

the pebbles dip upstream, giving a faint appearance of false bedding, which 

on the average, unlike the false bedding of sandstone strata, dip toward the 

basin margin. Shore gravels, on the other hand, are developed parallel to the 

shore. The onshore waves have a greater force than the undertow and the 

shingling dips away from the shore, or runs out laterally from protruding 

headlands.” * 

The color of rocks, particularly with reference to the continental de- 

posits, was discussed in considerable detail by Barrell. He says: 

“Such a relation of red shales and gray or green sandstones may then be 

taken as presumptive evidence of subaerial deposition. It should not, how- 

ever, be taken by itself as positive evidence, as the number of cases studied on 

which the conclusion rests is still somewhat limited.” 

And regarding lateral and vertical variegations in clays, he says: 

“Such variegated beds are then highly suggestive of terrestrial deposition, 

15 Op. sup. cit., p. 550. 

16 Am. Jour. Sci. (4), vol. 36, 1914, p. 438. 

17 Some distinctions between Marine and terrestrial conglomerates. (Abstract.) Sci- 

ence, n. s., vol. 29, p. 624; Bull. Geol. Soc. Am., vol. 20, 1910, p. 620. 

183 Am. Jour. Sci. (4), vol. 36, 1914, pp. 489, 440. 

19 Bull. Geol. Soc. Am., vol. 27, 1916, p. 357. 
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and indicate, furthermore, a large development of Swamp and pond conditions 

under a normally humid climatic condition.” *° 

One thesis in regard to the red color of some rocks defended by Barrell 

will be noted. He says regarding ferric oxide, to which the red color of 

sedimentary rocks is due: 

“Spontaneous dehydration, assisted by heat and favored by time, does not 

appear, however, to be the sole cause of the great contrast in color between the 

consolidated and the surfical ferruginous sediments. A still more potent cause 

exists in the dehydration effected by the great increase in pressure and mod- 

erate rise in temperature which take place upon the burial of the material to 

some thousands of feet beneath later accumulations.” * 

The presence of feldspar particles in sediments that have been trans- 

ported considerable distances is advanced as evidence of a semi-arid cli- 

mate, for it “indicates a notable degree of physical, as contrasted to 

chemical, weathering in the regions of erosion.” ?? This criterion is a 

decidedly valuable one. 

He says: 

“An examination of the character of the matrix or associated fine beds is 

of importance in determining the climatic conditions attending the origin of a 

terrestrial conglomerate or sandstone. . . . The character of this fine fluvia- 

tile or wash detritus in the region of its origin may, therefore, be taken as an 

index of climate. The size or abundance of the coarser.material, on the other 

~hand, forms a measure of the rapidity of erosion, and roughly of the degree 

of topographic relief.” * : 

As a part of Barrell’s studies of the value of criteria, it will be noted 

that he dissented from certain of Grabau’s opinions regarding the value 

of overlaps. He says: 

“From these examples it is seen that overlap away from the source of supply 

can not be used as a criterion of continental or marine origin, any more than 

transgressive or regressive overlap, but may be due to regional subsidence or 

tilting or a climatic change which shifts clastic material of a certain kind 

progressively farther from the source of supply.” * 

THE INTERPRETATION OF PARTICULAR GEOLOGIC FORMATIONS 

Barrell worked from the concrete to the abstract and from the abstract 

to the concrete. He began by the consideration of specific phenomena. 

* Bull. Geol. Soc. Am., vol. 238, 1912, pp. 422, 428. 

21 Jour. Geol., vol. 16, 1908, p. 288. 

= Origin and significance of the Mauch Chunk shale. Bull. Geol. Soc. Am., vol. 18, 

1907, p. 470. 

*3 Jour. Geol., vol. 16, 1908, p. 182. 

** Criteria for the recognition of ancient delta deposits. Bull. Geol. Soc. Am., vol. 23, 

1912, p. 395. 
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For the interpretation of these he sought similar phenomena which were 

produced under known conditions, and knowledge of fundamental prin- 

ciples, and he then returned to the problem that he at first had in mind. 

Barrell’s investigations of a few formations will be briefly reviewed. 

In his first lengthy paper, under the caption “Illustrative geological 

application,” ?° he discussed the mud-cracked geologic formations of the 

Precambrian of Montana and Arizona and concluded that considerable 

portions of the Belt terrane and the Grand Canyon series are continental 

deposits. 

The Gila conglomerate of Arizona*® was considered by Barrell as pos- 

sibly due to climatic causes, for “An examination of the literature showed 

that the relations of the two divisions of the Gila conglomerate, the vol- 

umes and relative ages of each, corresponded with the two epochs of 

glaciation which were pronounced in Utah and Nevada and the two 

periods of expansion of Lakes Bonneville and Lahontan.” It appears to 

have “originated from an increase in the ratio of erosion to transporta- 

tion, due to the severe cold and consequent frost action of the Glacial 

times, without a correspondingly large increase, in this arid region, of 

precipitation.” 

The origin of the “Orange Sand” formation of Hilgard or the “Lafay- 

ette” formation of Hilgard and McGee is discussed and the hypothesis 

is advanced that it may be due to a climatic cause, by a shift from a semi- 

arid to a rainy climate, as had been indicated on preceding pages of this 
review." 

The Mauch Chunk shale, for the interpretation of which the studies 

recorded in the article above referred to were made, “in the anthracite 

region, more surely in the southeastern and eastern portions,” is shown 

to be, from top to bottom, “a subaerial delta deposit laid down under a 

semi-arid climate.** 

The Patuxent, Arundel, Patapsco, and Raritan formations of the At- 

lantic Coastal Plain are interpreted as deltas which “were confluent as a 

flat piedmont coastal plain, probably with a highly irregular and shifting 

shoreline.” ?° 

Barrell’s most extensive studies of any set of formations were those of 

“The Upper Devonian delta of the Appalachian geosyncline,” *° and 

75 Jour. Geol.. vol. 14. 1906, pp. 353-568. 

76 Jour. Geol., vol. 16, 1908, pp. 173-174. 

77 Op. sup. cit., pp. 373-378. 

* Bull. Geol. Soc. Am., vol. 18, 1907, p. 450. 

* Bull. Geol. Soc. Am., vol. 23, 1912. p. 410. 

% Am. Jour. Sci. (4), vol. 36, 1913. pp. 429-472; vol. 37. 1914, pp. 87-109, 225-253. 
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these represent the climax of his interpretative researches on sedimentary 

formations. Nearly all of his antecedent work on sediments led up to 

this masterpiece, and out of it grew another masterpiece, his papers bear- 

ing the general title “Strength of the earth’s crust.” *t He says regard- 

ing the Upper Devonian delta: 

“The Portage and Chemung are seen to be the shallow sea equivalents of 

the Oneonta and Catskill, a subaqueous top set plain. The Skunnemunk con- 

glomerate is a down-folded remnant of a piedmont alluvial gravel plain which 

lay between the flat delta surface and the mountains. The Pocono sandstone, 

into which the Catskill passes by transition, is seen to be divided into two 

phases—a marine phase in western Pennsylvania and Ohio, a fluviatile phase 

in eastern Pennsylvania. In the Pocono the sharp delimitation of the two 

phases is obscure, but between the Catskill and Chemung the color contrast 

draws the dividing line separating the subaerial and subaqueous topset beds. 

The margin of the delta no doubt held lagoons varying from brackish to fresh 

water, so that marine fossils should be somewhat more restricted in their 

range than the gray and olive shales.” ” 

“The red shale formations, the Catskill and the Mauch Chunk, show transi- 

tions on the east into the overlying formations. The Pocono, on the contrary, 

passes abruptly at its top into the Mauch Chunk shale. Both the Pocono and 

Pottsville conglomerates are made up dominantly of much water-worn white 

quartz pebbles, and their whole areas are characterized by a great dominance 

of siliceous over argillaceous contents. All of these features correspond to 

the theoretic results upon a broad piedmont slope of increasingly wide swings 

of the climatic pendulum which carried the world from Upper Devonian 

warmth and semi-aridity to Upper Carboniferous humidity and possible cool- 

ness." = 

As regards the former extent of the Upper Devonian delta deposits 

and the source of the material composing them, Barrell says: 

“The margins of the gravel plain may therefore be estimated at perhaps 

from 20 to 35 miles to the southeast of the Green Pond syncline, making the 

original limits of the Upper Devonian deposits from 45 to 60 miles southeast 

of the present outcrops in Pennsylvania. . . . The distance to the north- 

western edge of the crystalline floor concealed beneath the Coastal Plain is 

now about 65 miles, and from beyond this line it would appear that the greater 

portion of the quartzite must have been derived.” 

The site of the source of most of the sediments forming the Upper 

Devonian delta is now the Atlantic Continental Shelf, or even farther 

seaward, for a source must have existed for 63,000 cubic miles of material. 

The Triassic deposits of New Jersey and Connecticut are mentioned 

in many of Barrell’s papers, and their origin is particularly considered 

31 Am. Jour, Sci. (4), vol. 37, 1914, p. 250. See footnote. 

32 Am. Jour. Sci. (4), vol. 36, 19138, p. 465. 

33 Am. Jour. Sci. (4), vol. 37, 1914, pp. 241, 242. 
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in his “Central Connecticut in the geologic past.” #* His opinion was 

that the sediments were deposited from the waters of migrating rivers 

and shifting lakes, and that the sediments of the wide river floodplains 

were subjected to periodic drying. The climate was inferred to be of 

semi-arid character. 

Another group of formations that engaged Barrell’s attention was that 

known as the Old Red Sandstone in the British Isles, and his last impor- 

tant paper on the interpretation of geological formations was entitled 

“Dominantly fluviatile origin under seasonal rainfall of the Old Red 

Sandstone.” * 
The conclusions reached in this study are stated as follows: 

“The central conclusion reached in this paper is that the Old Red Sandstone 

formations were not deposited in lakes or estuaries, nor are they of desert 

origin. The analysis of their characteristics and comparison with sediments 

now forming determine them to be river deposits accumulated in inter- 

montane basins. This is a kind of sedimentation not now found in the British 

Isles. For a close analogy one may turn to the basin deposits of the western 

United States laid down in the Tertiary period between the growing ranges of 

the Cordillera. This reinterpretation of the Old Red Sandstone of the British 

Isles is in line with that which has gone forward in America during the past 

fifteen years in regard to the origin of the continental Tertiary deposits: once 

looked on as deposited in lakes greater in area than any now existing on the 

earth, they are now regarded as accumulations made chiefly on river plains. 

Such a reinterpretation for the Old Red Sandstone involves radical changes 

in the conception of Devonian geography—no less a change than the substitu- 

tion of land surfaces, occasionally flooded, as a replacement in the mental 

vision of wide and permanent bodies of water. If the new interpretation is 

well founded, it means that such terms as ‘Lake Caledonia’ and ‘Lake Oreadie’ 

should be turned into ‘Caledonian and Orcadian basins.’ ” * 

RHYTHMS AND THE MEASUREMENTS OF GEOLOGIC TIME 

The title of this section of this review is that of the one of Barrell’s 

papers®’ in which he probably attained his greatest height as thinker on 

fundamental geological problems. A part of it was presented under the 

title “The significance of sedimentary rhythms,” as one of a series of 

papers composing a “Symposium on the interpretation of sedimentary 

rocks,” at the meeting of the Geological Society of America in Albany, 

New York, December 29,1916. It is not practicable to give in this place 

even an adequate review of this remarkable memoir; a few comments and 

34 Connecticut State Geological and Natural History Survey, Bull. 23, 1915, pp. 28-32. 

35 Bull. Geol. Soc. Am., vol. 27, 1916, pp. 345-386. 

36 Op. cit., pp. 348, 349. 

37 Bull. Geol. Soc. Am., vol. 28, 1917, pp. 745-904, pls. 43-46. 
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quotations must suffice. The work should be studied by all interested in 

the fundamentals of geology. 

Barrell’s studies of rhythms affecting sedimentation have been indi- 

cated in the discussions of his researches on the relief factor and climate 

factor in deposition. The first paragraph in his “Rhythms and the meas- 

urements of geologic time” is as follows: 

“Nature vibrates with rhythms, climatic and diastrophic, those finding 

stratigraphic expression ranging in period from the rapid oscillation of sur- 

face waters, recorded in ripple-marks, to those long-deferred stirrings of the 

deep imprisoned titans which have divided earth history into periods and eras. 

The flight of time is measured by the weaving of compositive rhythms—day 

and night, calm and storm, summer and winter, birth and death—such as these 

are sensed in the brief life of man. But the career of the earth recedes into 

a remoteness against which these letter cycles are as unavailing for the meas- 

urement of that abyss of time as would be for the measurement of human 

history the beating of an insect’s wing. We must seek out, then, the nature 

of those longer rhythms whose very existence was unknown until man by the 

light of science sought to understand the earth. The larger of these must be 

measured in terms of the smaller, and the smaller must be measured in terms 

of years. Sedimentation is controlled by them, and the stratigraphic series 

constitutes a record, written on tablets of stone, of these lesser and greater 

waves of change which have pulsed through geologic time.” 

The paper is divided into six parts, as follows: I, Rhythms in denuda- 

tion; II, Rhythms in sedimentation; III, Estimates of time based on 

geologic processes; IV, Measurements of time based on radioactivity; V, 

The age of the Llano series, Texas; VI, Convergence of evidence on geo- 

logic time and its bearings. 

In Part I it is shown that, because of the present relatively high stand 

of the continents, the rate of denudation is probably far in excess of the 

average for geologic time—“the present mean rate may be twice the mean 

for the whole of the Cenozoic and 10 or 15 times the rate for all of geo- 

logic time since the opening of the Paleozoic.” ** From this it follows 

‘that time is far longer than those estimates which have been based on a 
hypothesis that the present rate is a mean which applies to the geologic 
page" 

In Part II particular emphasis is put on breaks in the continuity of 
deposition. The word disconformity is applied according to current 
usage, but for cessations of minor magnitude in deposition the term 
diastem is proposed. The admission of the great importance of lost in- 
tervals in deposition destroys the basis “for estimating the time of the 

% Op. cit., p. 776. 
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accumulation of the whole formation by means of an assumed rate of 

continuous denudation and corresponding sedimentation.” *° 

In Part III several estimates of geologic time are critically reviewed 

with reference to “the relations of methods to results and the assumptions 

on which those methods rest.” Estimates by Lyell, Croll, Kelvin, Sollas, 

Walcott, Goodchild, Becker, and others are discussed. A fundamental 

error in many of these estimates lies in the assumption of continuous 

erosion and continuous deposition at present rates. This assumption 

invalidates the age estimates by Becker based on the present sodium 

chloride content of the ocean. These estimates are, therefore, too low. 

Goodchild’s estimate of 704,000,000 years since the beginning of the 

Cambrian is considered of the proper order of magnitude. Becker’s esti- 

mate of the age of the earth from a combination of data based upon the 

supposed “curve of fusion of diabase with respect to pressure,” the tem- 

perature gradient of the earth according to increase in depth, data on 

isostasy, and data on radioactive minerals is severely criticized in these 

words: “Thus, assumption is built on assumption into a many-storied 

structure and the whole rests on a foundation of quicksand.” *° 

Part IV consists of a careful review of the subject of radioactive min- 

erals in their bearing on the age of the earth. Accumulation of helium, 

pleochroic halos, and accumulation of lead are discussed in considerable 

detail. Barrell’s data are taken from Rutheford, Ellen Gleditsch, Arthur 

Holmes, Ramsay and Soddy, Strutt, Boltwood, and others. The helium 

ratio indicates an age of 623 to 715 million years as the age of the Lower 

Precambrian of Renfrew County, Ontario, Canada; but all that this ratio 

tells is that “the age of a mineral is greater than a certain minimum 

value.” * The lead ratio indicates an age for the larger helium ratio 

above given as 1,500 million years. 

In Part V it is shown that Becker’s conclusions on the uranium min- 

erals from the pegmatite dikes of the Llano series, Texas, are unjustified, 

and that after eliminating certain analyses for specific reasons, the others 

serve “as a reliable means of measuring the age of the Llano series and 

add their weight to the value of the method.” *? 

In Part VI the different lines of evidence are brought together and on 

pages 884 and 885 a new table of geologic time is presented. The begin- 

ning of Cambrian time is given as between 550 and 700 million years 

ago; Mesozoic, between 135 and 180 million years ago; Cenozoic, between 

39 Op. cit., p. 798. 

SVOps Cit... Pp: S41. 

1 Op. cit., p. 847. 

22 Op. cit., p. Sti. 
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55 and 65 million years ago. Certain Precambrian formations are as 

old as 1,400 million years, and before this the earth had a long and com- 

plicated history. “The depths of geologic time leave us face to face with 

the unknown.” #8 

CONCLUSION 

Although Barrell worked on several different aspects of geology, there 

was one fundamental, dominant note in all he did. He was primarily 

striving at the elucidation of the history of the earth. His early training 

as an engineer supplied him with an appropriate foundation in mathe- 

matics, physics, mechanics, and astronomy and impressed upon him the 

engineer’s aim for quantitative, not merely qualitative, expression. Bar- 

rell studied sedimentation, but he did not stop with ascertaining the con- 
ditions under which certain formations were deposited. He undertook 

on one hand a study of the strength of the earth’s crust, the constitution 

of the interior of the earth, the age of the earth, and the origin of the 

earth and the solar system. On the other hand he sought to trace the 

effects of physical agencies on the evolution of organisms. It was, there- 

fore, not so much because of this one thing or that one thing that Barrell 

is preeminent: it was rather because he grasped many things and by his 

powertul synthetic mind focused them on the great problems of earth 

history, and made contributions so monumentally important that he 

justly deserves appraisal as one of the world’s great geologists. 

MEMORIAL OF JAMES E. TODD? 

BY FRANK LEVERETT 

James Edward Todd, one of the charter members of our Society, was 

born at Clarksfield, Ohio, February 11, 1846. His father, Reverend John 

Todd, a Congregational minister, took up pioneer work in southwestern 

Towa in 1850, and it was in these pioneer surroundings that the subject 
ot our sketch grew up. The nearest store was 20 miles away, and the 
grist-mill still farther. Hulled corn was long the main diet in his child- 

hood. Economy and industry were made imperative and habits of ease 
or indolence were not permitted. His father was one of the founders of 
Tabor College, at Tabor, Iowa, and it was there that young Todd received 

his early education. From there he went to Oberlin College, where he 
graduated in 1867. He then attended Union Theological Seminary in 

New York, in 1867 to 1869, and returned to Oberlin to obtain the degree 

4. Op; cit. 

1 Manuscript received by the Secretary of the Society February 2, 1923, 
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of Bachelor of Divinity in 1870. During the Civil War he served 100 

days in 1864 as private in Company K, 150th Ohio Infantry. He was 

married June 15, 1876, to Miss Lillie Carpenter, of Tabor, Lowa, and is 

survived by his widow and three sons. The eldest son, Prof. M. E. Todd, 

is an electrical engineer on the faculty of the University of Minnesota. 

The second son, E. A. Todd, is a chemist employed in oil plants in Okla- 

homa. The third son, J. EK. Todd, is treasurer of Robert College, Con- 

stantinople, Turkey. 

Although trained for the ministry, Professor Todd devoted his entire 

life to the teaching and investigation of scientific matters. He used his 

influence in reconciling science and religion, and by his earnest Christian 

life, together with his devotion to scientific truth, did much to illustrate 

the close relation that science and religion have to the true purpose of life. 

For 21 years, from 1871 to 1892, Professor Todd filled the chair of 

natural science at Tabor College. In the summer months, beginning in 

1881, he was employed as a special assistant and later as assistant geol- 

ogist on the United States Geological Survey. His field of work was 
chiefly in the Dakotas, in the studies of the glacial deposits. In 1891 he 

was employed in the summer months by the Missouri Geological Survey 

in a study of the Quaternary deposits, and in the summers of the next 

two seasons he had an assignment on the Minnesota Geological Survey, 

to study the drift deposits and lake beaches in the northwestern part of 

that State. In 1893 Professor Todd received appointment as State Geol- 

ogist of South Dakota and as professor of geology and mineralogy in the 

University of South Dakota, at Vermilion, South Dakota. These posi- 

tions were held for ten years, during part of which time he was also act- 

ing president of the university. From 1902 to 1907 Professor Todd made 

detailed studies of several quadrangles in South Dakota for the United 

States Geological Survey, which were the basis for geologic folios pub- 

lished later. In 1907 he was appointed to the chair of geology at the 

University of Kansas, and in this position he extended his study of the 

glacial deposits over the glaciated portion of Kansas. This position was 
held until 1918, when he was retired with the title of professor emeritus 
of the university. After his retirement poor health prevented further 
active field-work, but he kept up an active interest in scientific problems 

to the time of his death, which took place at Lawrence, Kansas, on Octo- 

ber 29, 1922. 

Professor Todd was skillful in drawing and in the use of the camera 
in the field, as will appear by reference to the illustrations accompanying 
his reports and scientific papers. He was accurate to a nicety, and re- 



46 PROCEEDINGS OF THE ANN ARBOR MEETING 

fused to make loose generalizations or take matters for granted. In many 

cases he withheld his acceptance of the results of his fellow-glacialists 

until he had himself investigated the phenomena. He was especially 

guarded in giving his sanction to the current view that there have been 

several stages of glaciation, separated by long interglacial stages. This 

finds expression 1n his writings by the use of the words “so-called Kansan, 

so-called Iowan,” etcetera. The opportunity for detailed study of one of 

the old drifts.in Kansas, however, removed this uncertainty; so that in 

his later years the Kansan was recognized as a distinctly older drift than 

the Wisconsin drift, which had been his especial field of study before. 

While his studies and writings were primarily scientific and educational, 

he showed a determined purpose to bring out practical results and appli- 

cations of geology to the needs of the commonwealths he served. This 

is shown especially in his papers on the building stones, the water sup- 

plies, and in the several geologic folios. While Professor Todd’s main 

field of labor was in the Dakotas, his report on the Quaternary of Mis- 

sourl and an unpublished report on the Quaternary of northeastern Kan- 

sas represent a fuller study of these districts than has been made by any 

other geologist. His contributions to Iowa, Nebraska, and Minnesota 

geology are also important. 

For 40 years Professor Todd was actively engaged in teaching, and his 

field investigations and writings represent merely what was done by him 

outside his main occupation. He brought to the class-room the spirit of 

investigation and of untiring zeal in the development of scientific knowl- 

edge, and was held in high esteem by students as well as by his coworkers 

and fellow-citizens. 
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Nore.—NSince the above bibliography was sent to the printer, Dr. C. R. Keyes 

has published a bibliography of Professor Todd’s geological publications in the 

February, 1923, number of the Pan-American Geologist, which contains a list 

of some of the earliest papers by Professor Todd, that appeared as brief ab- 

stracts in the earliest publication of the Iowa Academy of Sciences. It was 

issued in 1880, but includes papers presented at meetings of the Academy from 

1875 to 1880. The abstracts are found on pages 14-21 of this publication, and 

embrace the following titles: 

Remains of elephant found near Glenwood, Iowa. Proceedings of the Iowa 

Academy of Sciences, 1875-1880; 1880, page 14. 
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Recent wind action upon loess. Proceedings of the Iowa Academy of Sciences, 

1875-1880; 1880, page 21. 

Charcoal streak in loess. Proceedings of the Iowa Academy of Sciences, 1875- 

1880; 1880, page 21. 

Roots and root-marks found in loess. Proceedings of the Towa Academy of 

; Sciences, 1875-1880; 1880, page 17. 

Relation of loess to drift in southwestern Iowa. Proceedings of the Iowa 

Academy of Sciences, 1875-1880; 1880, page 19. 

Certain changes of Platte River during the Quaternary. Proceedings of the 

Towa Academy of Sciences, 1880, page 20. 

Notes on geology of northwestern Iowa. Proceedings of the Iowa Academy of 

Sciences, volume 1, part 2, 1892, pages 13-16. 

Voleanic ash bed near Omaha. American Geologist. volume 15, 1895, page 130. 

Glacial diversion of Missouri River. Pan-American Geologist, volume 39, 1923. 

(In press. ) 

Doctor Keyes also states that Professor Todd submitted a paper to him for 

publication in the Pan-American Geologist, only a few weeks before his death, 

on the subject “Glacial diversion of the Missouri River” that will appear in 

an early number of that periodical. 

MEMORIAL OF LEVI HOLBROOK + 

BY JAMES F. KEMP 

The death of Levi Holbrook at his summer home, Center Harbor, New 

Hampshire, July 26, 1922, diminished by one the already small number 

of surviving “Original Fellows” of the Society. Starting with ninety- 

eight in 1889, the group is now twenty-nine. Mr. Holbrook had reached 

the advanced age of eighty-six years, and, with snow-white hair and 

beard, had long been one of the striking figures at the meetings of the 

American Institute of Mining Engineers and those of the American 

Geographical Society. 

Levi Holbrook was born in Marlboro, Massachusetts, March 7, 1836, 

and was the son of Levi and Eliza (Grant) Holbrook. He traced his 

ancestry to John Holebrook, of Weymouth, Massachusetts, a prominent 

figure in the early colonial days. Levi Holbrook fitted for college at the 

Williston Seminary, Kast Hampton, Massachusetts, graduating in 1852. 

A year later he entered Yale and was valedictorian of the Class of ’57 

and member of Phi Beta Kappa. Some trouble with his eyes called for 

medical care in Boston for the next six months and led to a horseback 

journey across the Rocky Mountains to the Columbia River and _ back. 

At this time literary ambitions governed Mr. Holbrook and led him to 

study modern literature and languages at Cambridge, Massachusetts. 

1 Manuscript received by the Secretary of the Society February 10, 1923. 
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from 1860-63. He was finally compelled to give over these ambitions 

and entered business life in Boston, moving in 1871 to New York, where 

he made his home the rest of his hfe. He employed himself but part 

time in business and reserved for various scientific and learned societies 

his leisure and his energies. He was president for a time of the Phi Beta 

Kappa alumni, resident in New York; was councilor and secretary of 

the American Geographical Society, and became one of the Original Fel- 

lows of the Geological Society of America, among whose organizing com- 

mittee of five Charles H. Hitchcock was his old classmate at the Williston 

Seminary and his hfelong friend. 

Mr. Holbrook joined the American Institute of Mining Engineers in 

878 and was one of its managers from 1895-97. The famous secretary 

of the Institute for many creative years, the late Rossiter W. Raymond, 

was one of his intimates, and in the Institute and the Century Society 

the writer came to be numbered among his good friends nearly twenty- 

five years ago. Mr. Holbrook took a warm interest in patriotic societies. 

He was a member of the Society of Colonial Wars and of the Sons of the 

Revolution. For some time he served as registrar-general of the Order 

of Founders and Patriots of America. He was also a member of the New 

England Genealogical and Historical Society and of the American Fine 

Arts Society. Mr. Holbrook thus never followed geology as a profession, 

but was deeply interested in its progress and a warm supporter of its 

interests. He was a lover of the world of nature and turned often to 

travel and enjoyment amid mountains and inspiring scenery. 

Mr. Holbrook was married December 27, 1871, to Viola Vowers, and 

he and Mrs. Holbrook had the rare experience of celebrating their fiftieth 

wedding anniversary in 1921. Mrs. Holbrook followed her husband a 

few weeks after his death. A son, Clark Holbrook, of Red Bank, New 

Jersey, and a daughter, Helen, now Mrs. Julian P. Smith, of Upper 

Montclair, New Jersey, survive their parents. 

ADDRESS OF THE RETIRING PRESIDENT 

The address of the retiring President, Charles Schuchert, on “Sites 

and nature of the North American geosynclines,” was then presented. 

Since this paper is a part of the “Symposium on the structure and his- 

tory of mountains and the causes of their development,” it has been held 
for publication with that series of papers. 

With this paper, and after a few announcements of changes in program 
and directions for local guidance were made by the Secretary, the morn- 
ing session of the Society ended. 
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SESSION OF THURSDAY AFTERNOON 

The afternoon session was opened at 2.15 o'clock, with President Schu- 

chert in the chair. The object of the symposium announced for this 

session was briefly reviewed by the chairman, who called attention to the 

fact that the presidential address given in the morning session is properly 

a part of this “Symposium on the structure and history of mountains 

and the causes of their development.” 

TITLES OF PAPERS PRESENTED 

SYMPOSIUM ON THE STRUCTURE AND HISTORY OF MOUNTAINS AND TIE 

CAUSES OF THEIR DEVELOPMENT 

SITES AND NATURE OF THE NORTH AMERICAN GEOSYNCLINES 

PRESIDENTIAL ADDRESS BY CHARLES SCHUCHERT 

THE THHORY OF MOUNTAIN STRUCTURE RECENTLY SET FORTH BY 

PROFESSOR KOBER OF VIENNA 

BY CHESTER R. LONGWELL * 

Presented in full extemporaneously. 

ASTATIC ARCS 

BY WILLIAM H. HOBBS 

Presented in full extemporaneously. 

THH APPALACHIANS 

BY ARTHUR KEITH 

Presented in full from notes. 

HASTERN APPALACHIANS IN THE LATITUDE OF SOUTHERN NEW ENGLAND 

BY J. B. WOODWORTH 

Read by title. 

COAST RANGES AND SIERRA NEVADAS 

BY BAILEY WILLIS 

Presented in full extemporaneously. 

ROCKY MOUNTAINS OF IDAHO AND MONTANA 

BY G. R. MANSFIELD 

Presented in full from notes. 

1 Introduced by Charles Schuchert. 
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FRONT RANGES OF COLORADO AND NEW MEXICO 

BY WILLIS T. LEE 

Read in full. 

The papers comprising the symposium as listed above, including the 

discussions, together with the presidential address of the retiring Presi- 

dent, Charles Schuchert, will be printed in full in a subsequent number 

of the Bulletin. 

The session adjourned at 4.50 o'clock. 

SESSION OF THURSDAY EVENING 

DIVISION OF GEOLOGY AND GEOGRAPHY, NATIONAL RESEARCH COUNCIL 

A round-table discussion of “The functions of the Division of Geology 

and Geography, National Research Council,” was held under the chair- 

manship of Nevin M. Fenneman, at 7.30 p. m., in the University of 

Michigan Union. 

For the purpose of introducing this discussion the chairman had pub- 

lished in Science, December 1, a nine-column article setting forth the 

nature of the organization of the Research Council and of the procedure 

in the Division of Geology and Geography. The discussion on the con- 

tents of this paper and the general work of the division was opened by 

David White, followed by T. W. Vaughan, John M. Clarke, Alfred C. 

Lane, W. H. Hobbs, A. C. Lawson, and others. 

Speakers pointed out the opportunities for suitable activity by the 

division and, to some extent, recounted its successful achievements. The 

import of the discussion was that the Research Council is not an operat- 

ing concern equipped for and engaged in the conduct of researches, but 

rather a mode of coordinated effort of the geologists of the United States. 

For this purpose it affords conveniences, including chairman and office 

force. It was pointed out that the effect of providing such facilities is 

not very different from that which would result from the support of a 

chairman and office at the disposal of active committees of the Geological 

Society of America. Twenty-two of the twenty-six members of the 

division are Fellows of the Society. 

THE SMOKER 

At 8.30 p.m. a smoker was given by the University of Michigan to 

the Fellows of the Geological Society of America, the Paleontological 
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Society, the Mineralogical Society of America, the Society of Economic 

Geologists, the Association of American Geographers, and their friends. 

This was largely attended and was held in the University of Michigan 

Union, occupying the entire evening. 

SESSION OF FripAy Morninc, DECEMBER 29 

The morning session was opened at 10 o’clock by President Schuchert, 

and the report of the Auditing Committee was called for. The following 

report was read by H. B. Kummel, chairman of the committee: 

REPORT OF THE AUDITING COMMITTEE 

DECEMBER 28, 1922. 

To the Council and Members, Geological Society of America: 

The committee appointed to audit the Treasurer’s accounts reports as 

follows: 

(1) It has verified the statement as to cash on hand by comparison 

with the bank statements. 

(2) It has checked the receipts from fellowship fees, income from 

investments, and miscellaneous items and found them correct. 

(3) It has not been possible to verify the items listed under Secre- 

tary’s receipts because of the nature of the items. 

(4) It has found that all income due on investments during the year 

has been paid. 

(5) It has compared vouchers for disbursements with canceled checks 

and with printed statement of disbursements and found them correct. 

(6) The securities in the hands of the Treasurer will be checked in 

Baltimore by Dr. Reid, of the committee, and report made to the Secre- 

tary. 

(7) The committee takes pleasure in testifying to the excellent way 

in which the accounts are kept. 

Henry B. KumMet, Chairman. 

Rotuin T. CHAMBERLIN. 

This report was received and accepted, conditioned on receipt of addi- 

tional report covering the securities. 

Harry Fielding Reid, the third member of the committee, was dele- 
gated to make an examination of the securities of the Society and submit 
a written report directly to the Secretary, to complete the committee’s 

duties. 



56 PROCEEDINGS OF THE ANN ARBOR MEETING 

REPORT -ON SECURITIES 

BY HARRY FIELDING REID 

List of Securities 

Texas and Pacific Railway Company first mortgage 5’s, numbers 11915, 20S92. 

Fairmont and Clarksburg Traction Company first mortgage 5’s, numbers 

29, 30. 

3 Chicago Railways Company first mortgage 5’s, numbers 20750, 20751, 45871. 

2 Southern Bell Telephone Company first mortgage 5’s, numbers M15217, 

M13218. 

2 Consolidation Coal Company first and refunding mortgage 40-year sinking 

fund 5’s, numbers 11850, 11851. 

United States Steel Corporation sinking fund gold coupon 5's, humbers 2964, 

2974, 2975. 

American Agricultural Chemical Company first mortgage 5’s, numbers 5834, 

6356. 

1 Florida Central and Peninsula Est. 6s, number 2978. 

1 Louisville and Nashville Railroad Company 10-year 7 per cent note. number 

M3941. 

1 Bell Telephone Company of Pennsylvania 25-year first and refunding T per 

cent, number M12813. 

1 Braden Copper Mines, number 4391. 

1 Edison Commonwealth Company, number 49652. 

10 shares Iowa Apartment House stock. 

40 shares Ontario Apartment House stock. 
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I certify that the securities in the above list are in the possession of the 

Treasurer of the Geological Society of America, Dr. Edward B. Mathews. 

Harry Frevpine Rein. 

BaLTIMorE, February 10, 1923. 

The report of the Council, which had been laid on the table pending 

the findings of the Auditing Committee, was then taken up and approved. 

There being no further business at this time beyond announcements of 

the Secretary with regard to the handling of transportation certificates, 

the group photograph, and disposition of the sectional meetings and the 

meetings of affiliated societies, the scientific program was taken up. 

TITLES AND ABSTRACTS OF PAPERS AND DISCUSSIONS THEREON, PRESENTED 

BEFORE THE MORNING SESSION . 

RECENT WORK IN FRANCE AND SWITZERLAND ON THE STRUCTURE OF 

THE ALPS 

BY EMMANUEL DE MARGERIE 

Presented in abstract from notes. 
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A LAYMAN’S VIEW OF THE THEORY OF ISOSTASY 

BY ¢. K) ERITH 

(Abstract) 

An attempt to discriminate the known facts of isostasy from, the various 

assumptions which have entered into the theory as now known, and a discus- 

sion of some of these assumptions from the standpoint of structural geology. 

Read from manuscript. 

DISCUSSION 

Mr. D. F. Hieeins: Geologists should not confuse the terms “stress” and 

“Strain.” In the engineering (physical) sense, stress is a force, strain is a 

change of shape. To avoid the ambiguity in the word strain, it is better to 

avoid it altogether and use the word deformation in its stead. 

As far as the Rocky Mountain Front Range of Colorado is concerned. Pro- 

fessor Leith’s statement that the hearts of the great ranges are granitic does 

not hold. The Front Range is essentially sedimentary (Precambrian), into 

which have been intruded the relatively small granite batholiths of Long's 

Peak to Pike’s Peak, for example. 

The assumption of a primordial earth of uniform (initial) density is not in 

accord with the postulates of the Planetesimal Hypothesis. The Fellows of. 

this Society know how the differences of density. established by competent 

geodetic observations, may be invoked at present to bring about, in part at 

least, the changes of elevation necessary for the erosional cycle, and hence how 

they may have started the isostatic-erosional cycle at first. The postulation 

of an earth of initial uniform density, subject only to stresses due to contrac- 

tion on loss of heat, would not lead to any but very slight deformation due to 

the fact of isostatic adjustment. 

Mr. T. P. SHEPARD: Professor Leith’s statement that the mountain ranges 

are lightened by katamorphism is opposed by the fact that the light katamor- 

phic material from the mountain ranges is removed by erosion and redeposited 

on the bordering plains, leaving denser material on the mountains and less 

dense on the plains. 

Remarks were made also by Mr. William Bowie. 

RECTILINEAR SHORELINES OF THE NEW ENGLAND-ACADIAN REGION 

EY DOUGLAS W. JOHNSON 

(Abstract) 

Many rectilinear shorelines bordering parts of New England and Acadia 

have been attributed to faulting. The paper discusses a yariety of ways in 

which rectilinear shorelines are produced, and shows that many such coastal 

lineaments in the region in question, attributed to faulting, are better ex- 

plained as the result of other processes. 

Read by title in absence of author. 
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DYNAMICS OF FAULTING AND FOLDING 

BY BAILEY WILLIS 

(Abstract) 

The direction of forces producing faults is considered and it is shown that 

faults with a high dip require the action of vertical forces in combination with 

horizontal forces. When we consider the influence of pressure on the strength 

of rocks we find that horizontal pressure alone will always produce a fault of 

dip less than 45 degrees. 

The forces producing folds are examined, and it is shown that the distribu- 

tion of folds in the Appalachian region could not have been caused by simple 

compression, but that forces acting tangentially on the under side of the folded 

region must have existed. This idea is applied to the elucidation of the results 

obtained by experiments in folding. An explanation of the nappes of the Alps 

is suggested. 

Read by title. 

CRITERIA FOR THE RECOGNITION OF ACTIVE FAULTS 

BY STEPHEN TABER 

Read by title. 

FAULT WMAP OF CALIFORNIA 

BY BAILEY WILLIS 

(Abstract) 

Fault map of California: description and exhibition of a map of the State, 

which shows the principal faults at present known. This map has been com- 

piled from all available data by the Carnegie Institution of Washington, rep- 

resented by Mr. H. O. Wood, the United States Geological Survey, the Univer- 

sity of California, Stanford University, and the Seismological Society of Amer- 

ica, working in cooperation, as a contribution to seismology of the State. 

Active faults—that is, those on which earthquakes are liable to ocecur—are 

distinguished from dead faults. The base is the relief map of the State, drawn 

by J. H. Renshawe, of the United States Geological Survey, which brings out 

strikingly the relation of the ranges to the active faulting. 

FAULTS OF THE COAST RANGES OF CALIFORNIA 

BY BAILEY WILLIS 

(Abstract) 

Faults of the Coast Ranges of California; description of the various types 

of faults recognized in the ranges: upthrusts. overthrusts, progressive thrust- 
ing, regressive thrusting, transverse thrusts, and normal faults; vertical move- 

ments of fault blocks involving rotation, protrusion, and depression; horizontal 
movements; relation of thrusting to folding; antiquity and actual activity of 

forces; persistence of the structural type: magnitude of the structure; their 
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relation to the sub-Pacific mass: their interpretation as effects of persistent 

suboceanic spread. 

These two papers by Bailey Willis were presented together extem- 

poraneously. 
DISCUSSION 

Dr. GeorcE H. ASHLEY: As a result of detailed studies in 1906, 18 terraces 

were traced on San Pedro Hill, and terraces followed around the ends of the 

hill, so as to leave no doubt of their terrace character. Again, near San Fran- 

cisco, on the east side of the San Andrews fault, is a raised block, raised on 

the west, the Pleistocene deposit sloping to the east from 700 feet above the 

sea at the fault and passing below the bay on the east. 

Remarks were also made by Messrs. A. C. Lawson and R. T. Hill, with 

reply by the author. 

Author’s reply to Prof. A. C. Lawson: The terraces north of Santa Cruz are 

correctly described by Professor Lawson as being level, so far as the two lower 

terraces are concerned. They have been worked over by the sea and exhibit 

the effects of wave erosion and deposition. The higher terraces are much less 

well marked, are discontinuous and eroded. I would not like to say categoric- 

ally that they are or are not level, since individual judgment must enter into 

the identification of various benches as more or less surely belonging to the 

same terrace. I agree with Dr. Ashley that the terraces on San Pedro Hill 

are marine. They are some 400 miles from Santa Cruz. 

LATE TERTIARY AND QUATERNARY DIASTROPHISM IN SOUTHERN CEBU, 

: PHILIPPINE ISLANDS 

BY GEORGE D. LOUDERBACK AND R. R. MORSE 

(Abstract) 

The late Tertiary rocks are markedly deformed by faulting, with the pro- 

duction of hoist and graben forms. Geologic sections will be shown illustrat- 

ing the character of the faulting and its variation along the strike. The recent 

diastrophic history is outlined and its effects in the production of faultscarps 

and marine terraces described. Faulting is believed to be an important process 

in the production of the island. 

Presented extemporaneously. 

PARALLEL FOLDS AND BOUDINAGE 

BY TERENCE T. QUIRKE 

(Abstract) 

Parallel folds die out, both upward and downward, by interference of neigh- 

boring folds and by the approach of curvature to a straight line. Theoretic- 

ally, they would die out at infinity, but the folding is almost nothing at a dis- 
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tance equal to 20 times the diameter of the perfect central fold. Parallel 

folds represent great shortening along the central axis, which dies out to 

nothing above and below that axis. It represents a rotational strain with 

maximum displacement along a plane. The inverse of this fold would be rep- 

resented by zero shortening along the central plane, increasing to a maximum 

shortening in both directions from that plane. In this case the folds would 

not die out from the central axis, but they would increase with distance from 

the axis. These features are extremely rare, but are represented by the so- 

called boudinage of southeastern Belgium. The origin of rotational strains 

which are competent to make boudinage is obscure. Certainly it has no con- 

nection with normal folding. It is suggested that it represents a _ hitherto 

unrecognized type of major structure caused by longitudinal compression re- 

lieved by central bulging. 

Presented from notes. 

With this paper the morning session closed at 12.40 o'clock. 

GROUP PHOTOGRAPH 

At the close of the morning sessions those of the members in attend- 

ance who could be assembled on the steps of one of the university build- 

ings had a group photograph taken. 

LUNCHEON GIVEN BY THE UNIVERSITY 

At 1 o’clock members of the Society, together with those of affihated 

and associated organizations, were entertained at luncheon by the univer- 

sity in the Michigan Union. ‘ 

SESSIONS OF FRIDAY AFTERNOON 

Two sectional meetings, to be held simultaneously, were organized for 

Friday afternoon. The papers of Group A—dynamical, structural, gla- 

cial, and physiographic subjects—were presided over by Vice-President 

Washington as chairman, and Vice-President Robert T. Hill was chair- 

man of the section in which the papers of Group B, on stratigraphic, 

paleontologic, areal, and cartographic subjects, were presented. 

There was also a joint session with the Society of Economic Geologists 

for the discussion of the ore deposits of the copper-bearing rocks of 

Michigan. 

SECTIONAL MEETING OF FRIDAY AFTERNOON FOR GROUP A 

The section for the reading of papers on dynamical, structural, glacial, 

and physiographic subjects met at about 2.30 o’clock, in the Auditorium, 
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under the chairmanship of Vice-President Washington and with E. 0. 

Hovey as Secretary. 

TITLES AND ABSTRACTS OF PAPERS OF GROUP A AND DISCUSSIONS THEREON 

CONTRIBUTION TO THE HYPOTHESIS OF MOUNTAIN FORMATION 

BY E. C. ANDREWS 

Read by title. 

EARTH’S CRUST AND ITS EVOLUTION 

BY REGINALD A. DALY 

(Abstract) 

According to records at deep borings, the mean increase of temperature with 

depth seems to be less rapid in eastern North America than in western and 

central Europe. In each continent the rate of temperature increase itself in- 

creases with depth, at least to the depth of 2,000 meters. Deeper down the 

acceleration doubtless falls to zero and changes sign, but it appears already 

clear that extrapolation from the average surface gradient is not likely to 

give a temperature too high at a depth of the order of 40 kilometers. At that 

depth, therefore, a temperature of 1,200° centigrade or more may be expected. 

At that temperature and corresponding pressure, ordinary rock-matter can not 

be crystalline. 

Angenheister’s recent study of seismograms has led him to estimate the 

thickness of the crust under the Pacific as about 41 kilometers, and that of 

the crust under the surface of Eurasia as about 28 kilometers. 

Thus, from two lines of evidence the conception of a thin, solid crust on a 

non-crystalline, elastico-viscous substratum seems justified and consonant with 

the facts of geophysics in general, as well as with a sound cosmogony. 

That the density of the sub-Pacific crust is greater than the density of the 

underlying layer is a necessary consequence; hence an important condition 

for the instability of the crust in past time. 

These conclusions may guide speculation as to the development of the crust 

in its present form. Based on the general idea in the Taylor-Wegener hy- 

pothesis of the horizontal movement of continents, a theory of the continents 

and ocean-basins will be sketched. This theory includes an explanation of the 

segregation of the earth’s salic material in one hemisphere; the intense defor- 

mation of the Precambrian formations; the Postcambrian fragmentation of 

the primitive continent and the associated mountain-building. 

Presented extemporaneously. 

DISCUSSION 

Prof. W. H. Hosss: As I have listened to Professor Daly’s paper I have 

thought if he were not such a brilliant geologist what a fine trial lawyer he 

would be. I have been impressed not with the inadequate attention the 

Wegener theory has received, but rather with the exaggerated attention that 
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has been accorded it. It seems to bear a great resemblance to the theory of 

W. H. Pickering, published a good many years ago in the Journal of Geology. 

Prof. A. P. CoLEMAN: Professor Daly shows a poetic imagination in his 

theory of the shifting of continents for thousands of miles, crowding the edges 

into mountain ranges; but if we admit that isostatic equilibrium is nearly 

perfect, there must have been a corresponding flow of the underlying plastic 

stratum for the same distance in the opposite direction. 

Prof. J. A. UppeEN: I should like to inquire why it is necessary to suppose 

that there is a glassy zone at certain distance below the crust. To my mind, 

such a zone is not necessary to permit flowage. 

Remarks were made also by Messrs. A. C. Lawson, J. L. Rieh, H. M. 

Ami, and H. 8S. Washington, with reply by the author. 

OROGENIC EXIGENCIES OF A ROTARY EARTH 

BY CHARLES KEYES 

(Abstract) 

Since the hypothesis of isostasy is really a multiple one and resolves itself 

into no less than four distinct hypotheses, it becomes obligatory to determine, 

not from simple mathematical figuring but from calculation and observation 

in the field, the position of the geological directrix. Assumption of sealevel as 

a basis is obviously illogical and entirely unsupported by observation ; but the 

Rocky Mountains in their repeated waxing and waning point to the position 

of an isostatic datum at about two miles below sealevel as a possible proper 

basis for calculation. Tsostatic compensation appears to be an orogenic effect 

and not a cause; and there may be explanations for the same phenomena other 

than isostasy. : 

Further experimentation along lines reported several years ago (Bulletin. 

30-70, 1919) emphasizes the function of retardation of the earth’s rotation as 

a primary cause of orogenic disturbance in the globe’s straticulate crust. It 

does not seem necessary to premise permanency of oceanic basins or of conti- 

nental plaits. 

Read by title. 

ISOSTASY AS A RESULT OF EARTH SHRINKAGE 

BY FRANCIS PARKER SHEPARD " 

(.1b0stract) 

Opposition to the theory of isostasy is directed primarily against geological 

interpretations of the theory rather than against the geodetic conclusions. 

Changing these interpretations of the working of isostasy might make it more 

compatible with the phenomena of geology. Isostasy could be as effective in 

keeping the crust balanced with a shrinking interior of the earth as with non- 

shrinking interior. . Mountains due to a shrinking interior would tend to keep 

1 Introduced by T. T. Quirke. 
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in isostatic adjustment. Peneplains and plateaus can be explained without 

loss of isostatic equilibrium. Periodic diastrophism is opposed to continuous 

isostasy, but periodic diastrophism is a theory which is based on incomplete 

field data. Apparent periodicity may indicate only the natural breaks in the 

evidence of what might be a complete series of diastrophic movements. Such 

breaks may be caused by the lack of evidence of the stratigraphic data of 

earth movements, removal of such evidence by erosion or deposition, and by 

the occurrence of the deformations within the ocean basins. 

Read by title. 

FISSILITY OF SHALE: SOME FACTORS CONCERNED IN ITS DEVELOPMENT 

BY J. VOLNEY LEWIS 

(Abstract) 

“Shale” and “shaly’—vague and much-abused terms—are applied even to 

massive claystone, mudstone, and siltstone, and, with more apparent reason. to 

rocks of alternate lamination: but this structure is obviously stratification 

and better designated interlaminate (or interfoliate) shale and sandstone, 

limestone and claystone, etcetera. Few structures are so little understood as 

the fissility of homogeneous clays and unsorted muds—their splitting into 

shelly flakes and wedgelike to splintery fragments approximately parallel to 

the bedding. It is proposed to restrict the terms shale and shaly to such rocks. 

Theoretically, fissility may develop from orientation of the particles during 

deposition; but with abundant colloids and fine clay and the great water con- 

tent of the fresh deposits probably this rarely happens. It is, perhaps, more 

probable in the fresh-water deposits, with their smaller proportion of colloids, 

than in those of marine origin. Typical shaly structure is. perhaps. generally 

secondary and attributable chiefly to two gravitational processes: (1) Com- 

pression (condensation), which eliminates much water, reduces the thickness 

of strata (even to one-fourth of the origina! dimensions), flattens particles. 

and orients flaky and elongate fragments parallel to the bedding. (2) Plastic 

flow, which turns the longest axes into the direction of movyement—down the 

depositional slope. 

Each process is aided by the other and also by tidal oscillations and by 

vibrations due to waves, earthquakes, and offshore slumping. Flow is doubt- 

less largely dependent on colloids (alumina, silica, kaolin-like substances, ferric 

. hydrate, organic matter) and interstitial water, ceasing as particles attain 

rigid packing. 

Such fissility is metamorphic. In contrast with slaty cleavage, it is parallel 

to the bedding, since it results, not from tangential stress, but from gravita- 

tional adjustments due to loading. Much minutely flaky kaolin, chlorite, and 

mica in shale probably arises from this mild metamorphism. Perhaps natural 

gas and petroleum also form under these conditions. Expelled by condensa- 

tion, they migrate, in the presence of water, up the depositional slope and into 

coarser facies or the porous and cavernous parts of the old land on which the 
strata overlap. Vibrations and tidal kneading are also doubtless effective 

factors in the migration. The hydraulic principle probably operates only in 

the open spaces of the reservoir rocks. 
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Experiments have shown that compression and flow produce parallel struc- 

tures in both soft and hard materials, and the processes enumerated must 

vield similar results in many homogeneous, fine-grained deposits. The efficacy 

and mode of operation of some of the factors concerned are, however, but im- 

perfectly known. Critical field observations and rigorous quantitative tests 

are urgently needed. 

Read by title. 

DEVELOPMENT OF SHRINKAGE CRACKS IN SEDIMENTS WITHOUT EXPOSURE 

10 THE ATMOSPHERE 

BY W. H. TWENHOFEL 

(Abstract) 

axperimental work in the laboratory with two types of sedimentary ma- 

terials has shown that shrinkage or mud-cracks develop in these sediments 

without their being exposed to the atmosphere. Bentonite and powdered 

hematite, the latter from Mayville, Wisconsin, were used, the latter in only 

one experiment. The work with bentonite has been repeated many times and 

has been sustained by field observations, so that the results appear certain. 

Presented extemporaneously. 

OBSERVATIONS ON THE RANGE AND DISTRIBUTION OF CERTAIN TYPES OF 

CANADIAN PLEISTOCENE CONCRETIONS 

BY EDWARD M. KINDLE 

(Abstract) 

The concretions described are from the Quaternary sands and clays of Lab- 

rador, the Northwest Territories, and Ontario. 

The points discussed include the influence of the nucleus on the shape of 

concretions and deductions from localized distribution concerning some of the 

factors in their formation. 

Five types of concretions, which are primarily the product of lithologie con- 

trol, are described from the Ottawa Valley. The stratigraphic range of these 

Several types is indicated. 

Nomenclature suitable for discriminating some of these types is suggested. 

Presented in full extemporaneously. 

DISCUSSION 

Prof. T. T. QUIRKE: Certain surficial features on marlekor look like welts 
or small raised ridges; they may have been caused by the filling of shrinkage 

cracks by hardened material, followed by continued shrinkage of the main 

mass. Other concretion-like masses appear to have been formed by the rolling 

of mud balls down clay slopes, with the result that they carry upon their 

surfaces a sort of wrapping of clay layers about the central parts. 
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Author’s reply: Professor Quirke’s observations on marlekor have been 

made in an area somewhat remote from the one in which my own studies were 

made, and it is possible that some of the specimens referred to by him may 

have a different genetic history from that of the marlekor of the Ottawa dis- 

trict. I am not prepared to explain just how the fissures in the interior of the 

marlekor originated, but the clay pebbles which may be seen in abundance 

along the Ottawa River in late summer certainly show no such features; 

neither do any of the mud balls which have come under my notice along the 

Bay of Fundy estuaries possess any features which suggest in any way a 

comparable origin for the marlekor. The best evidence, perhaps, that the 

marlekor were produced by the same general agencies which are responsible 

for the claystones occurring at a lower level in the clays, is found in the fact 

that, like them, they are confined to that portion of the clays which lies within 

a few feet of the surface. 

BOOM BEACH (ISLE-AU-HAUT, MAINE):'A SEA-MILL 

BY JOHN M. CLARKE 

(Abstract) 

A short beach with rocky floor and bounded at each end by rock cliffs, ex- 

posed to the full force of the Atlantic, so confines wave action as to prevent 

lateral dispersion of abrasive effects, with the result that all boulders consti- 

tuting the beach are ultimately reduced to forms of perfect symmetry. 

Presented in full extemporaneously. 

DISCUSSION 

Mr. CHESTER K. WENTWORTH: I was interested in Doctor Clarke’s paper be- 

cause of its bearing on the problem of the production of flat beach cobbles by 

abrasion. The idea is extant in many text-books that these are produced by 

the shoving of cobbles to and fro by the waves. The proof or disproof of this 

view waits for quantitative studies, and I should like to receive suggestions 

as to suitable localities for such studies. In particular, I wish to ask Doctor 

Clarke if there are at Boom Beach any facts which indicate a flattening of 

cobbles and boulders as abrasion proceeds. 

Mr. Cart O. DuNnBAR: While working along the western coast of Newfound- 

land I was strongly impressed with the fact that the structure of the rock 

exercises a controlling effect on the shape of the beach pebbles derived from 

it. In places along this coast there are thin-bedded, sedimentary rocks asso- 

ciated with dikes and flows of basalt, and the contrast in the prevailing shape 

of the pebbles derived from each of these types of rocks is most striking. The 

most homogeneous, igneous rock breaks down into fragments of subequal 

dimensions, which under the attack of the waves become rounded into sub- 

spherical forms. On the other hand, the banded sedimentaries break up into 

fiattish slabs and chips that ultimately become very oblate spheroids or disks 

of the shape of a watch, and although they take on the most perfectly rounded 

symmetry never approach a spheroidal form. 

Remarks were also made by Mr. Arthur Keith. 

V—BULL. GEOL. Soc. AM., VoL. 34, 1922 
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CRYSTALLINE ROCKS OF THE PLAINS 

BY CHARLES N. GOULD 

Presented in full extemporaneously. 

Brief remarks were made by Prof. R. 8. Knappen. 

PRECAMBRIAN FOLDING IN NORTH AMERICA 

BY WILLIAM J. MILLER 

Presented in full extemporaneously. 

Remarks were made by Messrs. Ruedemann (by letter) and Coleman 

and by Miss Fuller, with reply by the author. 

NOTES ON THE SALT DOMES OF NORTH AMERICA 

BY E. DE GOLYER 

(Abstract) 

A paper describing the occurrence and structure of the salt domes of the 

Gulf coastal region of the United States and the Tehuantepec region of Mex- 

ico, with a discussion of theories of salt dome origin and a comparison with 

various European salt dome regions. 

Read by title. 

SOME STRUCTURAL FEATURES OF NORTHERN IDAHO 

BY JOSEPH B. UMPLEBY 

(Abstract) 

The Osburn fault crosses northern Idaho and presents conclusive evidence 

of a horizontal component of movement measurable in miles. The plane dips 

about 65 degrees from the horizontal and, incident to movement along it, sym- 

pathetic fractures hundreds of feet long have been opened and reopened, as 

shown by the sequence of mineral deposition in the Coeur d’Alene district. The 

reverse faults of the area have much less gouge than the normal ones, indicat- 

ing that they were caused by vertical rather than horizontal stresses. These 

stresses may have arisen from an underlying molten intrusion—a possibility 

supported by a detailed study of the ore deposits, which, in part at least. 

formed before the magma bed completely solidified. As the mineralization is 

believed to have accompanied the granite intrusion on the one hand and the 

faulting on the other, it is suggested that the great horizontal displacement 

along the Osburn fault represents gliding on a molten subsurface zone. 

Read in full from manuscript. 
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DATA ON THE GEOGRAPHIC NOMENCLATURE OF THE SOUTHERN CALIFORNIA 

AND TEXAS REGIONS 

BY ROBERT T. HILL 

(Abstract) 
’ 

Revised classification of the physiographic features of the Texas region, 

with sketch map. 

A revision of previous earlier classifications made by the author, with ac- 

companying sketch. 

A nomenclature map of the physiographic features of southern California. 

This diagrammatic map is an endeavor to name and outline the physio- 

graphic features of southern California. These comprise a large number of 

units which have not hitherto been satisfactorily presented. 

Presented in full extemporaneously. 

SECTIONAL MEETING OF FRIDAY AFTERNOON FOR GROUP B 

The section for the presentation of papers on stratigraphic, paleonto- 

logic, areal, and cartographic papers met, at about 2.45, in Room F 214, 

with Vice-President Robert T. Hill in the chair and Charles P. Berkey 

as Secretary. 

TITLES AND ABSTRACTS OF PAPERS OF GROUP B AND DISCUSSIONS THEREON 

SUCCESSFUL METHOD OF TEACHING HISTORICAL GEOLOGY 

BY GEORGE H. CHADWICK 

(Abstract) 

The writer’s success in teaching historical geology by first working back- 

ward from the present seems to be based on a sound pedagogical principle, 

previously employed by him successfully in the teaching of biology. The link- 

age of this with other factors of method for increase of interest will be briefly 

described. 

Read by title. 

ORDOVICIAN OVERLAP IN THE PIEDMONT OF SOUTHERN PENNSYLVANIA 

AND MARYLAND 

BY GEORGE W. STOSE AND ANNA I. JONAS 

Read by title in absence of the author. 
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CHEMUNG STRATIGRAPHY IN WESTERN NEW YORK 1 

BY GEORGE H. CHADWICK 

(Abstract) 

The upper Devonian of western New York consists of several thousand feet 

of terrigenous strata in which the outstanding terms have been “Genesee,” 

“Portage,” “Chemung,” and “Catskill.” It is now many years, however. since 

John M. Clarke, H. S. Williams. D. D. Luther, and others began to point out 

that these familiar subdivisions are not strictly successive units, but local and 

overlapping (or dovetailing) facies. 

Field studies under Dr. Clarke’s direction have now shown that the prin- 

ciples enunciated by him are applicable to these strata across the entire State 

of New York and beyond, into Ohio. The fossiliferous “‘Chemung” strata 

prove to occupy progressively higher horizons in passing westward, as do the 

red “Catskill” beds that overlie them throughout most of this stretch. Like- 

wise the comparatively barren ‘“‘Portage”’ strata rise steadily in the scale in a 

westerly direction, while black shales of ““Genesee” type pursue them upward. 

The careful tracing of key horizons across the State into Pennsylvania, to- 

gether with the writer’s previous study of the literature for the Ohio equiy- 

alents, leads to the correlations in the table herewith presented, in which ver- 

tical dark bands indicate the portions of each section usually ascribed to the 

“Chemung.” The units beneath Lake Erie are checked on well borings.* The 

defense of the upper portion for Ohio and Pennsylvania will be published 

separately. 

Presented in abstract extemporaneously. 

Brief remarks were made by Mr. David White and Dr. I. C. White, 

with reply by the author. 

CORRELATION OF THE POTTSVILLE AND LOWER ALLEGHENY FORMATIONS 

IN WESTERN PENNSYLVANIA 

BY B. COLEMAN RENICK 1 

(Abstract) 

The reports of the Second Pennsylvania Geological Survey covering the 

region along the Beaver River and its tributaries, in Lawrence, Mercer, and 

Butler counties, show that the average interval between the Vanport limestone 

of the Allegheny formation and the Homewood sandstone, the youngest mem- 

ber of the Pottsville formation, is 50 feet. In the Foxburg quadrangle along 

the Allegheny River the average interval is 120 feet from the Vanport lime- 

stone to what is called the Homewood sandstone in that folio. 

The geologic section from the base of the Pottsville to the Vanport limestone 

was studied along the Beaver River between Homewood and Mercer. The 

Same members were then traced along the outcrop up one of the tributaries to 

1 By permission of the Director of the New York State Museum. 

2 Title in this Bulletin, vol. 33, p. 152. 

1 Introduced by G. F. Kay. 
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the Beaver River as far as the Beaver-Allegheny divide; then down a tribu- 

tary which enters the Allegheny River near the northwestern corner of the 

Foxburg quadrangle. The same section was then studied along the Allegheny 

River from the northwest corner of the Foxburg quadrangle southward to the 

mouth of Redbank Creek, in the Kittaninny quadrangle. 

As a result of this study the writer believes that the upper Connoquenessing 

and Homewood sandstones of the Beaver River-Pottsville section are equiv- 

alent to the Homewood and Clarion sandstones respectively of the Allegheny 

River section. It appears that the Pottsville formation of the Foxburg folio 

should be extended to include the Clarion sandstone which is included in the 

Allegheny formation, and that the top of the Clarion sandstone should be 

regarded as the upper limit of the Pottsville formation in that region, because 

it is the equivalent of the Homewood sandstone of the Beaver River section, 

which is the first conglomerate-bearing member below the Allegheny forma- 

tion. On the basis of this classification, the Scrubgrass, Clarion. and Brook- 

ville coals of the Allegheny formation in the Beaver River valley are equiv- 

alent to the Upper Clarion, Lower Clarion, and Craigsville coals respectively 

of the Foxburg-Clarion folio. 

A brief study of the same members between Mayport, near the southeastern 

corner of the Clarion quadrangle, and Brookville, in Jefferson County, sug- 

gested that the Craigsville coal of the Foxburg-Clarion folio is the equivalent 

of the Brookville coal near Brookville. Detailed mapping of these members 

between Mayport and Brookville will be necessary, however, before their rela- 

tions can be established with certainty in that district. 

Presented in abstract extemporaneously. 

DIscUSSION 

Dr. GrorcE H. ASHLEY: The problem has a broad bearing because affecting 

the type locality. It is thought that the difficulty has arisen partly through 

misinterpretation of the rocks in the Kittaninny region by members of the 

United States Geological Survey. 

Further remarks were made by Mr. David White and Dr. I. C. White, 

with reply by the author. 

STRUCTURAL STUDY OF A PART OF NORTHEAST TEXAS WITH SOME 
STRATIGRAPHIC SECTIONS 

BY F. JULIUS FOHS AND HEATH M. ROBINSON 2 

(Abstract) 

Part I. STRATIGRAPHY AND STRUCTURE, BY F. JuLius Fous 

Much new data on the geologic complex of northeast Texas is available 

from drilling of several hundred wells (two hundred wildecats) and our own 

study of the surface geology during the past five years. Fragmentary contri- 

butions of much value have been made by others, but, based on more complete 

data, we discuss general relationships and results. 

1 Introduced by Charles Schuchert. 
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Due to faulting, reliable stratigraphic sections have heretofore been difficult 

to obtain, but microscopic studies of well samples and studies of the large 

group of well logs yield much new information on the thickness of the several 

formations, the areal extent of the Woodbine sand, the development of Taylor 

chalk beds, and more precise location of contacts of Nacatoch, Midway, and 

Wilcox. 

- Pointing out, first, the larger structural relationships, we describe the Mexia 

Fault Zone, 5 miles wide and 150 miles long, lying 20 to 30 miles east of 

and parallel to the Balcones Fault Zone. These zones prove similar in char- 

acter, with three or more normal, parallel faults, arranged en echelon with 

‘similar groups of faults lengthwise of the zone, accompanied by folding, always 

faulted. Cross-faulting is absent. Both zones follow rigid rock outcrops off- 

setting shale formations on their west. The Mexia zone effects a partial cut- 

ting off of ground waters and appearance of connate waters in connection with 

oil east of its easternmost faults, resulting in development of four oil pools. 

A stratigraphic table, together with cross and longitudinal sections, delineate 

stratigraphic variations; a sketch map shows relationship of major structural 

features, and a detailed contour map of a segment of the fault zone shows its 

local character. 

Part II. ORIGIN OF STRUCTURE, BY HEATH M. ROBINSON 

An analysis of the stresses producing faults as applicable to the structure 

under consideration is first discussed; next, the character of the stresses pro- 

ducing faults within described area is treated, showing that dominant stresses 

are vertical. The zone of offset faults suggests a general weak zone. We then 

discuss relationship between primary and secondary structural features in the 

tilting of the Gulf Coast area toward the sea, pointing out the genetic rela- 

tionship between them. The competency of Upper, Lower, and Pre-Cretaceous 

beds to transmit stresses is discussed. The general conclusion is reached that 

movement along deep-lying faults operating on underlying competent beds | 

would produce structural features on the surface beds similar to those found 

within described area. 

Read in full from manuscript. 

Brief remarks were made by Dr. Sidney Powers and others. 

THE LANCE PROBLEM 

BY FREEMAN WARD? 

(Abstract) 

Evidence from formations in South Dakota. Brief statement of facts on 

which there is agreement: also of points under controversy. Discussion of 

contact of Fox Hills and Lance. Attempt to harmonize conflicting paleonto- 
logic evidence. Break between Mesozoic and Cenozoic placed at top of Fort 
Union. 

Read by title. 

1 Introduced by H. E. Gregory. 
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OBSERVATIONS ON COAL SWAMPS IN NORTHERN WEST VIRGINIA WHERE 

PERMIAN CONDITIONS PREVAIL ; 

BY JOHN L. TILTON 

(Abstract) 

Observations in northern West Virginia the past two seasons emphasize the 

idea of extensive swamps, of mushy constituency beneath the surface, surface 

covering reedlike, the growing surface creeping out into bodies of water gen- 

erally fresh, where fresh-water limestone is in process of deposition. Low, 

fernlike plants (Cycadofilicales) are crowding out from the shore and distant > 

trees (tree-ferns?) are rising from the low upland. There is no large growth 

out upon the swamp at a distance from the shore. The large growths (tree- 

ferns?) are here confined to the margins of the swamps and to higher ground. 

The unusual view of a carboniferous swamp is thus the one that fits here 

where Permian conditions prevail, not the view of a carboniferous swamp that 

is commonly pictured. 

Presented in abstract extemporaneously. 

FURTHER CONTRIBUTIONS TO THE KNOWLEDGE OF THE CRETACEOUS OF 

THXAS AND NORTHERN MEXICO 

BY ROBERT T. HILL 

(Abstract) 

A. IMPORTANT AND NEWLY DISCOVERED CONTACT DISCONFORMITIES AT THE BASE 

. AND Top OF THE GULF SERIES, OR UPPER CRETACEOUS, IN NortH TEXAS 

During the past year I have had the pleasure of discovering in north Texas 

two important and hitherto undiscovered contacts, one each at the base and 

top of the Gulf series, or Upper Cretaceous (American usage), of the Texas 

region which had long been suspected to exist, but which, owing to the uncon- 

solidated and concealed character of exposures, have not hitherto been dis- 

covered. 

One of these contacts records a disconformity between the top of the Co- 

muanche series and the base of the Gulf series, and the other, 85 miles directly 

east, records a similar disconformity between the top of the Gulf series and 

the base of the Midway formation of the Eocene Tertiary. 

The first locality is situated on the north outer bluff of Denton Creek valley, 

in southern Denton County, about five miles east of Roanoke. It distinctly 

shows a disconformity between a Buda-like formation of limestone, with char- 

acteristic fossils, which here reoccurs in the top of the Grayson marls of the 

Comanche series and the base of the Woodbine. The molluscan fauna or spe- 

cies of the former is not known to cross into the latter. This contact is 

usually obscured by slump in north Texas and has hitherto been considered 

not proven. Its discovery settles the question of the identity of upper terminal 

beds of the Comanche series of north Texas with the Buda limestone of the 

Austin section, and demonstrates that the Woodbine formation lies completely 

above the latter and is not contemporaneous with it, as has been widely pub- 

lished by Bose and others. 
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The second locality, about two miles northwest of Lone Oak, Hunt County. 

shows the limestone of the Midway, with characteristic fossils, resting upon 

the clays of the Navarro beds of the Upper Cretaceous, with characteristic 

fossils. This is the second actually observed contact between these formations 

to have been recognized. The other is on the Rio Frio, some four hundred 

miles away. 

Accurate logs of oil prospecting wells show the thickness of the Gulf series 

between these localities and along this latitude to be 3,100 feet. Stratigraphic. 

paleontologic, and photographic details are given. 

B. STRATIGRAPHIC POSITION OF THE BUDA LIMESTONE OF THE SoutH TEXAS 

SECTIONS AND ITS RELATIONSHIP TO THE NoRTH TEXAS SECTION 

This paper gives additional proof of the stratigraphic correspondence be- 

tween the Buda limestones of the Colorado River section of Texas and the 

Grayson and Main Street formations of north Texas. It likewise asserts that 

the Buda formation is not synchronous with the Woodbine formation of north 

Texas, as erroneously asserted by Bose and collaborators, but that the latter 

lies above the former with a stratigraphic and paleontologic disconformity 

between them. It likewise clears up a previously. existing confusion, whereby 

the Tamasopa formation of Mexico has hitherto been erroneously correlated 

with the Woodbine instead of the Comanchean, to which it belongs. 

C. CHANGES OF LITHOLOGIC PHASE IN THE COMANCHE SERIES ADJACENT TO THE 

Rio GRANDE AND NOTES ON THE RECURRENCE OF DEEPER WATER 

LIMESTONE FAUNAS 

Shows the persistence of key faunas of the several divisions of the Co- 

manchean Cretaceous in sections between Red River and the Rio Grande of 

Texas, accompanied by frequent interpolations of Rudistean limestones along 

the latter. 

Presented in abstract extemporaneously. 

PALEOZOIC ROCKS FOUND IN DEEP WELLS IN WISCONSIN AND NORTHERN 

ILLINOIS 

BY F. T. THWAITES? 

(Abstract) 

The paper discusses the formations found in deep wells from the lithologic 

standpoint only. References to published material on the paleontology are 

given. The formation names given to the subdivisions of the Cambrian by 

Ulrich are here defined. Brief notes are given on the surface exposures of the 

formations. All formations from the Devonian down to the Precambrian are 

discussed, with special emphasis on the water-bearing Cambrian. The methods 

by which the deeply covered formations were correlated with those exposed in 

central Wisconsin are explained in detail. Several cross-sections illustrate 

the paper. 

Read by title. 

1—ntroduced by W. O. Hotchkiss. 
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MERGING OF THE CARLILE SHALE AND TIMPAS LIMESTONE FORMATIONS IN 

SOUTHEASTERN COLORADO 

BY EHS Bo EAs Oy) 

Read by title. 

PRESENT STATUS OF THE GEODETIC WORK IN THE UNITED STATES AND ITS 

VALUE TO GEOLOGY 

‘ BY WILLIAM BOWIE 

(Abstract) 

The geodetic work of the United States, now carried on by the United States 

Coast and Geodetic Survey, is supplemented to a small extent by the Topo- 

graphic Branch of the United States Geological Survey and by several cities. 

There are now in the United States, in addition to the coast triangulation, 

20,000 miles of arcs of precise triangulation and traverse, furnishing the geo- 

graphic positions of many thousands of points or stations. Precise leveling 

was begun in the United States by the War Department in connection with 

river improvements and control. Later, this work was begun by the Coast and 

Geodetic Survey to furnish accurate elevations for the reduction to sealevel 

of measured base lines. There are now 47,000 miles of precise leveling in the 

United States, furnishing the elevations of 18,500 bench-marks. The triangu- 

lation and precise leveling are essential in the preparation of accurate topo- 

graphic maps, without which geologists carry on their field-work with great 

difficulty. A modification of the von Sterneck type of pendulum was made in 

the United States Coast and Geodetic Survey, under the direction of Dr. T. C. 

Mendenhall, then Superintendent, which has been used to determine the in- 

tensity of gravity at 3800 stations in the United States. The geologists are 

interested in the gravity work because the data furnished by the observations 

have been extensively used to supplement the isostatic investigations based on 

triangulation and astronomic data. 

The geodetic data furnish accurate physical measurements of direction, dis- 

tance, and force, which are more effective than any other means in throwing 

light on the constitution of that part of the crust of the earth which is beyond 

the possibility of direct observations and measurements. 

Presented in abstract extemporaneously. 

Brief remarks were made by Mr. David White. 

RECONNAISSANCE TRAVERSE FROM MOJAVE ULOJANE, CALIFORNIA, TO 

ROCK CREEK, UTAH 

BY HERBERT E. GREGORY 

(Abstract) 

The work described includes location of fault south of Death Valley; tracing 

Mesozoic from Spring Valley Mountains to mantle of San Juan; restudy of 

the Kanab section of Walcott; definitions of the “Marine Jurassic” and 

Kaibab; and extension of the Supai-Hermit unconformity. 

Presented in abstract extemporaneously. 
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TOPOGRAPHY AND GEOLOGY OF THE OKANOGAN HIGHLANDS AND COLUMBIA 

PLATEAU OF WASHINGTON 

BY SOLON SHEDD 

(Abstract) 

A general discussion of the surface features and geology of the eastern part 

of Washington. The Okanogan Highlands constitute a large area of meta- 

morphic rocks, part of which was probably originally sedimentary and part 

igneous. The Columbia Plateau, as used in this paper, refers to that part of 

the great lava field, in the northwestern part of the United States, which lies 

within the State of Washington. The surface features of parts of this area 

are very interesting and are a result, partly at least, of the action of the wind. 

Read by title. 

TERTIARY STRATIGRAPHY IN THE LOWER RIO GRANDE REGION 

BY ARTHUR C. TROWBRIDGE 

(Abstract): 

A reconnaissance map is presented covering about 13,500 square miles in 

extreme south Texas. Formations are described. A change in the strike from 

a northeast-southwest direction in Medina County to a north-south direction 

in Webb County, and to a north by northwest-south by southeast direction in 

Zapata and Starr counties, explains some previous differences of opinion con- 

cerning the ages of beds and faunas along the Rio Grande between Laredo 

and Rio Grande City. Partly on stratigraphic evidence and partly on the 

basis of fossil plants identified by Berry, the Carrizo sandstone of Owen is 

placed in the Wilcox rather than in the Claiborne, and a new formation, the 

Bigford, is recognized between the Carrizo and the Mount Selman, the lowest 

Claibornian formation. 

Read by title. 

The section adjourned at 4.37 p. m. 

ANNUAL DINNER 

At 7 o'clock p. m. the Society and its visitors and guests, together with 

members of the Paleontological Society, the Mineralogical Society of 

America, the Society of Economic Geologists, and the Association of 

American Geographers, assembled in the Michigan Union for the annual 

dinner. There was a very large attendance, and the attractive appoint- 

ments of the place, with its splendid service, made this one of the most 

successful and enjoyable events of the kind ever experienced by the 

Society. 

President Schuchert presided and in due time, with appropriate re- 

marks, introduced Prof. H. E. Gregory, who served as toastmaster. In- 
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formality and simplicity of program, coupled with uniform good humor 

of both speakers and listeners, combined to make the occasion both highly 

enjoyable and a real recreation in the midst of three days of strenuous 

scientific meetings. 

Responses to the call of the toastmaster were made by Prof. Emmanuel 

de Margerie, Correspondent of the Society; J. E. Spurr, for the Society 

of Economic Geologists; E. T. Wherry, for the Mineralogical Society of 
America; T. Wayland Vaughan, for the Paleontological Society; Walter 

C. Mendenhall, for the United States Geological Survey; Wilbur A. Nel- 

son, for the Association of State Surveys, and by R. A. Daly, A. C. Law- 

son, James F. Kemp, W. H. Hobbs, E. O. Hovey, William North Rice, 

and John M. Clarke. 

GREETINGS TO FOREIGN SOCIETIES 

By unanimous vote the Secretary was instructed to cable the cordial 

greetings of the Society to the Geological Society of France, Professor 

de Margerie being our honored guest, and to write cordial letters of greet- 

ing -and good wishes to the Geological Society of South Africa, the Geo- 

logical Society of China, which was organized only last autumn, and to 

Sir T. Edgeworth David, of Australia. 

After the close of the dinner these instructions were carried out. 

RESOLUTION OF APPRECIATION OF E. 0. HOVEY, RETIRING. SECRETARY 

This occasion was used also as an opportunity to express appreciation 

of the faithful and efficient service of Dr. E. O. Hovey, Secretary of the 
Geological Society of America for sixteen years. Prof. James F. Kemp 
made the address in presenting a beautiful silver loving cup to Dr. Hovey 
as a token of the respect and good-will of the members of the Society. 

The following resolutions were then read and enthusiastically adopted: 

“At the present annual meeting Dr. Edmund Otis Hovey, Secretary of the 
Society since December, 1906, is, at his own wish, retiring from office. The 

undersigned committee has been appointed by President Schuchert to prepare 
an appropriate resolution and present it for action by the Society. 

“Dr. Hovey has held for sixteen years the responsible and exacting office 

of Secretary. During all this time he has shown exceptional devotion and 

unsparing fidelity in the discharge of the duties of his office. Under his tenure 
the Society has maintained the high ideals with which it started on its career 

thirty-four years ago, and has done so in no small degree because of the influ-_ 

ence and sound judgment of its Secretary. The publications have also held 

true to the exalted standards now long established. 

“Dr. Hovey has witnessed during his official life, and has shared in carrying 

through, at least one important change in policy and organization—that relat- 
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ing to the affiliated societies. The Paleontological Society became the first 

affiliate, the Mineralogical Society of America the second, and last year the 

Society of Economic Geologists joined the group. By this wise arrangement 

excessive and weakening subdivision is avoided, while a large degree of prac- 

ticable unity is maintained. 

~ “The Geological Society desires to express and record upon its minutes a 

warm and cordial expression of appreciation of the unselfish service given by 

its retiring Secretary and to wish him the successful completion of the scien- 

tific labors to which he desires to give his entire efforts and attention. 

(Signed ) JAMES F. Kemp, Chairman. 

JOHN M. CLARKE. 

RAE Penrose; JR.’ 

To this Dr. Hovey, in retiring from this long and useful service, re- 

sponded briefly and with more than a touch of feeling, as he recalled 

many years of intimate association with the leading men in American 

geology. 

REPLY BY EDMUND OTIS HOVEY 

Mr. Toastmaster, Professor Kemp, Fellows of the Geological Society 

of America and other friends, you have quite overwhelmed me with your 

feeling introduction, with the splendid resolutions, which give me more 

eredit than I deserve and which will always be preserved with my most 

treasured archives, and with this beautiful token of your affectionate 

regard, which will ever remind me of my long term of most enjoyable — 

service as Secretary of the best scientific society in the world. You may 

rest assured that I shall follow Professor Kemp’s injunction to make the 

vase “say it with flowers” as a memento to my family of the hosts of 

friends that my relations with the Society have brought me. I am so 

greatly affected by all this that I cannot express my feelings in words, or 

reply adequately to the graceful pre-obituary that Professor Kemp has 

pronounced regarding me. I can only say I thank you all from the 

bottom of my heart. 

During my incumbency as Secretary about one hundred different men 

have served on the Council, and they have been drawn from all parts of 

the country—the representative geologists of America. The close asso- 

ciation with such men as Van Hise, Calvin, Gilbert, Hague, Davis, Fair- 

child, E. A. Smith, Becker, Coleman, Clarke, Adams, Cross, I. C. White, 

Merriam, Kemp, and Schuchert—to name only the presidents in suc- 

cession—has been of inestimable value to me. 
My relations with the efficient treasurers of the Society, the lamented 

W. B. Clark and his successor, E. B. Mathews, and with the hard-worked 
editor, Joseph Stanley-Brown, have been even more intimate and have 
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led to the warmest of friendships. I cannot let this occasion pass without 

recording my testimony to the serious deyotion to the Society shown by 

the successive councils and the faithfulness with which they have done 

their labor of love. From time to time indeed some of the Fellows have 

voiced some criticism of the conservatism of the governing body; but 

when these objectors have been taken on to the Council, as they have been 

when practicable, they have observed the wisdom which has prevailed 

there, have noted the consideration which always has been given to eriti- 

cisms, and have uniformly agreed with their colleagues in the conduct of 

the business of the Society and in the maintenance of the high standards 

of admission to Fellowship. 

A brief survey of the principal events and impressions of the past six- 

teen years and a few statistics may be of interest to you at this time. Of 

the 112 men who were enrolled as Original Fellows on the first list issued 

by the Society, 26 had died and 26 had resigned or dropped out by 1906, 

leaving 60 on the roll then. At the close of 1922 there were only 27 

Original Fellows left, 30 having died and three having resigned in the 

sixteen years. From 1889 to 1905 the Society elected 287 persons to its 

Fellowship, and from 1906 to 1921, inclusive, added 286 to this number, 

a total of 573. There are now 439 elected Fellows on the roll, 134 having 

dropped out through death, resignation, and failure to maintain their 

dues. One man is counted twice in this summary, he having resigned as 

an Original Fellow, and later, on his repentance, having been reelected 

as a Fellow. There have been, up to the present annual meeting, 678 

men and six women connected with the Society as Fellows. In 1909 the 

Society inaugurated a new class of members by electing seven eminent 

foreign geologists correspondents. In 1910 six men and in 1912 three 

more were added to this list. In 1914 six nominations to correspondent- 

ship were made by the Council, but on account of the beginning of the 

Great War the names were not presented at the election of that year. 

In 1921 one correspondent was elected. Six correspondents have died, 

hence there are now 11 names on the list in this class. The total mem- 

bership of the Society at the close of 1922 is therefore 474. 

The formation of daughter or affiliated societies began in 1909 with 

the organization of the Paleontological Society, a vigorous offspring 

which has gained strength with the passing years, but which still loyally 

remains under. the wing of the parent society. In 1920 a@ second child 

was born, the Mineralogical Society of America, which has been some- 

what more independent in its existence, since it has maintained a sepa- 

rate channel of: publication. Close relations with the Geological Society 
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of America are secured by these societies through exchange of voting rep- 

resentatives on the respective Councils. In 1920 a third society, the 

Society of Economic Geologists, came into being as one of our affiliates, 

the affiliation being recognized by an exchange of non-voting delegates 

between the two Councils. The formation of these branch societies is an 

important step in the history of geological science in our country, and it 

should be guided so as not to injure the parent society. 

The publication of the Bulletin has kept on its sturdy way under the 

hand of the same able editor, Joseph Stanley-Brown, who gave it such 

prestige as to form an excellent appearance under Secretary Fairchild. 

May he continue long in the editorship! The papers submitted for pub- 

lication have come first to the Secretary, and all the scientific contribu- 

tions except the presidential addresses have been sent out to censors 

selected by or through the Council for consideration as to acceptability 

for publication by the Society. This handling of the subject-matter of 

the Bulletin forms no small part of the Secretary’s duties, and I wish 

here to commend the thoroughness and justness with which the numerous 

censors have performed their anonymous tasks through love for the 

Society. The censoring of the papers has contributed largely to the high 

standard of our Bulletin. 

The sales of the Bulletin have been an important source of income to 

the Society. Up to the close of 1906 the sum of $9,602.34 had been de- 

rived from this source, and in the sixteen years which followed (to No- 

vember, 1922) the sales amounted to $22,955.21, an average of $1,434.70 

per year. In the year 1906 the receipts from sales were $736.25, whereas 

in the year ending November 30, 1922, they were $2,004.60. In the 

' three weeks of December which have elapsed since the fiscal year closed, 
two complete sets of the Bulletin have been disposed of, and the total 
sales have been increased some $600. In 1908 all the American exchanges 
were eliminated from our list of distribution and the price of the Bulletin 
to libraries was placed at $7.50 per volume. In 1920 a further increase 
to $9 per volume was made necessary by the high cost of printing and 
paper. We now have some 158 regular subscribers to our Bulletin and 
98 foreign exchanges. These statements give some intimation of the 
growth of the purely clerical work connected with the Secretary’s office 
during the past decade and a half. 
We have been sailing very close to the financial wind during the past 

few years by reason of the rise in the costs of publication and clerical 
assistance, but by the strictest economy on the part of the officers of the 
Society we have thus far avoided any increase in our annual dues. These 
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still remain the same as they were at the organization of the Society, 

when a dollar could buy more than twice as much as it does now. 

During the long period now closing I have not missed a meeting of 

the Society or of the Council, except during the two years of my enforced 

absence in the Arctic, when my able successor, Prof. C. P. Berkey, stepped 

into the breach. I was deeply touched by the generous contribution 

which the Society made to the Crocker Land Expedition to assist in 

bringing me home. The close and harmonious association with my col- 

leagues during all these years has been most pleasing. This, with the 

service rendered to our science, is what makes the Secretaryship of the 

Geological Society of America worth while. It is a real recompense for 

the hours and hours of labor necessarily devoted to the discharge of the 

many and sometimes onerous duties connected with the position. 

SESSION OF SATURDAY MorRNING, DECEMBER 30 

The morning session was called to order by President Schuchert, in 

the auditorium of the Natural Science Building, at 9.50 o'clock. 

TITLES AND ABSTRACTS OF PAPERS AND DISCUSSIONS THEREON, PRESENTED 

BEFORE THE MORNING SESSION 

GEOLOGICAL RECONNAISSANCE IN MONGOLIA 

BY CHARLES P. BERKEY 

(Abstract) 

The data covered by this paper were gathered during the past field season, 

while acting as geologist for the Third Asiatic Expedition of the American 

Museum of Natural History, New York. 

Five months were spent in the deserts and mountain ranges of central Asia. 

An itinerary of over three thousand miles gave opportunity for widely ex- 

tended observations. As much attention as possible was given to geologic 

structure, stratigraphic succession, formational subdivisions, paleontologic 

content, deformation history, and physiographic development. More definite 

statements can be made on these questions than were previously available. 

The account is intended to cover an advance summary of the investigation 

and its results. 

Presented in abstract extemporaneously. 

I)ISCUSSION 

Mr. D. F. Hiacins: Remarkable is the fact of the great thickness of post- 

Paleozoic sediments in Mongolia. Near Nan-K’ou Pass, northwest of Peking, 

I have measured about 20,000 feet of later Proterozoic sediments of von Richt- 
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hofen’s ‘“‘Nan-K’ou Series.” One can well wonder at the tremendous sedi- 

mentary records on the Asiatic Continent. 

PROBLEM OF MILD GEOLOGICAL CLIMATES 

BY ELLSWORTH HUNTINGTON 

(Abstract) 

A mild climate, with relatively slight contrasts from latitude to latitude and 

season to season, appears to have prevailed throughout most of geological 

times. The solar cyclonic hypothesis, when combined with the distribution of 

land and sea, appears to offer an adequate explanation. Recent investigations 

show that the cyclonic circulation which gives rise to the typical storms of 

temperature latitudes and the hurricanes of lower latitudes is intimately de- 

pendent upon variations in solar activity. Moreover, an analysis of the rela- 

tionships of different parts of the sun’s disk to barometric conditions over the 

north Atlantic Ocean and to atmospheric electricity shows a relationship which 

ean not apparently be thermal and which seems to be in harmony with an 

electrical cause. If this is the case, the sun might be as hot as now, and yet 

cyclonic storms of all kinds might be greatly reduced if the sun’s atmosphere 

were relatively undisturbed. In that case, the earth’s mean temperature would 

rise, as it does now at times of few sunspots when storms diminish in number. 

The chief reason for this would apparently be that far less warm air would 

be drawn from low latitudes and pushed aloft in the centers of storm areas. 

At the same time the strength of the normal planetary and continental circu- 

lations would be increased, because they would suffer less interference from 

storms. If this happened and if the conformation of the land were such that 

warm currents easily penetrated to high latitudes, there seems to be no good 

reason why polar regions should not have enjoyed a climate as warm, perhaps, 

as that of Ireland. 

Presented in full extemporaneously. 

Brief remarks were made by Messrs. Leverett and Coleman. 

FURTHER EXPERIMENTS ON THE FRACTURING OF HOLLOW BRITTLE 

SPHERES AND THEIR BEARING ON MAJOR DIASTROPHISM 

BY WALTER H. BUCHER 

(Abstract) 

In a paper read at the Chicago meeting of the Geological Society, the writer 

presented the results of experiments which showed that the pattern of frac- 

tures which form when hollow spheres of glass and of paraffin are fractured 

by the expansion of water freezing in them, is essentially similar to that shown 

by the Mesozoic geosynclines as reconstructed by Haug. He further showed 

that it is possible to explain the origin of the major geosynclines on the basis 

of such subcrustal expansion. 

The purpose of this paper is to present the results of experiments made in 

the Physics Department of the University of Cincinnati by Dr. R. C. Gowdy 

VI—BULL. GEOL. Soc. AM., VoL. 34, 1922 
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and the writer, in which such spheres were subjected to hydrostatic pressure. 

In the first series of experiments, thin-walled, hollow glass spheres were thus 

fractured under compression. In the second series, spheres were used which 

more nearly correspond to the conditions involved in the deformation of the 

earth’s crust. 

Finally, an attempt is made to use these experiments as the foundation for 

a consistent theory of major diastrophism. 

Read from notes. 

DISCUSSION 

Prof. W. H. Hopss: Any one who has read Professor Bucher’s classical 

study of ripple-marks will attach importance to any other investigations which 

he makes. I was one of those who offered objection to the claimed applica- 

bility of his experiments on frost-expanded glass balls to the problems of 

coastal deformation. I must offer objection now to the later series of experi- 

ments here presented, on the ground that they do not simulate in any close 

way the probable stress systems involved in coastal deformation. 

Brief remarks were also made by Mr. F. P. Shepard, with reply by the 

author. 

SOME STRUCTURAL FEATURES OF THE PLAINS AREA OF ALBERTA CAUSED 

BY PLEISTOCENE GLACIATION 

BY OLIVER B. HOPKINS 

Read in abstract from manuscript. 

Brief remarks were made by Messrs. Hobbs and Hill. 

CORRESPONDENCE BETWEEN THE GONDWANA SYSTEM OF HINDUSTAN AND 

THE NEWARK SYSTEM OF THE EASTERN UNITED STATES 

BY WILLIAM H. HOBBS 

(Abstract) 

The Gondwana system of Hindustan presents striking parallels with the 

Newark system of the eastern United States. These correspondences are espe- 

cially: (1) the coarse, often red, and sometimes markedly feldspathic ma- 

terials derived from the Precambrian; (2) the unity of the sedimentary series 

and its slightly tilted attitude; (5) the occurrence as isolated erosional rem- 

nants preserved by inset within crystalline rocks and bounded by faults; (4) 

the elaborate system of intersecting hear-vertical faults and the abundance of 

basic flows and dikes: (5) intercalated coal seams and ganoid fishes as char- 

acteristic fossils: (6) the nature of the differences which characterize the 

several areas of each system among themselves. 

The American Newark has been regarded as probably of Jura-Trias age, 

based upon the fossils found in the northern areas. The Gondwana system 

has been definitely shown to have areas of lower, middle, and upper Gondwana 

age, and these range from the Pennsylvanian to the Jurassic. In most physical 

aspects the lower Gondwana closely resembles the southern Newark areas, as 



ABSTRACTS OF PAPERS © 83 

the middle and upper Gondwana do the more northern. The lower Gondwana 

has a basal conglomerate of glacial origin (Talchir beds). During the present 

season a rapid reconnaissance was made of the Wadesboro area of Newark 

rocks in North Carolina in the hope of discovering either Pennsylvanian fossils 

or a glacial conglomerate. Faceted pebbles, but without striw, were found at 

the base. Proceeding northward to examine the Deep River area, it was 

learned from Prof. Collier Cobb that he had already discovered, but not yet 

described, excellent Pennsylvanian fossils from that area, thus confirming the 

anticipated correspondence in age with the lower Gondwana of Hindustan. 

Geologists more favorably located should make further search for glaciated 

pebbles in the basal conglomerates of the southern Newark areas. 

Presented in full extemporaneously. 

DISCUSSION 

Prof. E. W. Berry: It is perhaps unfair for one who has seen only the ab- 

stract of this paper to pretend to criticise its conclusions, but the statements 

in the abstract are certainly open to criticism, and I would like to point out 

the harm which, in my judgment, the author does to geological science by 

such unestablished and far-fetched comparisons as that between the Newark 

rocks of eastern North America and those of the Gondwana system of India. 

I venture to assert that the two series have nothing in common except such 

features as result from their both having been deposited under continental 

conditions. 

That portion of the Newark which is fossiliferous, and this includes the 

Connecticut, New Jersey, Pennsylvania, Virginia, and North Carolina areas, 

is not “probably of Jura-Trias age,” but is most clearly and conclusively shown 

_ by its fishes, reptiles, mammals, and plants to be not older than the Keuper 

of Europe, nor younger than uppermost Triassic. These fossils are not con- 

fined to the northern area of the Newark, although the so-called Ganoid fishes 

have been described principally from that area. The mammalia, many rep- 

tiles, and the best of the plant materials have come from Virginia and North 

Carolina. Professor Hobbs is mistaken in his statement that the lower Gond- 

Wana most resembles the southern Newark area, and that the middle and 

upper Gondwana most resembles the northern Newark area. 

Paleontologically, and by that I mean both paleozoologically and paleobo- 

tanically, there is absolutely no age distinction between the northern and 

southern areas of Newark rocks. All of the extant evidence is in harmony in 

pointing to a late Triassic age, and this evidence is overwhelmingly strong 

for the Virginia and North Carolina areas. Professor Hobbs is mistaken in 

thinking that he has discovered Pennsylvanian fossils in the Triassic of the 

Deep River area of North Carolina. 

With very considerable faunas and floras known from the Newark rocks, 

and with the well considered opinions as to age based on comparatively recent 

studies of the Newark fishes by Eastman, of the vertebrates of the North Caro- 

lina Triassic by Gilmore, and the mostly unpublished studies of the Triassic 

plants of the southern area by the writer, it would seem that Professor Hobbs’ 

conclusions are not in accord with our present knowledge of the subject. nor 

do they, it seems to me, add anything to that knowledge. 
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Mr. C. K. WENtTWorRTH: While I am indebted to Professor; Hobbs for his 

suggestion as an addition to my collection of hypotheses for the origin of the 

striated and faceted pebbles which are widespread in the basins of the James 

and Potomac rivers, I am forced by the facts to take a very skeptical attitude 

toward his suggestion. These pebbles and boulders were deposited in early 

Pleistocene time. The evidence is overwhelming that they were striated in 

early Pleistocene. Great blocks and boulders, as well as blocks of fragile 

rocks widespread over the coastal plain, point to ice flotation, indicating the 

activity of ice far beyond that of the present time. The westernmost occur- 

rence of the striated cobbles is at the edge of the Allegheny Plateau, 160 miles 

west of any known areas of Triassic rocks. Professor Hobbs has suggested 

the derivation of the striated pebbles of the Pleistocene from an area of Trias- 

sic rocks which have since been removed by erosion. The convergence of 

early Pleistocene grades with the present grades of the Potomac River at a 

point near the westernmost occurrence of the striated pebbles indicates that 

post-early Pleistocene erosion is here to be measured in scores rather than 

hundreds of feet. The total removal since early Pleistocene time of a Triassic 

remnant capable of yielding the large quantities of striated pebbles found on 

the coastal plain is unlikely. So far as my familiarity with the Triassic con- 

glomerates of the Potomac basin goes, I know of no pebbles or cobbles in these 

rocks which in any important way resemble the smoothed, faceted, and striated 

pebbles under discussion. The derivation suggested seems wholly untenable. 

Dr. SipNEY Powers: I wish to call attention to the fact that the Squantom 

tillite near Boston compares in age with the glacial beds in India. The Trias- 

sic formations in Nova Scotia show no evidence of glaciation. 

Mr. GEorGE C. Martin: I wish to protest against the general acceptance of 

faceted and striated pebbles as proof of ancient glaciation. Such evidence has 

been generally accepted for the supposed continental Gondwana glaciation as 

well as for glaciation during other periods in pre-Pleistocene time, and that 

the faceted pebbles from the Newark beds afford such evidence appears to be 

unquestioned by Professor Hobbs. The frequent present-day transportation 

of glacial pebbles by ordinary river ice and by floating snags and driftwood 

for long distances from their source in alpine glaciers or in eroded Pleistocene 

deposits and their coming to rest in the fluviatile, lacustrine. or marine de- 

posits that are now forming in non-glaciated regions is sufficient to show that 

stronger evidence than even abundant glacial pebbles should be required as 
proof of glaciation in the locality where the pebbles are found, or of a glacial 

period at the time when the pebbles were deposited in their present position. 

The presence of glacial pebbles in ancient conglomerates proves only, in my 
opinion, that mountains have existed throughout nearly all geologic time, and 
that the processes of precipitation, erosion, and transportation have always 
been effective. 

Moreover, striated and faceted pebbles can be produced without the agency 
of even local alpine glaciers. The banks of Yukon River from high water at 
least to low-water mark, in many places, have a natural pavement of cobbles. 
The grinding of ordinary river ice, with the embedded sand and gravel that it 
picks up on the banks as it passes down the river each spring, has produced 
facets, scratches, and polished areas on the upper surfaces of the cobbles of 
the pavement. That these marks are of non-glacial origin is shown by the fact 
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that they occur only within the range of the floods, usually only on the upper 

surfaces of the cobbles, and on cobbles of undoubted local origin in a region 

that has never been glaciated. If I am not mistaken, I have even seen articles 

of modern human manufacture that bear such marks. Such cobbles after 

being faceted on one side are sometimes turned over and acquire other facets. 

They then bear a very marked resemblance to glacial pebbles and are indis- 

tinguishable from the faceted cobbles from the Potomac Valley which Pro- 

fessor Hobbs believes may be derived from glacial Newark conglomerates. I 

believe that such effects may be produced on the banks of any river that has 

occasional ice jams. The grinding of the large volume of ice that passed down 

the Potomac in March, 1918, in my opinion, may have been sufficient to pro- 

duce such marks, and such ice jams if repeated many times would certainly 

do so, for the cobbles embedded at the surface of the mud, especially if the 

mud were frozen, would remain in place and receive repeated scourings. 

Facets and striz can also be made without ice action of any kind. If a 

conglomerate that is not so strongly cemented that it will break across rather 

than around the pebbles is sheared, the pebbles will grind against each other 

and many of them will receive facets and stri# that are indistinguishable 

from those of glacial origin. Of course, the movements may be so localized 

that ordinary slickensides will result. But if the conglomerate is but weakly 

cemented, or if it is in a position approaching the zone of flowage, the move- 

ment may be distributed throughout its mass, so that many faceted pebbles 

may result, or even the whole conglomerate may be so thoroughly ground up 

that it resembles a tillite. I believe that many supposed ‘“‘tillites” have this 

origin. Some of the early Tertiary conglomerates in the Matanuska Valley, 

Alaska, contain abundant faceted and striated pebbles that apparently are as 

characteristically of glacial origin as the recent glacial pebbles of the same 

region, yet these conglomerates are interbedded with rocks that contain warm- 

climate plants, including even palms. I broke open one of these pebbles, which 

proved to have been slightly sheared, and found that the “glacial striz’’ inside 

‘the pebble were just like those on the outside. 

Mr. Davin WuiIteE: In his parallel between the Atlantic Trias and the di- 

visions of the Indian Gondwana, Doctor Hobbs seems to have given great 

weight to the points of physical resemblance. The statement as to the paleon- 

tology of the Deep River basin appears to constitute corroboration from an 

outside source. I fear, however, that Doctor Hobbs has given too ready ac- 

‘ eceptance to a Paleozoic reference of the Deep River beds, which should not be 

classed as Permian before the fossils are passed on by, the appropriate special- 

ist or specialists. 

QUANTITATIVE CRITERIA IN PALHOGEOGRAPHY 

BY RAYMOND C. MOORE 

(Abstract) 

Volumetric determinations of geological formations afford information, in 

certain instances, of paleogeographic significance; but, due to the quantita- 

tively unknown values of various components, definitely detailed conclusions 

are not ordinarily possible. Concerning assumed distribution of sea and land 
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at various times, as in the case of supposed continental masses like Gondwana- 

land, Atlantis, and the intercontinental land-bridges of biogeographers, con- 

sideration quantitatively of total land and sea areas is important. Unless 

wholly unwarranted assumptions as to change in the volume of the seas are 

made, the depth of oceanic depressions must, in a measure, be related to total 

marine area. Some published paleogeographic maps indicate world seas so 

reduced that if the waters were actually restricted to areas designated, the 

containing depressions would have to be excessively deep. 4 

Presented in abstract from notes. 

DISCUSSION 

Prof. C. ScHucHERT: I am pleased to see Professor Moore trying to get at 

the quantitative values of the marine transgressions. It is a most difficult 

problem, and all the more so when a good geologist makes of the entire Pacific 

basin a continent in order to explain more easily the existence of his circum- 

ferential geosynclines. That the present continents were larger in geologic 

time than they are now most geologists admit, but how far they extended be- 

yond the present shorelines is a vexed question. Since the ocean bottoms 

move as well as the continents, great areas of the latter have been fractured 

into the oceanic deeps, and active volcanoes and thermal springs are con- 

stantly increasing the volume of water, while great quantities of it are being 

taken up by the lithosphere. These factors make the problem of quantitative 

oceanic oscillations almost unsolvable. Nevertheless, the problem must be 

kept in mind, and, as well, that of the theoretic placement of continents where 

now are oceanic deeps. 

Further remarks were made by Mr. Higgins, with reply by the author. 

KEWEENAW GEOTHERMAL GRADIENTS AND THE ICH AGE 

BY ALFRED C. LANE 

(Abstract) 

The rate of increase of temperature in the deep copper mines averages about 

1 degree Fahrenheit in 105 feet, but is greater in depth, about 1 degree Fahren- 

heit in 90 feet. While the mean air temperature in Calumet is 39.4 degrees, 

the mean ground temperature is over 45 degrees, owing to the blanketing effect 

of snow. The change in gradient is due to a rise in surface temperature from 

freezing (32 degrees) to 48 degrees about 11,000 years ago. 

The deeper gradient is only what might be expected with rocks of this dif- 

fusivity, low in pyrite, with no signs of recent exothermal reactions, low in 

radioactivity. 

Exhaustion of heat from below in early times and an exceptionally thick 

crust, as indicated by isostatic observations, are also to be taken into account. 

Presented in abstract from notes. 

Brief remarks were made by Messrs. Daly and Van Nostrand, with 

reply by the author. 
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VOTES OF THANKS 

At the close of this, the last general session of the meeting, most hearty 

votes of thanks were passed to President Burton and the Board of Regents 

of the University of Michigan for the generous hospitality extended to 

the Society in connection with the thirty-fifth annual meeting, and to the 

local committee, particularly to its chairman, Prof. Walter F. Hunt, for 

the perfection of the arrangements which had made the Ann Arbor meet- 

ing of the Society memorable for comfort and convenience in all of the 

requirements of a large and complicated program. 

SATURDAY AFTERNOON SESSIONS 

Two sectional sessions were held simultaneously on Saturday after- 

noon. 

The papers of Group A, of dynamical, structural, glacial, and physio- 

graphic nature, were read in the auditorium of the Natural Science 

Building. President Schuchert opened this session, with E. O. Hovey 

acting as Secretary. . 

Papers of Group B, of petrologic, mineralogic, and economic nature, 

were read in Room G 217, with Vice-President H. S. Washington in the 

chair and F. E. Wright acting as Secretary. 

TITLES AND ABSTRACTS OF PAPERS OF GROUP A AND DISCUSSIONS THEREON 

PHYSICAL HISTORY OF THE COLORADO FRONT RANGE 

BY F. M. VAN TUYL AND G. W. MACH AMER 

(Abstract) 

The Front Range represents a great anticlinal uplift locally faulted and 

everywhere profoundly eroded. The Cretaceous and older sedimentaries which 

once covered the area have been entirely removed over the crest of the struc- 

ture, thus exposing the Precambrian crystallines. 

The appearance of a large amount of volcanic debris in the Denver and 

Middle Park beds indicates igneous outbreaks in the range at the time they 

were deposited. In the present foothills area a few lava flows and dikes were 

formed at this time. There is evidence that the basaltic flows of North and 

South Table Mountains at Golden were derived from a volcano on North Table 

Mountain itself, rather than from a fissure now occupied by a dike several 

miles to the north. : 

The appearance of boulder beds in the upper portion of the Denver forma- 

tion suggests readjustments in the mountains to the westward, possibly pre- 

liminary to the great uplift. Subsequent to the deposition of the above-men- 

tioned continental fans there were profound orogenic movements which de- 
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formed these sediments as well as the older ones. The foothills monocline was 

developed at this time. The date of the post-Denver orogeny has not been 

definitely fixed. In the Wet Mountains area, directly south of the Colorado 

Front Range, R. C. Hills found evidence of pronounced movements succeeding 

the Eocene Bridger. It is possible that there were two or more Eocene uplifts. 

Some students of Rocky Mountain geology believe that a peneplain was devel- 

oped in the Front Range in mid-Tertiary time. In the Cripple Creek district, 

Lindgren and Ransome report evidence of a prevolecanic plateau upon which 

the fragmental debris of the Cripple Creek volcano was spread. If a mid- 

Tertiary peneplain existed, a renewed uplift of the range must have taken 

place in late Miocene or early Pliocene time. Near the close of the Tertiary 

this erosion surface was bowed upward. The late Tertiary uplift inaugurated 

the present cycle of stream erosion. There is evidence that preglacial erosion 

proceeded much more rapidly in the foothills area than within the higher por- 

tion of the range. The present relief features of the foothills undoubtedly 

resulted very largely from preglacial erosion, since the glacial gravels, as 

shown by their present relationship, partly buried a topography very similar 

to the present one. 

Read by title in absence of authors. 

STRUCTURAL FEATURES OF THE COLORADO PLATEAU AND THEIR ORIGIN 

BY RAYMOND C. MOORE 

(Abstract) 

The Colorado Plateau is an elevated region, comprising portions of Utah, 

Colorado, Arizona, and New Mexico, which is mainly composed of essentially 

flat-lying sedimentary formations ranging in age from Cambrian to Tertiary. 

Aside from gentle warping, which has affected all of the region, the stratified 

rocks of the plateau province are affected in various places by three types of 

structural deformation: (1) persistent, sharply defined monoclinal folds, (2) 

localized steep arching in association with laccolithic igneous intrusion, and 

(3) faults. 

The monoclinal folds exhibit an axial trend which is dominantly north- 

south, and in practically all cases the inclination of the steep limb of the fold 

is to the east. The dip in this direction averages about 40 degrees, but ranges 

locally to 70 degrees. From the crest of such a fold the strata are commonly 

very gently inclined to the west. The structures are therefore very asym- 

metrical anticlines. The rocks involved in this type of deformation range in 

age up to the youngest Cretaceous of the region, but do not include any of the 

Tertiary (Eocene) formations. From the fact that some of these folds, as 

beneath Aquarius Plateau, in southern Utah, and in the Chuska Mountains of 

northeastern Arizona, were truncated by erosion before burial by the earliest 

Tertiary of the region, it appears that the age of the folding is post-Cretaceous 

and pre-Tertiary. 

The deformation associated with the laccolithic intrusions consists of sharp 

upturning and arching of the strata immediately adjacent to the intrusion. 

Upper Cretaceous beds are involved in this disturbance, but in no case have 
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Tertiary deposits been found in areas affected by the laccoliths. Except that 

the intrusions and accompanying deformation followed most of the Cretaceous, 

it is not possible definitely to determine the age relations of the movement. 

The faults, like the monoclinal flexures, have a predominant north-south 

trend. They are of the normal type, with the downthrow persistently to the 

“west. The displacements are comparable in size to the monoclines, involving 

movements with a vertical component ranging from a few hundred to more 

than two thousand feet. In all cases observed, these faults are more recent 

than the Tertiary formations of the region, and they belong, therefore, to a 

different chapter in the history of the province than the monoclines. 

Analysis of the monoclinal structures indicates that the displacement in- 

volved has been dominantly vertical rather than horizontal, but the presence 

of horizontal compressive stresses at the time of the deformation is indicated 

by the occurrence of some lateral movement and by the fact that the adjust- 

ment to the stresses was accomplished by folding rather than faulting. On 

the other hand, the forces which produced the large faults at a subsequent 

epoch appear to have been of a tensional nature. Instead of being squeezed 

together, blocks of the plateau tended to pull apart, one slipping downward 

on another. Both types of deformation are probably a response to isostatic 

adjustments, but in the one case horizontal compression, in the other tension, 

appears to modify the structural expression of the vertical stresses. The 

deformation associated with the laccolithic intrusions is evidently caused by 

the forces producing the intrusion. 

Presented in abstract extemporaneously. 

Brief remarks were made by Prof. A. C. Lawson. 

STRUCTURE OF THE SPRING MOUNTAIN RANGE, SOUTHERN NEVADA 

BY D. F. HEWETT 

(Abstract) 

Spring Mountain is a crescentic range, convex toward the northeast, about 

75 miles long, in southern Nevada, west of Las Vegas. The highest point, 

Charleston Peak, 11,910 feet high, rises nearly 10,000 feet above the nearby 

valleys. Detailed mapping of the southern third of the range during 1921-22 

yields the following conclusions: The section exposed ranges from the lower 

part of the Upper Cambrian to the Jurassic. The Cambrian, Devonian, Missis- 

sippian, and Pennsylvanian sections include about 6,500 feet of dolomite and 

limestone with traces of shale and sandstone. The Permian, Triassic, and 

Jurassic sections include 1,000 feet of red and buff sandstone, 400 feet of lime- 

stone, 50 feet of red shale, 600 feet of thin-bedded limestone, 1,000 feet of red 

shaly sandstone, and 2,200 feet of buff sandstone. 

In late Cretaceous time (7) the beds were gently folded along axes trending 

west of north; then three distinct blocks were successively thrust from the 

southwest. The lowest thrust is the flattest, the dip ranging from 9 degrees 

to 15 degrees; the higher thrusts are steeper. In each block there are local 

steep thrusts with small displacement. The thrust faults were closely followed 

by a group of early normal faults that trend north and dip west. Solutions 
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bearing lead and zinc sulphides were introduced along the early normal faults, 

and spread out in the Mississippian and lower Pennsylvanian limestones. 

When they were introduced the nearby limestones were extensively altered 

to dolomite. Later (middle Tertiary?) a second system of normal faults of 

northwest trend and northeast dip broke the early faults and ore bodies. 

Finally, in late Tertiary time, there were sporadic normal faults of small dis- 

placement. 

The present range is not limited by normal faults and it is therefore not a 

fault-block range. The poorly defined scarp that forms the eastern front is 

due to erosion acting on the relatively soft Jurassic sandstone which underlies 

the Cambrian dolomite thrust upon it. Potosi Peak (8,504 feet), the highest 

peak in the southern part of the range, coincides with a large thrust block 

and is limited northeastward by a late normal fault. 

Presented in full extemporaneously. 

Brief remarks were made by Messrs. Hill and Lawson, with reply by 

the author. 

PLEISTOCENE OF NORTHWESTERN ILLINOIS: A GRAPHIC PRESENTATION OF 

SOME OF THE CHIEF LINES OF EVIDENCE 

BY MORRIS M. LEIGHTON 

(Abstract) 

A map of northwestern Illinois will be presented which will show (1) the 

distribution of the known occurrences of gumbotil, (2) old soils separating 

the loess and the till. (8) weathered till beneath unweathered loess, and (4) 

unweathered till beneath unweathered loess. Graphs will also be used to show 

the depths of leaching found in the different drift areas of northwestern I]li- 

nois and also in the Iowan drift area of northeastern Iowa. The direction 

from which the ice came and the resultant changes in drainage, involving the 

cutting of the Mississippi River gorge at Cordova, will be dealt with. 

Presented in full extemporaneously. 

Brief remarks were made by Mr. Leverett, with reply by the author. 

FOSSILIFEROUS LOESS BENEATH TILTED GALENA DOLOMITE AT THE 

BORDER OF THE BELVIDERE LOBE, IN NORTHWESTERN ILLINOIS 

BY MORRIS M. LEIGHTON 

(Abstract) 

During the past field season an exposure in Winnebago County, Illinois, was 

found which shows tilted Galena dolomite over fossiliferous loess. The fossils 

of the loess are badly crushed, but four distinct species were found, indicating 

a considerable fauna. Curator Frank C. Baker, of the University of Illinois 

Museum, pronounces them of early Peorian aspect. The position of the Galena 

dolomite is such as to indicate glacial ice-shove. The exposure is situated at 
the border of the Belvidere lobe, which the author previously referred to the 

early Wisconsin stage. 

Read by title. 
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LATE TERTIARY AND PLEISTOCENE TERRACE PLAINS OF THE MIDDLE 

ATLANTIC COASTAL PLAIN 

BY CHESTER K. WENTWORTH * 

(Abstract) 

The terraces and associated formations of the middle Atlantic Coastal Plain 

and adjacent parts of the Piedmont Plateau are mainly of fluviatile and sub- 

ordinately of marine origin. In the basin of the Potomac River there are six 

in number, which may practicably be mapped as follows: Tenley, Brandywine, 

Sunderland, “C’ (Wicomico of Shattuck), “B” (Talbot of Shattuck in part), 

and “A” (Talbot of Shattuck in part). The two earlier are wholly fluviatile 

as far eastward as the present coast; the latter four are fluviatile in the west- 

ern part of their area and marine in the area adjacent to the coast. The 

present inclination of the terrace plains is to a large extent the original slope 

of deposition and is due only subordinately to crustal deformation. Fluviatile 

and marine portions of the terraces are separated by rather abrupt changes 

in inclination, which are not duplicated in the attitudes of higher and older 

terraces in the vicinity. 

The problems of correlation of plains are still far from solution for the 

whole coastal area, but the distribution of the glacial boulders and of other 

unique lithologic constituents of certain of the formations in the area studied 

most in detail promises to be of great value, as broader areas to the north and 

south are studied with closer attention to physical and lithologic characters 

than these have received in the past. 

The clear identification of the early Pleistocene Sunderland terrace, as dis- 

tinct from the present river grade to a point well into the Allegheny Plateau, 

is of great value in separating Pleistocene from probable pre-Pleistocene ter- 

race remnants, and by its comparison with later terraces this study joins with 

studies in other regions in demonstrating the very great duration of earlier 

Pleistocene epochs. 

Read by title. 

GLACIAL DEPOSITS OF MISSOURI AND ADJACENT DISTRICTS 

BY FRANK LEVERETT 

(Abstract) 

The Kansas drift forms a nearly continuous sheet, except where cut away 

in valleys about to the Missouri River in Missouri and the Kansas River in 

northeastern Kansas. 

South of these streams and also along the Mississippi below Hannibal, Mis- 

souri, and between the Mississippi and Illinois rivers in Pike and Calhoun 

counties, Illinois, there are scattered boulders and smaller erratics extending 

from 10 to 30 miles or more beyond the definite till sheet. These may repre- 

sent an earlier glaciation than the Kansan and be reduced on that account to 

a scanty deposit. The topographic situation is such that no ponding of waters 

+ Introduced by A. C. Trowbridge. 
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outside the ice-sheet and resultant floating of erratics beyond the ice-border 

can be postulated. Some of the boulders are found on the highest divides, in 

situations where no land barrier could have ponded water outside the ice- 

border. Such is the case with boulders in high uplands south of Clinton, 

Kansas, and others near Tipton and Jefferson City, Missouri. 

Presented in full extemporaneously. 

GLACIAL DRAINAGE ON THE COLUMBIA PLATEAU OF WASHINGTON 

BY J. HARLEN BRETZ 

Presented in full extemporaneously. 

Brief remarks were made by Messrs. Leverett, Leighton, and Meinzer, 

with reply by the author. 

GLACIAL LAKE PROBLEMS 

BY GEORGE H. CHADWICK 

(Abstract) 

A discussion of some obscure features in the Laurentian Lake history, such 

as the probable outlet of Lake Wayne and its relation to Lake Vanuxem, with 

description of some hitherto unnoticed outlets and levels in New York State, 

and preliminary correlation charts as a basis for further work. 

Presented in full extemporaneously. 

Brief remarks were made by Mr. Leverett, with reply by the author. 

ICE ACTION ON INLAND LAKES 

BY IRVING D. SCOTT * 

(Abstract) 

~The shove of ice on the shores of lakes of moderate size has been ascribed 

to both expansion of the ice during the winter and to wind-blown jams in the 

spring. The results of a study of the effects of these processes on the inland 

lakes of Michigan and a consideration of the relative effectiveness of the two 

processes will be presented in this paper. 

Read by title. 

BANDED POSTGLACIAL CLAY NEAR NEW YORK CITY 

BY CHESTER A. REEDS 

(Abstract) 

For two weeks during the month of September, 1922, yarve clay, similar to 

that described by De Geer, Lidén, and Antevs in Sweden, Sauramo in Finland, 

and De Geer and Antevs in America, was studied by the writer in the clay 

1 Introduced by W. H. Hobbs. 
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pit exposures in the Hackensack Valley at Little Ferry, New Jersey ; in glacial 

Lake Passaic at Mountain View and Morristown, New Jersey, and in the Hud- 

son River valley at Beacon, Dunnings Point, Brockway, and Roseton, New York. 

These studies were undertaken with the object of securing material for a 

museum exhibit on “Climates, Past and Present,” and incidentally to see what 

the possibilities were of applying De Geer’s methods of clay geochronology to 

the postglacial banded clays near New York City. 

The varve clay is present in all of the places mentioned above and there is 

no question but that the De Geer method of geochronology is applicable. Sec- 

tions were measured and considerable other data secured. The work of Anteyvs 

in the Connecticut River valley, ‘““The Recession of the Last Ice-sheet in New 

England,’ published by the American Geographical Society, November, 1922, 

shows what can be done in this direction in this section of the United States. 

Read by title. 

ORIGIN AND HISTORY OF EXTINCT LAKE CALVIN, IOWA 

BY WALTER H. SCHOEWE! 

(Abstract) 

Lake Calvin is an extinct glacial lake which was formed by the displace- 

ment of Mississippi River during the Illinoian stage of glaciation. The advanc- 

ing glacier in crossing into Iowa blocked the valley of Mississippi River and 

filled it with ice. This necessitated the finding of a new course to the west. 

The stream found an opening by way of the Maquoketa River valley and 

flowed first westward, then to the southward, through Goose Lake channel, to 

the valley of Wapsipinicon River, and finally, over the low divide between 

Mud and Elkhorn creeks, to the valley of the Cedar at Moscow; thence, con- 

tinuing southward to the junction of Iowa and Cedar rivers at Columbus 

Junction, the combined waters of the Mississippi, Maquoketa, Wapsipinicon, 

Cedar, and Iowa rivers and those flowing from the edge of the ice, found their 

pathway obstructed on the one side by the great ice-wall of the Illinoian ice- 

sheet and on the other by the Kansan bluffs, which stand 120 to 140 feet high. 

As the waters were unable to find an outlet, they rose and formed a vast and 

deep expanse of water, to which Udden gave the name “Lake Calvin.” During 

the long existence of the lake the surplus water found its way to the unfilled 

valley of the Mississippi below Fort Madison by way of an abandoned channel 

south of Columbus Junction. 

Field evidence in the form of lacustrine silts and clays, wave-rounded shore- 

lines, ice-rafted boulders, shingle or beach gravels, associated sandy shore de- 

posits, lake terraces, an inlet and an outlet, and a comparison of the relative 

widths of the Iowa and Cedar rivers within and without the lake basin—all 

point to the former existence of Lake Calvin. 

Lake Calvin existed to the time of the Iowan ice invasion. The long dura- 

tion of the lake is in complete harmony with the present-day conception re- 

garding the formation and origin of the gumbotils. It has been demonstrated 

by Kay that the formation of gumbotil is an exceedingly slow process. The 

1JIntroduced by Dr. George IF’. Kay. 
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Illinoian gumbotil, which is at least five feet thick, outcrops near the valley 

walls of the Iowa-Cedar River and along both sides of the Mississippi. Hence 

these two valleys are incised below the Illinoian upland plain and are post- 

Illinoian gumbotil in age. Therefore the lake could not have found its dis- 

charge by way of them, and the displaced Mississippi must have followed the 

course south of Columbus Junction until the lake was eventually drained by 

way of the Iowa-Cedar River valley. The thickness of the deposits in the lake 

basin, the well wave-rounded shorelines, and the relation of the contact be- 

tween the lake and the fluvial terrace all point to the same conclusion regard- 

ing the long duration of Lake Calvin. 

Due to stream piracy of the streams developed on the newly formed Illinoian 

drift plain after the formation of the gumbotil, Lake Calvin was eventually 

tapped and drained. 

Read by title. 

PHYSIOGRAPHY OF THE PARIA RIVER VALLEY, SOUTHERN UTAH 

BY RAYMOND C. MOORE 

(Abstract) 

Paria River is one of the main tributaries of the Colorado in southern Utah, 

its course trending south-southeast from the border of the high Tertiary pla- 

teaus to the head of Marble Canyon at Lees Ferry. The drainage basin of 

this stream exhibits physiographic relations which are typically representa- 

tive of a large part of the Colorado Plateau province. 

Essential factors in the shaping of land forms in the Paria Valley are the 

semi-arid climate, the character and structure of the rock formations, eleva- 

tion with respect to the master stream, and geologically recent changes in 

elevation. Annual precipitation is small, but the rains are torrential and the 

proportion of run-off is large. Canyons are a dominant topographic feature. 

The rocks consist of alternating hard and soft divisions which are in the main 

inclined to the north. About midway in its course the river crosses obliquely 

a steep-dipping monoclinal fold, along which are developed prominent hog- 

backs. A large north-south fault, with upthrow on the east, crosses the upper 

part of the drainage basin. The hard strata produce escarpments and hog- 

backs, the soft produce valleys and badlands. A difference in elevation of 

more than 7,000 feet exists between the headwaters of some of the tributaries 

and the mouth of the Paria. 

Analysis of the physiographic features of this interesting region permits 

recognition of at least two erosion cycles belonging to late Tertiary and recent 

geologic history, and, as noted by observers in some other parts of the plateau 

province, there is indication of displacement by faulting at more than one 

epoch. The plateau scarp west of the upper Paria Valley, which now has an 

elevation of more than 2,000 feet above the valley, is on the downthrown side 

of one of the large faults, the valley itself being in the upthrown block. 

Read by title. 
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SAND RIVERS OF TEXAS AND CALIFORNIA AND SOME OF THEIR 

ACCOMPANYING PHENOMENA 

BY ROBERT T. HILL 

(Abstract) 

(a) Certain rivers of the Great Plains region, interior deserts, and southern 

California constitute a class for which the name “sand rivers” is proposed. 

The Red River of Texas and the Santa Ana River of California are types. 

These are streams which deposit much of their sand load along their middle 

courses, to be subsequently removed by wind. 

(b) The “windrow” dunes of the Red River of Texas. On the south side of 

the Big Bend of Red River, in Wichita County, Texas, there are many elon- 

gated sand-dunes, occurring over a wide, normally dry, second bottom of the 

river and parallel to the stream. These are named “windrow dunes,’ owing 

to their resemblance to windrows of a hayfield, and they are described as one 

of the effects of disposition by the wind, after deposition on the sand flats, of 

the load of sand rivers. 

Presented in full extemporaneously. 

SEDIMENTATION AT THE MOUTHS OF THE MISSISSIPPI RIVER—PRELIMI- 

DY AUR NY (RIBTPOIRIE 

BY ARTHUR C. TROWBRIDGE 

(A dstract) 

Two months of field-work below New Orleans in 1922 yielded a number of 

notes. pertaining to (1) the flood of 1922, the highest water on record; (2) 

the relations of turbidity and total load to the maintenance of navigable chan- 

nels; (3) the gradual closing, by deposition, of some of the mouths of Pass a 

Loutre without permanently injuring South Pass; (4) the depth of the delta 

material; (5) the methods and rates of delta growth; (6) the constitution of 

the deposits on natural levees, in the passes, in the bays, and on the offshore 

bars; (7) recent enlargement of South Pass in relation to its navigability ; 

(S) the projected opening of Southwest Pass to navigation; (9) various other 

engineering projects in relation to sedimentation, etcetera. 

Read by title. 

GEOLOGICAL MAP OF THE BUSHVELD COMPLEX, TRANSVAAL, SOUTH AFRICA 

BY CHARLES PALACHE 

(Abstract) 

Exhibition of the map of the Bushveld Complex prepared by the Geological 

Survey of the Union of South Africa; explanation of some of the major fea- 

tures of the map; illustrations of structure and scenery of part of the region. 

Presented in abstract extemporaneously. 

1 Paper presented by permission of the U. S. district engineer in New Orleans. 
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TITLES AND ABSTRACTS OF PAPERS OF GROUP C AND DISCUSSIONS THEREON 

METAMORPHISM OF QUARTZITES BY THE BUSHVELD IGNEOUS COMPLEX 

BY FRED. E. WRIGHT 

(Abstract) 

In this preliminary paper the results of a field study of the changes produced 

in quartzites metamorphosed by invading magmas of the Bushveld igneous 

complex are given. The changes effected by granitic magmas are noticeably 

different from those produced by noritic magmas. Several series of specimens 

illustrating these differences, the formation of magmatites with abundant 

feldspar, on the one hand, the solution and recrystallization of the quartz 

grains to large individuals one to two inches across without the addition of 

much extraneous material on the other. The problems offered by these rocks 

can only be solved by combined field and laboratory study. This problem was 

selected as of the type suitable for attack by ‘the Geophysical Laboratory, 

where the development of experimental methods has now reached such a point 

that certain geological problems can be approached with some assurance of 

solution. 

Presented in abstract extemporaneously. 

FUSION OF SEDIMENTARY ROCKS IN DRILL-HOLES 

BY BAILEY WILLIS 

(Abstract) 

The paper discusses the conditions under which the drilling took place. 

Read by title. 

FUSION OF SEDIMENTARY ROCKS IN DRILL-HOLES 

BY N. L. BOWEN AND M. AUROUSSEAU 

Presented in abstract extemporaneously. 

Brief remarks were made by Dr. Sidney Powers. 

XENOLITHS IN THE STONY CREEK, CONNECTICUT, GRANITE 

BY JAMES F. KEMP 

Presented in abstract extemporaneously. 

DISCUSSION 

Prof. A. C. LANE: I would like to ask what causes the white halo around 

the xenolith? 

Professor Kemp: One often sees pegmatite structure more marked. In order 

to bring these out in contrast with stone, we have to sponge them with water. 

This may have brought about the white halo. I have not seen any develop- 

ment other than the coarser combinations of granite. 
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NEW TEACHING DIAGRAM FOR IGNEOUS ROCKS 

BY A. B. VAN ESBROECK ? 

Read by title. 

AEROLITE FROM ROSE CITY, MICHIGAN 

BY EDMUND OTIS HOVEY 

(Abstract) 

A meteorite was seen to fall at 11 o’clock a. m. October 17, 1921, near Rose 

City. Ogemaw County, Michigan. Its path through the sky was from north- 

northwest to south-southeast. Three explosions were heard, but only three 

fragments, weighing together about 10,376 grams, have thus far been recoy- 

ered. The mass is composed of 17.25 per cent nickel iron and 82.75 per cent 

mineral matter, principally enstatite and olivine, with some anorthite. The 

structure is achondritic and agglomeratic. The chief additional feature of 

interest is the presence of abundant small miarolitic cavities in the mass, 

which are lined with minute crystals which seem to be of enstatite and olivine. 

Specific gravity of the finely pulverized material, 3.694. 

Presented in abstract extemporaneously. 

ORIGIN AND FORMATION OF CERTAIN APPALACHIAN BAUXITE DEPOSITS 

BY WILBUR A. NELSON 

Read in full from manuscript. 

Brief remarks were made by Messrs. Bonine and Lane. 

STORMBERG LAVAS OF SOUTH AFRICA 

BY FRED. E. WRIGHT 

(Abstract) 

The Stormberg basaltic lavas of South Africa, like the Deccan traps of India, 

the Snake River basalts of our Western States and of Patagonia, are of the 

so-called fissure eruption type and cover vast areas. The Stormberg region 

has been partly mapped geologically and topographically by Dr. A. L. du Toit. 

It was the writer’s good fortune to spend several weeks last July with Dr. du 

Toit in a field study of the Stormberg lavas with reference especially to the 

conditions of their eruption. The lavas are of Jurassic age and form great, 

nearly horizontal sheets, each flow maintaining throughout about the same 

characteristics and thickness. The total thickness of the series is approxi- 

mately a mile; the average thickness of a single flow is about 22 feet. Field 

evidence indicates that the lavas were highly liquid when they flowed over the 

land surface, that volcanic gases played a rdéle less obviously important than 

in ordinary eruptions of the central cone type. To solve the problems involved 

in ‘fissure eruptions, both field and laboratory work are essential if an even 

+ Introduced by James F. Kemp. 

VII—BvULL. GEOL. Soc. Am., Von. 34, 1922 
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approximately quantitative estimate of the importance of the several factors 

involved is to be made. 

Presented in abstract extemporaneously. 

DISCUSSION 

I. C. Wuite: I found the same series of lavas in a plateau in Brazil of 

thousands of square miles in extent and exhibiting great massive cliffs. A 

road that the Brazilians built up the cliffs’ to the great coal fields and the 

cattle country cost $1,000,000. It is simply a mule track cut up the sides of a 

huge cliff. The dikes from this great outflow penetrated the coal bed, and I 

traced a finger of dike along the immediate contact with the coal bed for 100 

feet and found it had very little metamorphic influence on the coal. It had 

nearly as much volatile matter as original coal, but only touched the general 

metamorphic region. The lava was not very hot. The dike was only about 18 

inches thick. The same series is found there as occurs in the Gunawanda? 

country, going over Cambrian? and the underlying Mesozoic beds. 

H. S. WASHINGTON: I might add a few words. There are two groups, one 

containing 48 and 49 per cent of silica, connected by very hard iron, about 14 

to 13 per cent. Stormberg basalt contains about 52 per cent of silica and the 

other about 53% per cent. They are decidedly low in iron and the most 

silicious has only 9% per cent of iron and the other has only 8 per cent. 

Frep. E. WrIGHT: One very cleary sees that iron has very little to do with 

it and usually iron is only one factor that enters into the problem. It is char- 

acteristic of all basalt lavas that they came up with very little explosive 

action. Explosive action occurs chiefly in hydrous magmas. It seems to mé 

that iron with other basalts is one of the important factors; the other is the 

presence of gases which escaped on account of the high fluidity of the basalts. 

L. C. Graton: I gather from the reference to a colored top that it was some- 

what of a different composition than the other composition analyzed. Is that 

on account of retention of ferric ratio? If the lavas are in the attitude in 

which they were poured out, was there any slumping? With Dr. Wright's 

familiarity with Michigan lavas, would he say they are of the plateau type or 

would their slumping suggest somewhat different mechanism? 

Frep. E. Wricot: The color of the small flows is red, many times a very 

intense surface film of bright red. The ordinary lava flow coloration is not 

so intense. In regard to the slumping, there is a slight tendency toward slump- 

ing of several degrees toward the center of the basin which might be due to 

the weight. It is nearly horizontal. The point I made yesterday was in con- 

nection with the Keweenaw flows, where you have flow of uniform thickness 

and to a great extent almost subaerial and flows off on horizontal basis. It 

seems to me that Professor Kemp’s photographs yesterday were lava flows 

instead of lava sheets. One was low temperature and stiff, giving out gas, 

whereas plateau basalts welled out, came to rest, and, being thin, came to rest 

horizontally. , 
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A HIGH TEMPERATURE VEIN IN MADISON COUNTY, MISSOURI 

BY W. A. TARR 

(Abstract) 

~ A quartz vein cutting granite occurs in western Madison County, Missouri. 

The vein contains wolframite, fluorite, and zinnwaldite, indicating its forma- 

tion at high temperature; and also pyrite, sphalerite, galena, chalcopyrite, 

and arsenopyrite. Serpentine also occurs in the vein and offers an interesting 

problem as to its origin. 

Read by title. 

CRETACEOUS AGE AND EARLY EOCENE UPLIFT OF A PENEPLAIN IN THE 

SOUTHERN INTERIOR OF BRITISH COLUMBIA AND THE DEVELOP- 

MENT OF THE NORTH THOMPSON RIVER TRENCH 

BY W. L. UGLOW 

Read by title in absence of author. 

STUDY OF THE IGNEOUS ROCKS OF ITHACA, NEW YORK, AND VICINITY 

BY J. H. C. MARTENS * 

(Abstract) 

The dikes of basic igneous rocks in the Ithaca region occur in vertical north- 

south fissures which parallel the jointing of the Upper Devonian sediments— 

shales, sandstones, and limestones. They will be called dikes, whether the 

filling was originally entirely of magmatic origin or, as in some cases, largely 

composed of sedimentary fragments cemented by a matrix of igneous rock. 

Metamorphism of the sediments is very slight. 

The rock of these dikes is termed Kimberlite on account of the remarkable 

similarity of the fresher occurrences with the South African material. Both 

the micaceous and the mica-poor varieties noted in South Africa are repre- 

sented here. There are also intermediate facies. Striking similarities in 

minor mineralogical detail, such as anomalous pleochroism in mica, presence 

of garnet, etcetera, have also been noted. A chemical analysis of material 

from ‘one of the more micaceous dikes shows close analogy with the mica 

peridotite of Crittenden County, Kentucky, the alnoite of Mannheim, New 

York, and some of the South African micaceous Kimberlites. 

The significance of such peridotite dikes, occurring at many widely separated 

localities in the little-folded paleozoic rocks west of the Appalachians, is dis- 

cussed. 

The following papers were read in joint session with the Society of 

Economic Geologists: 

1 Introduced by A. C. Gill. 
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ATTEMPT TO STUDY THE ACTUAL CAPILLARY RELATIONSHIPS OF OIL 

AND WATER 

BY CHARLES W. COOK 

(Abstract) 

The theories concerning the importance of capillarity in causing the accu- 

mulation of petroleum have been based largely upon theoretical grounds and 

to a lesser extent upon experimental evidence. The experiments have been of 

such a nature that conclusions had to be drawn from what might be called the 

end results rather than from direct observation of the action. This paper 

describes the apparatus employed and the results obtained in an attempt to 

observe the actual relationships of oil and water while in contact and during 

migration. 

Presented in joint session with the Society of Economic Geologists. 

CHEMICAL SUGGESTIONS CONCERNING THE ORIGIN OF LAKE SUPERIOR 

COPPER ORES 

BY ROGER,C. WELLS 

(Abstract) 

A number of geologists believe that the copper in the conglomerate and 

amygdaloid lodes came to its present position in solutions which ascended 

from depth. The chemical possibilities which would accord with this view 

and known facts in this region are considered with special reference to the 

solution of copper and copper compounds by agents which might exist at 

depth and its deposition by agents which can be assumed to have been present 

nearer the surface. 

Presented in joint session with the Society of Economic Geologists. 

SOLVENTS AND PRECIPITANTS IN THE MICHIGAN COPPER LODES 

BY ALFRED C. LANE 

(Abstract) 

The paper discusses in some detail the relative importance of chlorides, 

carbonates, sulphates, and sulphides in solution, and the precipitation of the 

copper therefrom by ferrous salts, augite, magnetite, etcetera, or ferric salts, 

such as hematite and limonite, or hydrocarbons, and trap considered as an 

alkaline reducing agent. 

Presented in joint session with the Society of Economic Geologists. 
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REFERENCE TO CONSTITUTION AND By-Laws 
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changes have been made, it is considered permissible to avoid reprinting 

in this number. They will be included again in the volume for 1924. 



OFFICERS, CORRESPONDENTS, AND FELLOWS OF THE 
GEOLOGICAL SOCIETY OF AMERICA 

OFFICERS FOR 1923 

President: 

Davin Wuitet, Washington, D. C. 

Vice-Presidents: 

Witt1am H. Hopss, Ann Arbor, Mich. 

Wittiam H. Emmons, Minneapolis, Minn. 

T. WAYLAND VauGHAN, Washington, D. C. 

Epe@ar T. WHERRY, Washington, D. C. 

m Secretary: 

CHARLES P. BrrKry, New York, N. Y. 

Treasurer: 

Epwarp B. MatHews, Baltimore, Md. 

EHditor: 

J. STANLEY-Brown, 26 Exchange Place, New York, N. Y. 

Councilors: 

(Term expires 1923) 

LL. C. Graton, Cambridge, Mass. 

_G. D. Loupersacn, Berkeley, Calif. 

‘(Term expires 1924) 

K. 5. Bastin, Chicago, Ill. 

L. G. Wesreatr, Delaware, Ohio 

(Term expires 1925) 

KpmMuND Otis Hovey, New York, N. Y. 

ALFRED H. Brooxs, Washington, D. C. 

(103) 



104 PROCEEDINGS OF THE ANN ARBOR MEETING 

MEMBERSHIP, 1922 

f CORRESPONDENTS 

BaRROIS, CHARLES, Lille, France. December, 1909. 

BroGceER, W. C., Christiania, Norway. December, 1909. 

CAPELLINI, GIOVANNI, Bologna, Italy. December, 1910. 

DE GEER, BARON GERHARD, Stockholm, Sweden. December, 1910. 

Dr MarGERIE, EMMANUEL, Strasbourg, Alsace, France. December, 1921. 

GEIKIE, SIR ARCHIBALD, Hasslemere, England. December, 1909. 

Heim, ALBERT, Ziirich, Switzerland. December, 1909. 

KAYSER, EMANUEL, Marburg, Germany. December, 1909. 

KiL1an, W., Grenoble, France. December, 1912. 

TEALL, J. J. H., London, England. December, 1912. 

TIETZE, Emit, Vienna, Austria. December, 1910. 

FELLOWS 

* Indicates Original Fellows (see article III of Constitution) 

ABBE, CLEVELAND, JR., College of the City of New York, New York, N. Y. 

August, 1899. 

ADAMS, FRANK Dawson, McGill University, Montreal, Canada. Dec., 1889. 

ADAMS, GEORGE I., University of Alabama, Tuscaloosa, Ala. December, 1902. 

ApAMS, LEASON H., Geophysical Laboratory, Washington, D. C. Dec., 1922. 

ADKINS, WALTER S., Apartado 150, Tampico, Tamaulipas, Mexico. Dec., 1921. 

Atcock, F. J., Geological Survey of Canada, Ottawa, Canada. Dec., 1920. 

ALDEN, WILLIAM C., U. S. Geological Survey, Washington, D. C. Dec., 1909. 

ALDRICH, TRUMAN H., 1026 Glen Iris Ave., Birmingham, Ala. May, 1889. 

ALLAN, JOHN A., Univ. of Alberta, Edmonton, Alberta, Canada. Dec., 1914. 

ALLEN, EUGENE T., Geophysical Laboratory, Washington, D. C. Dec., 1922. 

ALLEN, R. C., 1001 Kirby Building, Cleveland, Ohio. December, 1911. 

ALLING, H. L., University of Rochester, Rochester, N. Y. December, 1920. 

AMI, Henry M., Victoria Museum, Room 105, Ottawa, Canada. Dec., 1889. 

ANDERSON, FRANK M., State Mining Bureau, 2604 Aetna St., Berkeley, Calif. 

December, 1902. 

ANDERSON, Rospert V., Menlo Park, Calif. December, 1911. 

ANDREWS, E. C., Geol. Surv. of N. 8S. W., Sydney, N. S. Wales. Dec., 1920. 

ARNOLD, RALPH, 639 South Spring St., Los Angeles, Calif. December, 1904. 

ASHLEY, GEORGE HALL, State Capitol, Harrisburg, Pa. August, 1895. 

ATWOOD, WALLACE WALTER, Clark University, Worcester, Mass. Dec., 1909. 

Bace, Rurus MATHER, JR., 7 Brokaw Place, Appleton, Wis. December, 1896. 

Bain, H. Foster, 1430 33d St. N. W., Washington, D. C. December, 1895. 

BAKER, MANLEY BENSON, School of Mining, Kingston, Ontario. Dec., 1911. 

BALDWIN, S. PRENTISS, 11025 East Boulevard, Cleveland, Ohio. August, 1895. 

BALi, SYDNEY H., 42 Broadway, New York City. December, 1905. 

BANCROFT, JOSEPH A., McGill University, Montreal, Canada. December, 1914. 

BARBOUR, ERWIN HINCKLEY, University of Nebraska, Lincoln, Neb. Dec., 1896. 

BarTON, Donatp C., Amerada Pet. Corp., Houston, Texas. December, 1921. 

BARTON, GEORGE H., Boston Society of Natural History, Boston, Mass. Au- 

gust, 1890. 



LIST OF FELLOWS 105 

BartscH, PAuL, U. S. National Museum, Washington, D. C. December, 1917. 

Bascom, FLORENCE, Bryn Mawr College, Bryn Mawr, Pa. August, 1894. 

BASSLER, Ray SmiTH, U. S. National Museum, Washington, D. C. Dec., 1906. 

Bastin, Epson S., University of Chicago, Chicago, Ill. December, 1909. 

BATEMAN, ALAN Mara, Yale University, New Haven, Conn. December, 1916. 

‘BAYLEY, WILLIAM S., University of Illinois, Urbana, Ill. December, 1888. 

BEEDE, JosHuA W., 200 S. Seneca Ave., Bartlesville, Okla. December, 1902. 

Benson, W. N., University of Otago, Dunedin, New Zealand. Dec., 1919. 

BERKEY, CHARLES P., Columbia University, New York, N. Y. August, 1901. 

Berry, EpwarD WILBER, Johns Hopkins University, Baltimore, Md. Dec., 1909. 

BEYER, SAMUEL WALKER, Iowa Agricultural College, Ames, Iowa. Dec., 1896. 

BILLINGSLEY, Pau, Anaconda Copper Mining Co., Portage, Wash. Dec., 1922. 

BLACKWELDER, Exiot, Leland Stanford Jr. University, Stanford University, 

Calif. December, 1908. 

BoutTWELL, JoHN M., Natl. Copper Bank, Salt Lake City, Utah. Dec., 1905. 

BowEN, CHARLES F., c/o Standard Oil Co., 26 Broadway, New York City. 

December, 1916. 

Bowen, N. L., Geophysical Laboratory, Washington, D. ©. December, 1917. 

Bowlr, WILLIAM, U. S. Coast and Geodetic Survey, Washington, D. C. 

December, 1919. 

BoWNOCKER, JOHN ADAMS, Ohio State University, Columbus, Ohio. Dec., 1904. 

Branson, Epwin BAYER, University of Missouri, Columbia, Mo. -Dec., 1911. 

BretTz, J. H., University of Chicago, Chicago, Ill. December, 1917. 

BriGHAM, ALBERT PERRY, Colgate University, Hamilton, N. Y. December, 1893. 

Brock, REGINALD W., Univ. of British Columbia, Vancouver, B.C. Dec., 1904. 

Broperick, T. MontTerirH, Calumet and Hecla Mining Co., Calumet, Mich. 

December, 1921. 

Brokaw, A. D., 157 Maplewood Ave., Maplewood, N. J. December, 1920. 

Brooks, ALFRED HULSE, U. S. Geological Survey, Washington, D.C. Aug., 1899. 

Brown, BarnuM, American Museum of Natural History, New York, N. Y. 

December, 1910. 

BrRowN, CHARLES WILSON, Brown University, Providence, R. I. Dec., 1908. 

Brown, JOHN StrarrorD, U. 8S. Geol. Survey, Washington, D. C. Dec., 1922. 

Brown, THOMAS CLAcHAR, Laurel Bank Farm, Fitchburg, Mass. Dec., 1915. 

Bruce, E. L., Geological Survey of Candda, Ottawa, Canada. Dec., 1920. 

Bryan, Kirk, U. 8S. Geological Survey, Washington, D. C. December, 1922. 

BucHer, W. H., University of Cincinnati, Cincinnati, Ohio. December, 1920. 

BuppINGTON, A. F., 124 Pyne Hall, Princeton, N. J. December, 1919.: 

BUEHLER, HENRY ANDREW, Rolla, Mo. December, 1909. 

BurcHArD, E. F., U. S. Geological Survey, Washington, D. C. December, 1920. 

Burtine, LANcAsTER D., Whitehall Petr. Corp., 53 Parliament St., Westmin- 

ster, S. W. I., London, England. December, 1917. 

BuRWASH, Epwarp M. J., 556 Bathurst St., Toronto, Canada. Dec., 1916. 

BuTLER, BERT S., Box 277, Calumet, Mich. December, 1912. 

BuTLER, G. MonTAGUE, College of Mines, Tucson, Arizona. December, 1911. 

Butts, CHARLES, U. 8S. Geological Survey, Washington, D. C. December, 1912. 

Buwa.pa, J. P., University of California, Berkeley, Calif. December, 1920. 

Cavy, G. H., Fayetteville, Ark. December, 1920. 

CALHOUN, FRED HAarvEY HALL, Clemson College, S. C. December, 1909. 



106 PROCEEDINGS OF THE ANN ARBOR MEETING 

CALKINS, FrANK C., U. S. Geological Survey, Washington, D. C. Dec, 1914. 

CAMPBELL, HENRY D., Washington and Lee Univ., Lexington, Va. May, 1889. 

CAMPBELL, MarRIus R., U. S. Geological Survey, Washington, D. C. Aug., 1892. 

Campos, Luiz FILIPPE G. DE, Geological Survey of Brazil, Rio de Janeiro, 

Brazil. December, 1917. . 

CAMSELL, CHARLES, Department of Mines, Ottawa, Canada. December, 1914. 

Capps, STEPHEN R., JR., U. S. Geological Survey, Washington, D.C. Dec., 1911. 

CARMAN, J. ERNEST, Ohio State University, Columbus, Ohio. December, 1917. 

CARNEY, FRANK, Box 309, Eldorado, Kans. December, 1908. 

CASE, ERMINE C., University of Michigan, Ann Arbor, Mich. December, 1901. | 

CHADWICK, GEORGE H., University of Rochester, Rochester, N. Y. Dec., 1911. 

CHAMBERLIN, ROLLIN T., University of Chicago, Chicago, Ill. December, 1913. 

*CHAMBERLIN, T. C., University of Chicago, Chicago, II. . 

CLAPP, CHARLES H., State University, Missoula, Mont. December, 1914. 

CLAPP, FREDERICK G., 30 Church St., New York City. December, 1905. 

CLARK, BrucE L., Bacon Hall, Univ. of California, Berkeley, Calif. Dec., 1918. 

CLARK, F. R., U. S. Geological Survey, Washington, D. C. December, 1919. 

CLARK, W. O., Pahala, Kau, Hawaii. December, 1920. 

CLARKE, JOHN Mason, Education Building, Albany, N. Y. December, 1897. 

CLELAND, HERDMAN F., Williams College, Williamstown, Mass. Dec., 1905. 

CLEMENTS, J. Morcan, 20 Broad St., New York City. December, 1894. 

Cops, CoLLiER, University of North Carolina, Chapel Hill, N. C. Dec., 1894. 

CoLEMAN, ARTHUR P., Toronto University, Toronto, Canada. December, 1896. 

CoLLIE, GEORGE L., Beloit College, Beloit, Wis. December, 1897. 

CoLLINs, WILLIAM H., Geological Survey, Ottawa, Canada. December, 1921. 

CoLLieR, ARTHUR J., U. S. Geological Survey, Washington, D. C. June, 1902. 

-Conpit, D. DALE, c/o Alliance Bank, Calcutta, India. December, 1916. 

Cook, CHARLES W., University of Michigan, Ann Arbor, Mich. Dec.; 1915. 

CooKE, C. WYTHE, U. S. Geological Survey, Washington, D. C. Dec., 1918. 

CostTE, EUGENE, 622 Dallas County State Bank Bldg., Dallas, Texas. Dec., 1906. 

CRAWFORD, RALPH Dixon, 1050 Tenth St., Boulder, Colo. December, 1916. 

Crook, ALJA R., State Museum of Natural History, Springfield, IJ. Dec., 1898. 

*CrOSBY, WILLIAM O., Massachusetts Institute of Technology, Boston, Mass. 

Cross, WHITMAN, 101 East Kirke St., Chevy Chase, Md. May, 1889. 

CULVER, GARRY E., 310 Center Ave., Stevens Point, Wis. December, 1891. 

CuMINGS, Epcar R., Indiana University, Bloomington, Ind. August, 1901. 

CUSHMAN, J. A., Sharon, Mass. December, 1919. 

DAKE, C. L., Missouri School of Mines, Rolla, Mo. December, 1920. 

Daz, N. C., Hamilton College, Clinton, N. Y. December, 1920. 

Day, RecGInALD A., Harvard University, Cambridge, Mass. December, 1905. 

DaNA, EDWARD SALISBURY, Yale University, New Haven, Conn. Dec., 1908. 

*DartToN, NELSON H., U. S. Geological Survey, Washington, D. C. 

Davis, E. F., 348 Sansome St., San Francisco, Calif. December, 1920. 

*DAvIsS, WILLIAM M., 31 Hawthorne St., Cambridge, Mass. 

Day, ARTHUR LovuIs, Geophysical Laboratory, Washington, D. C. Dec., 1909. 

Day, Davin T., 13833 F St. N. W., Washington, D. C. August, 1891. 

DEAN, BasHFoRD, Columbia University, New York, N. Y. December, 1910. 

De Goryer, E. L., 65 Broadway, New York, N. Y. December, 1918. 

DEUSSEN, ALEXANDER, 504 Stewart Bldg., Houston, Texas. December, 1916. 



LIST OF FELLOWS 107 

De Wo tr, Frank W., Great Southern Life Bldg., Dallas, Texas. Dec., 1909. 

DICKERSON, Roy E., Masonic Temple Building, Manila, P. I. December, 1918. 

*DILLER, JOSEPH S., U. S. Geological Survey, Washington, D. C. 

D INVILLIERS, Epwarp V., 518 Walnut St., Philadelphia, Pa. December, 1888. 

DopeéEr, Ricu arp E., Storrs, Conn: August, 1897. 

DoLMAGE, Victor, Canadian Geological Survey, Ottawa, Canada. Dec., 1922. 

DRAKE, NoAu Frexps, Fayetteville, Arkansas. December, 1898. 

DRESSER, JOHN A., 701 Eastern Townships Bank Bldg., Montreal, Canada. 

December, 1906. 

*DUMBLE, EDWIN T., 316 Pacific Bldg., Houston, Texas. 

DunBar, C. O., Yale University, New Haven, Conn. December, 1920. 

BHAKLE, ARTHUR S., University of California, Berkeley, Calif. December, 1899. 

ECKEL,' HpwIN C., 1503 Decatur St. N. W., Washington, D. C. Dec., 1905. 

EMERY, WILSON B., Casper, Wyoming. December, 1919. 

*HMERSON, BENJAMIN K., Amherst, Mass. 

EmMMoNns, WILLIAM H., Univ. of Minnesota, Minneapolis, Minn. Dec., 1912. 

*FAIRCHILD, HERMAN L., University of Rochester, Rochester, N. Y. 

FARRINGTON, OLIVER C., Field Museum of Natural History, Chicago, Ill. De- 

cember, 1895. 

FatuH, A. ., U. S. Geological Survey, Washington, D. C. December, 1920. 

FENNEMAN, NEVIN M., University of Cincinnati, Cincinnati, Ohio. Dec., 1904. 

FENNER, CLARENCE N., Geophysical Laboratory, Washington, D. C. Dec., 1911. 

Frerevuson, H. G., U. S. Geological Survey, Washington, D.C. December, 1920. 

FisHER, Cassius Asa, 705 First Natl. Bank Bldg., Denver, Colo. Dec., 1908. 

ForrstE, Aucust F., 129 Wroe Ave., Dayton, Ohio. December, 1899. 

Forp, WiLl1AM H., Sheffield Scientific School, New Haven, Conn. Dec., 1915. 

Foyt, W. G., Wesleyan University, Middletown, Conn. December, 1919. 

FuLuer, Myron L., 60 Main St., Brockton, Mass. December, 1898. 

GALLOWAY, J. J., Columbia University, New York, N. Y. December, 1920. 

GALPIN, SIDNEY L., 630 Park Ave., Ames, Iowa. December, 1917. 

GANE, HENRY STEWART, R. D. No. 1, Santa Barbara, Calif. December, 1896. 

GARDNER, JAMES H., 626 Kennedy Building, Tulsa, Okla. December, 1911. 

GARDNER, JULIA A., U. S. Geological Survey, Washington, D. C. Dec., 1920. 

GEORGE, RUSSELL D., University of Colorado, Boulder, Colo. December, 1906. 

GIDLEY, JAMES WILLIAM, U. S. Nat'l] Museum, Washington, D. C. Dee., 1922. 

ILES, ALBERT W., University of Virginia, University, Va. December, 1921. 

GILL, ADAM CAPEN, Cornell University, Ithaca, N. Y. December, 1888. 

GLENN, L. C., 2111 Garland Ave., Nashville, Tenn. June, 1900. 

GoLpMAN, Marcus Isaac, U. 8S. Geol. Survey, Washington, D. C. Dec.. 1916. 

GOLDRING, WINIFRED, New York State Museum, Albany, N. Y. Dec., 1921. 

GOLDTHWAIT, JAMES WALTER, Dartmouth College, Hanover, N. H. Dec., 1909. 

GorpON, CHARLES H., University Library, University of Tennessee, Knoxville, 

Tenn. August, 18938. 

GorDON, CLARENCE E., Massachusetts Agricultural College, Amherst, Mass. 

December, 1918. 

GOULD, CHARLES N., 1218 Colcord Bldg., Oklahoma City, Okla. Dec., 1904. 

GRABAU, AMADEUS W., Government University, Peking, China. Dec., 1898. 

GRANGER, WALTER, American Museum of Natural History, New York, N. Y. 

December, 1911. 



108 PROCEEDINGS OF THE ANN ARBOR MEETING 

GRANT, ULYSSES SHERMAN, Northwestern Univ., Evanston, Ill. Dec., 1890. 

GRASTY, JOHN SHARSHALL, Box 458, Charlottesville, Va. December, 1911. 

GRATON, Louis C., Foxcroft House, Cambridge, 38, Mass. December, 1913. 

GREGORY, HERBERT E., Yale University, New Haven, Conn. August, 1901. 

GREENE, FRANK Cook, 1434 S. Cincinnati Ave., Tulsa, Okla. December, 1917. 

GRIMSLEY, GEORGE P., 16 York Court, Baltimore, Md. August, 1895. 

Grout, FRANK F., University of Minnesota, Minneapolis, Minn. Dec., 1918. 

GURLEY, WILLIAM F. E. R., University of Chicago, Chicago, Ill. Dee., 1914. 

HALBERSTADT, Barrp, Pottsville, Pa. December, 1909. 

Hance, J. H., 708 W. Washington Boulevard, Urbana, Ill. December, 1920. 

Hancock, E. T., U. S. Geological Survey, Washington, D. C. December, 1919. 

Harper, E. C., 1111 Harrison Building, Philadelphia, Pa. December, 1918. 

Hares. C. J.. The Ohio Oil Co., Casper, Wyo. December, 1920. 

Harris, GILBERT D., Cornell University, Ithaca, N. Y. December, 1903. 

HARRISON, JOHN BURCHMORE, Georgetown, British Guiana. June, 1902. 

HARTNAGEL, CHRIS A., Education Building, Albany, N. Y. December, 1913. 

HASTINGS, JOHN B., 5456 Sierra Vista Ave., Los Angeles, Calif. May, 1889. 

*HAWORTH, ERASMUS, University of Kansas, Lawrence, Kans. 

Hay, OLIver F., Carnegie Institution, Washington, D. C. December, 1921. 

Hayes, ALBERT O., c/o Carr Bros., Ine., 65 Broadway, N. Y. City. Dec., 1919. 

HEALD, K. C., U. S. Geological Survey, Washington, D. C. December, 1920. 

HENNEN, Ray Y., 1604 Benedum-Trees Bldg., Pittsburgh, Pa. December, 1914. 

HERSHEY, Oscar H., Crocker Building, San Francisco, Calif. December, 1909. 

HEss, FRANK L., U. S. Geological Survey, Washington, D. C. December, 1921. 

HEWETT, DONNEL F., U. 8S. Geological Survey, Washington, D. C. Dec., 1916. 

Hick, RicHARD R., Beaver, Pa. December, 1903. 

Hii, J. M., U. S. Geological Survey, Washington, D. C. December, 1920. 

*HILL, RoBerT T., Room 816, Magnolia Bldg., Dallas, Texas. 

HiLts, RicHaArD C., Denver, Colo. August, 1894. 

Hinps, Henry, 1153 Laurel Ave., St. Paul, Minn. December, 1912. 

HINTZE, FERDINAND Friis, 580 Corona St., Denver, Colo. December, 1917. 

Hoses, WILLIAM H., University of Michigan, Ann Arbor, Mich. August, 1891. 

HOoLpEN, Roy J., Virginia Polytechnic Institute, Blacksburg, Va. Dec., 41914. 

HOLLAND, WILLIAM JaAcos, Carnegie Museum, Pittsburgh, Pa. December, 1910. 

HoLuick, ARTHUR, N. Y. Botanical Garden, New York, N. Y. August, 1898. 

Hopkins, O. B., International Petroleum Co., Ltd., 56 Church St.. Toronto, 

Canada. December, 1919. 

HopPKINS, THoMaAS C., Syracuse University, Syracuse, N. Y. December, 1894. 

HotcHKIss, WILLIAM Oris, State Geological Survey, Madison, Wis. Dec., 1911. 

*Hovey, EDMUND OTIs, American Museum of Natural History, New York, N. Y. 

Howe, ErRNEsT, Litchfield, Conn. December, 1903. 

HUBBARD, GEORGE D., Oberlin College, Oberlin, Ohio. December, 1914. 

Hupson, GeorGE H., Plattsburg Normal School, Plattsburg, N. Y. Dec., 1917. 

Hunt, WALTER F., University of Michigan, Ann Arbor, Mich. December, 1914. 

HUNTINGTON, ELLSworTH, Yale University, New Haven, Conn. Deec.. 1906. 

Hussakor, Louis, American Museum of Natural History, New York, N. Y. 

December, 1910. 

Hype, J. E., Western Reserve University, Cleveland, Ohio. December, 1916. 

JACKSON, ROBERT T., Peterborough, N. H. August, 1894. 



LIST OF FELLOWS 109 

Jacosps, ELrsriwcGe C., University of Vermont, Burlington, Vt. December, 1921. 

JAGGAR, THOMAS AUGUSTUS, JR., Hawaiian Volcano Observatory, Territory of 

Hawaii, U. S. A. December, 1906. 

JEFFERSON, Mark S. W., Michigan State Normal College, Ypsilanti, Mich. De- 

cember, 1904. 

JEFFREY, EDWARD C., Harvard University, Cambridge, Mass. December, 1914. 

JENKINS, Ouar P., State College, Pullman, Wash. December, 1921. 

JOHANNSEN, ALBERT, University of Chicago, Chicago, Ill. December, 1908. 

Jounson, B. L., U. S. Geological Survey, Washington, D. C. December, 1919. 

JOHNSON, DouGLas WILSON, Columbia University, New York, N. Y. Dec., 1906. 

JoHuNSON, ROSWELL H., University of Pittsburgh, Pittsburgh, Pa. Dec., 1918. 

Jonas, ANNA L., Bridgeton, N. J. December, 1922. 

Katz, FRANK JAMES, U. S. Geological Survey, Washington, D. C. Dec., 1912. 

Kay, GEORGE FREDERICK, State Univ. of Iowa, Iowa City, Iowa. Dec., 1908. 

KEITH, ARTHUR, U. S. Geological Survey, Washington, D. C. May, 1889. 

*KEMP, JAMES F., Columbia University, New York, N. Y. 

Kew, W. S. W., 901 S. Norton Ave., Los Angeles, Calif. December, 1920. 

KEYES, CHARLES Ro.tuin, 944 Fifth St., Des Moines, Iowa. August, 1890. 

KINDLE, EpwarD M., Victoria Memorial Museum, Ottawa, Canada. Dec., 1905. 

Kirk, CHARLES T., Box 1592, Tulsa, Okla. December, 1915. 

Kirk, Epwin, U. S. Geological Survey, Washington, D. C. December, 1912. 

KNIGHT, CYyRIL WORKMAN, Toronto, Ontario, Canada. December, 1911. 

Knorr, ADOLPH, Yale Station, New Haven, Conn. December, 1911. 

Knorr, ELEANORA BLIss, 105 East Rock Road, New Haven, Conn. Dec., 1919. 

KNOWLTON, FRANK H., U. S. National Museum, Washington, D. C. May, 1889. 

Kraus, Epwarp HEnry, University of Michigan, Ann Arbor, Mich. June, 1902. 

KUMMEL, HENRY B., Trenton, N. J. December, 1895. 

*Kunz, GEORGE F., 401 Fifth Ave., New York, N. Y. 

LAHEE, FREDERIC H., Sun Co., Dallas, Texas. December, 1917. 

LANDES, HENRY, University of Washington, University Station, Seattle, Wash. 

December, 1908. 

LANE, ALFRED C., Tufts College, Mass. December, 1889. 

LARSEN, ESpER S., JR., U. S. Geological Survey, Washington, D.C. Dec., 1914. 

Lawson, ANDREW C., University of California, Berkeley, Cal. May, 1889. 

LEE, WILLIS THomMaASs, U. S. Geological Survey, Washington, D. C. Dec., 1903. 

LEES, JAMES H., Iowa Geological Survey, Des Moines, Iowa. December, 1914. 

LEIGHTON, Morris M., University of Illinois, Urbana, Ill. December, 1921. 

LreITH, CHARLES K., University of Wisconsin, Madison, Wis. Dec., 1902. 

LEONARD, ARTHUR G., State University of North Dakota, Grand Forks, N. Dak. 

December, 1901. 

LEVERETT, FRANK, Ann Arbor, Mich. August, 1890. 

LEwIis, J. VoLNEY, Rutgers College, New Brunswick, N. J. December, 1906. 

LIBBEY, WILLIAM, Princeton University, Princeton, N. J. August, 1899. 

LippL£, R. A., Standard Oil Company of Venezuela, Caracas, Venezuela, South 

America. December, 1921. 

LINDGREN, WALDEMAR, Massachusetts Institute of Technology, Cambridge, 

Mass. August, 1890. 

LisBoa, MIGUEL A. R., Caixa postal 829, Ave. Rio Branco 46-V, Rio de Janeiro, 

Brazil. December, 1918. 
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LItTLE, Homer P., Clark University, Worcester, Mass. December, 1918. 

Luoyp, E. R., c/o Mid Kansas Oil and Gas Co., Mineral Wells, Texas. De- 

cember, 1919. 

LoGaN, WILLIAM N., Indiana University, Bloomington, Ind. December, 1917. 

Loomis, FREDERICK BREWSTER, Amherst College, Amherst, Mass. Dec., 1909. 

LOUDERBACK, GEORGE J)., University of California, Berkeley, Calif. June, 1902. 

LOUGHLIN, GERALD F., U. S. Geological Survey, Washington, D. C. Dec., 1916. 

Low, ALBERT P., 154 McLaren St., Ottawa, Canada. December, 1905. 

LULL, RICHARD SWANN, Yale University, New Haven, Conn. December, 1909. 

LUPTON, CHARLES T., 611 17th St., Denver, Colo. December, 1916. 

McCALligE, SAMUEL WASHINGTON, Atlanta, Ga. December, 1909. 

McCaskeEy, Hiram D., Central Point, Oregon. December, 1904. 

McConneELL, RIcHARD G., Ridean Club, Ottawa, Canada. May, 1889. 

McCoy, ALEXANDER WATTS, Bartlesville, Okla. December, 1922. 

MacDonatp, Donatp F., 45 Nassau St., New York, N. Y. December, 1915. 

MACFARLANE, JAMES RIEMAN, Woodland Road, Pittsburgh, Pa. August, 1891. 

McINNES, WILLIAM, Geological and Natural History Survey of Canada, Ot- 

tawa, Canada. May, 1889. 

MacKay, BERTRAM REID, Geol. Survey of Canada, Ottawa, Canada. Dec., 1922. 

McKELLar, PETER, Fort William, Ontario, Canada. August, 1890. 

McLAvuGHLIIN, DonaALp H., 1629 Euclid Ave., Berkeley, Calif. December, 1922. 

MANSFIELD, GEORGE R., 2067 Park Rd., N. W., Washington, D. C. Dec., 1909. 

Marsut, Curtis F., Bureau of Soils, Washington, D. C. August, 1897. 

MARSTERS, VERNON F.,, 920 Grande Ave., Hayes Building, Kansas City, Mo. 

August, 1892. 

Martin, GEorGE C., U. S. Geological Survey, Washington, D. C. June, 1902. 

MartTIN, LAWRENCE, Dept. of State, Room 381, Washington, D. C. Dec., 1909. 

MaTHER, KirTLey F., Denison University, Granville, Ohio. December, 1918. 

MaturEws, Epwarp B., Johns Hopkins University, Baltimore, Md. Aug., 1895. 

Matson, GEorGE C., 408 Cosden Bldg., Tulsa, Okla. December, 1918. 

MatTrHes, Francois E., U. S. Geol. Survey, Washington, D. C. Dec., 1914. 

MatTrTrHew, W. D., American Museum of Natural History, New York. N. Y. 

December, 1903. 

Maury, CArLoTtTa J., Hastings-on-Hudson, N. Y. December, 1920. 

MAYNARD, THOMAS POOLE, 1622 D. Hurt Bldg., Atlanta, Ga. December, 1914. 

MEAD, WARREN JUDSON, University of Wisconsin, Madison, Wis. Dec., 1916. 

MEHL, Maurice G., University of Missouri, Columbia, Mo. December, 1922. 

MEINZER, Oscar E., U. S. Geological Survey, Washington, D. C. Dec., 1916. 

MENDENHALL, WALTER C., U. S. Geol. Survey, Washington, D. C. June, 1902. 

MERRIAM, JOHN C., Carnegie Institution, Washington, D. C. August, 1895. 

MERRILL, GEORGE P., U. S. National Museum, Washington, D. C. Dec., 1888. 

MERWIN, HERBERT E., Geophysical Laboratory, Washington, D. C. Dec., 1914. 

Mitter, ARTHUR M., State University of Kentucky, Lexington, Ky. Dec., 1897, 

MILLER, BENJAMIN L., Lehigh University, South Bethlehem, Pa. Dec., 1904. 

MILLER, WILLET G., Toronto, Canada. December, 1902. 

MILLER, WILLIAM JoHN. Smith College, Northampton, Mass. December, 1909. 

Miser, HueH D., U. S. Geological Survey, Washington, D. C. December, 1916. 

Morrit, Frep Howarp, U. 8S. Geological Survey, Washington, D.C. Dec., 1912. 
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MorencraAarF, G. A. F., Technical High School, Delft, Holland. Dec., 1913. 

Moox, CHARLES Craic, Metuchen, N. J. December, 1922. 

Moore, Exiwoop S., University of Toronto, Toronto, Canada. December, 1911. 

Moore, RayMonpD C., University of Kansas, Lawrence, Kans. December, 1921. 

Munn, Matco“mm JoHNn, Clinton Bldg., Tulsa, Okla. December, 1909. 

*Nason, FRANK L., West Haven, Conn. 

NELSoNn, W. A., Tennessee Geological Survey, Nashville, Tenn. Dec., 1920. 

NEWLAND, Davip Hate, Albany, N. Y. December, 1906. 

NE wsom, JoHN F., Leland Stanford, Jr., University, Stanford University, 

Calif. December, 1899. 

Nose, Levi F., Valyermo, Calif. December, 1916. 

Norton, WILLIAM H., Cornell College, Mount Vernon, Iowa. December, 1895. 

Norwoop, CHARLES J., State University, Lexington, Ky. August, 1894. 

O’CoNNELL, MargorrzE, American Museum of Natural History, New York, 

N. Y. December, 1919. 

Ocitvig, IpA HELEN, Barnard College, Columbia University, New York, N. Y. 

December, 1906. 

O’HarA, CLEOPHAS C., South Dakota School of Mines, Rapid City, S. Dak. 

December, 1904. 

OHERN, DANIEL WEBSTER, 515 W. 14th St., Oklahoma City, Okla. Dec., 1911. 

OLIVEIRA, E. P. DE, Geol. Survey of Brazil, Rio de Janeiro, Brazil. Dec., 1918. 

O'NEILL, J. J., Geological Survey of Canada, Ottawa, Canada. Dec., 1920. 

OSBORN, HENRY F., American Museum of Natural History, New York, N. Y. 

August, 1894. 

OVERBECK, RoBEerRT M., 834 Ocean Ave., Long Beach, Calif. December, 1921. 

Pack, Robert W., American Hxchange National Bank Bldg., Dallas, Texas. 

December, 1916. 

[’arce, SIDNEY, U. S. Geological Survey, Washington, D. C. December, 1911. 

VALACHE, CHARLES, Harvard University, Cambridge, Mass. August, 1897. 

PARKS, WILLIAM A., University of Toronto, Toronto, Canada. Dec., 1906. 

*PaTTON, HorAcE B., 3149 West 44th St., Denver, Colo. 

Peck, FREDERICK B., Lafayette College, Easton, Pa. August, 1901. 

PENROSE, RicHARD A. F., Jr., 460 Bullitt Bldg., Philadelphia, Pa. May, 1889. 

PERKINS, GEORGE H., University of Vermont, Burlington, Vt. June, 1902. 

PERRY, JOSEPH H., 276 Highland St., Worcester, Mass. December, 1888. 

PHALEN, WILLIAM C., The Solvay Process, Syracuse, N. Y. December, 1912. 

PHILLIPS, ALEXANDER H., Princeton University, Princeton, N. J. Dec., 1914. 

PoGuE, JOSEPH E., 42 West 12th St., New York, N. Y. December, 1911. 

Powers, SIpNEY, Amerada Petr. Co., P. O. Box 2022, Tulsa, Okla. Dec., 1920. 

PRAtT, JOSEPH H., North Carolina Geol. Survey, Chapel Hill, N.C. Dec., 1898. 

Pratt, W. E., Humble Oil and Refining Co., Houston, Texas. Dec., 1920. 

Price, WILLIAM A., Jr., 626 West Bldg., Houston, Texas. December, 1916. | 

PRINDLE, Louis M., U. S. Geological Survey, Washington, D. C. Dec., 1912. 

ProutTy, WILLIAM F., Univ. of North Carolina, Chapel Hill, N. C. Dec., 1911. 

*PUMPELLY, RAPHAEL, Newport, R. I. 

QUIRKE, TERENCE T., University of Illinois, Urbana, Ill. December, 1921. 

RANSOME, FREDERICK L., U. S. Geol. Survey, Washington, D. C. August, 1895. 

RAYMOND, PERCY Epwarp, Museum of Comparative Zodlogy, Cambridge, Mass. 

December, 1907. 
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REEDS, CHESTER A., American Museum of Natural History, New York, N. Y. 

December, 1913. 

REESIDE, JOHN B., JR., U. S. Geological Survey, Hyattsville, Md. Dee., 1921. 

REGER, Davip B., Box 816, Morgantown, W. Va. December, 1918. 

REID, HARRY FIELDING, Johns Hopkins University, Baltimore, Md. Dec., 1892. 

REINECKE, LEOPOLD, C/o P. A. Williams, Loanda, Angola, S. W. Africa. De- 

cember, 1916. 

Rice, WILLIAM NortTH, Wesleyan University, Middletown, Conn. August, 1890. 

RicH, JOHN Lyon, P. O. Box 294, Iola, Kans. December, 1912. 

Ricuarps, R. W., U. 8S. Geological Survey, Washington, D.C. December, 1920. 

RICH ARDSON, CHARLES H., Syracuse University, Syracuse, N. Y. Dec., 1899. 

RICHARDSON, GEORGE B., U. 8S. Geol. Survey, Washington, D. C. Dec., 1908. 

Ries, HEINRICH, Cornell University, Ithaca, N. Y. December, 1893. 

Riccs, ELMER S., Field Museum of Natural History, Chicago, Ill.. Dec., 1911. 

RoBinson, HENRY HOLLISTER, Hopkins Hall, New Haven, Conn. Dec., 1916. 

Roppy, H. J., State Normal School, Millersville. Pa. December, 1919. 

RocerRs, AUSTIN F., Stanford University, Calif. December, 1918. 

RoseE, Bruce, Dept. of Geology, Queens Univ., Kingston, Ontario. Dec., 1916. 

RUEDEMANN, Rupo.r, Albany, N. Y. December, 1905. 

RUTLEDGE, JOHN J., 22 Light St., Baltimore, Md. December, 1911. 

SALES, RENo H., Anaconda Copper Mining Company, Butte, Mont. Dec., 1916. 

SAYLES, RoBERT WiLcox, Harvard University, Chestnut Hill, Mass. Dec., 1917. 

SARDESON, FREDERICK W., Uniy. of Minnesota, Minneapolis, Minn. Dec., 1892. 

SAVAGE, THOMAS EDMUND, University of Illinois, Urbana, Ill. December, 1907. 

ScH ALLER, WALDEMAR T., U. S. Geol. Survey, Washington, D. C. Dec., 1918. 

SCHOFIELD, 8. J., University of British Columbia, Vancouver, B.C. Dec., 1918. 

SCHRADER, FRANK C., U. S. Geological Survey, Washington, D. C. Aug., 1901. 

ScHUCHERT, CHARLES, Yale University, New Haven, Conn. August, 1895. 

ScHULTZ, ALFRED R., Hudson, Wis. December, 1912. 

Scott, WILLIAM B., Princeton University, Princeton, N. J. August, 1892. 

SEAMAN, ARTHUR E., Michigan College of Mines, Houghton, Mich. Dec., 1904. 

SELLARDS, EviAs H., University of Texas, Austin, Texas. December, 1905. 

SEMMES, DovucLtas R., Apartado Postal, 150 Tampico, Tamps, Mexico. De- 

cember, 1921. 

SHALER, MiI“LiarD K., 66 Rue Des Colonies, Brussels, Belgium. Dec., 1914. 

SHANNON, CHARLES W., Oklahoma Geol. Survey, Norman, Okla. Dec., 1918. 

SHATTUCK, GEORGE BURBANK, Poughkeepsie, N. Y. August, 1899. 

Saw, EvGENE W., 11 Taylor St., Chevy Chase, Md. December, 1912. 

SHEpDD, SoLon, State College of Washington, Pullman, Wash. December, 1904. 

SHEPARD, EDWARD M., 1403 Benton Ave., Springfield, Mo. August, 1901. 

SHIMEK, BOHUMIL, University of Iowa, lowa City, Iowa. December, 1904. 

SHIMER, HERVEY WoopsurRN, Massachusetts Institute of Technology, Cam- 

bridge, Mass. December, 1910. 

SHULER, E. W., South Methodist University, Dallas, Texas. December, 1920. 

SIEBENTHAL, CLAUDE E., U. S. Geol. Survey, Washington, D.C. Dec., 1912. 

*SIMONDS, FREDERICK W., University of Texas, Austin, Texas. 

SIncLaIR, WILLIAM JOHN, Princeton University, Princeton, N. J. Dec., 1906. 

SINGEWALD, JOSEPH T., Johns Hopkins University, Baltimore, Md. Dec., 1911. 

SLoAN, EarLe, Charleston, 8. C. December, 1908. 
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SmitH, BuRNETT, Syracuse University, Skaneateles, N. Y. December, 1911. 

SmiTH, Cari, Box 1136, Tulsa, Okla. December, 1912. 

*SmITH, EuGENE A., University of Alabama, University, Ala. 

SmiTH, GEORGE Otis, U. S. Geological Survey, Washington, D. C. Aug., 1897. 

SmiTH, Puiip S., U. S. Geological Survey, Washington, D. C. Dec., 1909. 

SmitH, RicHarpD A., Biological Survey of Michigan, Lansing, Mich. Dec., 1921. 

SmiTH, STANLEY, University, Bristol, England. December, 1922. 

SMITH, WARREN Du Prb&, University of Oregon, Eugene, Ore. December, 1909. 

Smiru, W. S. TanciEr, 640 Tennyson Ave., Palo Alto, Calif. June, 1902. 

*Smock, JOHN C., Hudson, N. Y. 

SmMyTH, CHARLES H., Jr., Princeton University, Princeton, N. J. Aug., 1892. 

SmyTH, Henry L., Harvard University, Cambridge, Mass. August, 1894. 

Somers, R. E., Oil and Gas Bldg., University of Pittsburgh, Pittsburgh, Pa. 

December, 1919. 

Soper, Epear K., 120 Broadway, New York City, Room 3101. December, 1918. 

SosMAN, R. B., Geophysical Laboratory, Washington, D. C. December, 1920. 

SPEIGHT, Ropert, Christ Church, Canterbury College, New Zealand. Dec., 1916. 

SPENCER, ARTHUR CoE, U.S. Geological Survey, Washington, D.C. Dec., 1896. 

SPRINGER, FRANK, U. S. National Museum, Washington, D.C. December, 1911. 

Spurr, JOSIAH E., c/o Engineering and Mining Journal, 10th Ave. and 36th 

St., New York, N. Y. December, 1894. 

STANLEY-BROWN, JOSEPH, 26 Hxchange Place, New York, N. Y. August, 1892. 

STANTON, TimMoTHY W., U.S. National Museum, Washington, D.C. Aug., 1891. 

STAUFFER, CLINTON R., Univ. of Minnesota, Minneapolis, Minn. Dec., 1911. 

STEBINGER, EUGENE, JR., 18 Broadway, New York, N. Y. December, 1916. 

STEIDTMANN, EDWARD, University of Wisconsin, Madison, Wis. Dec., 1916. 

STEPHENSON, LiLoyp W., U. S. Geol. Survey, Washington, D. C. Dec., 1911. 

*STEVENSON, JOHN J., 215 West 101st St., New York, N. Y. 

STOLLER, JAMES HouGH, Union College, Schenectady, N. Y. December, 1917 

STONE, RALPH WALTER, State Geological Survey, Harrisburg, Pa. Dec., 1912. 

STOSE, GEORGE WILLIS, U. 8S. Geological Survey, Washington, D. C. Dec., 1908. 

Stout, WILBER, Geological Survey of Ohio, Columbus, Ohio. December, 1918. 

Swartz, CHARLES K., Johns Hopkins University, Baltimore, Md. Dec., 1908. 

TABER, STEPHEN, University of South Carolina, Columbia, 8S. C. Dec., 1914. 

Tarr, JOSEPH A., 781 Flood Building, San Francisco, Calif. August, 1895. 

TaLsoT, Mignon, Mount Holyoke College, South Hadley, Mass. Dec., 1913. 

TALMAGE, JAMES H., 47 E. So. Temple St., Salt Lake City, Utah. Dec., 1897. 

TarR, WILLIAM ARTHUR, University of Missouri, Columbia, Mo. Dec., 1917. 

TAYLOR, FRANK B., Fort Wayne, Ind. December, 1895. 

THOMAS, ABRAM O., University of Iowa, Iowa City, Iowa. December, 1921. 

TitTon, J. L., Morgantown, W. Va. December, 1920. 

TOMLINSON, CHARLES WELDON, 1610 Bixby Ave., Ardmore, Okla. Dec., 1917. 

TROWBRIDGE, ARTHUR C., University of Iowa, Iowa City, Iowa. Dec., 1913. 

*TURNER, HENRY W., Mills Building, San Francisco, Calif. 

TWENHOFEL, WILLIAM H., University of Wisconsin, Madison, Wis. Dec., 1913. 

TWITCHELL, MAYVILLE W., State Geological Survey, Trenton, N. J. Dec., 1911. 

TYRRELL, JOSEPH B., Confederation Life Bldg., Toronto, Canada. May, 1889. 

UppEN, JOHAN A., University of Texas, Austin, Texas. August, 1897. 

VITI—BuLL. Grou. Soc. AM., VoL. 34, 1922 
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Uctow, WittiamM L., University of British Columbia, Vancouver, Canada. 

December, 1922. 

UxricH, Epwarp O., U. S. Geological Survey, Washington, D. C. Dec., 1903. 

UMPLEBY, JOSEPH B., University of Oklahoma, Norman, Okla. Dec., 1913. 

*UPHAM, WARREN, Minnesota Historical Society, St. Paul, Minn. 

Van Horn, F. R., Case School of Applied Science, Cleveland, Ohio. - Dec., 1898. 

vAN INGEN, GILBERT, Princeton University, Princeton, N. J. December, 1904. 

Van Tuy, Francis M., Colorado School of Mines, Golden, Colo. Dee., 1917. 

VAUGHAN, T. WAYLAND, U. S. Geol. Survey, Washington, D. C. August, 1896. 

VEATCH, ARTHUR CLIFFORD, 7 Central Drive, Port Washington, N. Y. Decem- 

ber, 1906. 

WADE, Bruce, State Geological Survey, Nashville, Tenn. December, 1920. 

*WaLcoTT, CHARLES D., Smithsonian Institution, Washington, D. C. 

WALKER, THOMAS L., University of Toronto, Toronto, Canada. Dec., 1903. 

WARING, GERALD A., Port of Spain, Trinidad, B. W. I. December, 1921. 

WARREN, CHARLES H., Massachusetts Institute of Technology, Boston, Mass. 

Décember, 1901. 

WASHBURNE, C. W., 2 Rector St., New York, N. Y. December, 1919. 

WASHINGTON, HENRY STEPHENS, Geophysical Laboratory, Washington, D. C. 

August, 1896. 

Watson, THOMAS L., University of Virginia, Charlottesville, Va. June, 1900. 

WEAVER, CHARLES E., 264 Herkimer Road, Utica, N. Y. December, 1913. 

WEED, WALTER H., Tuckahoe, N. Y. May, 1889. 

WEGEMANN, CARROLL H., 722 East 7th Ave., Denver, Colo. December, 1912. 

WEIDMAN, SAMUEL, 814 Monett St., Norman, Okla. December, 1903. 

WELLER, STUART, University of Chicago, Chicago, Ill. June, 1900. 

WELLs, Rocer C., U. S. Geological Survey, Washington, D. C. Dec., 1921. 

WESTGATE, Lewis G., 124 Oak Hill Ave., Delaware, Ohio. August, 1894. 

WHerry, EpeGar T., Bureau of Chemistry, Washington, D. C. Dec., 1915. 

Wuite, Davin, U. S. National Museum, Washington, D. C. May, 1889. 

*WHITE, ISRAEL C., Morgantown, W. Va. 

WuHuittock, H. P., American Museum of Natural History, New York, N. Y. 

December, 1920. 

WIELAND, GEORGE REBER, Yale University, New Haven, Conn. December, 1910. 

WILDER, FRANK A., North Holston, Smyth County, Va. December, 1905. 

*WILLIAMS, Epwarp H., Jr., Woodstock, Vt. 

WILLIAMS, Ira A., Oregon Bureau of Mines and Geology, 417 Oregon ec 

Portland, Ore. December, 1905. 

WILLIAMS, MERTON YARWoOop, Geological Survey, Ottawa, Canada. Dec., 1916. 

Wiis, Barrey, Leland Stanford Jr. University, Stanford University. Calif. 

December, 1889. 

WILSON, ALFRED W. G., Department of Mines, Ottawa, Canada. June, 1902. 

Witson, Morey Evans, Geological Survey, Ottawa, Canada. December, 1916. 

WINCHELL, ALEXANDER N., University of Wisconsin, Madison, Wis. Aug., 1901. 

*WINCHELL, HORACE VAUGHAN, Pacific Mutual Building, Los Angeles, Calif. 

*WINSLOW, ARTHUR, 131 State St., Boston, Mass. 

Wotrr, JOHN E., Harvard University. Cambridge, Mass. December, 1889. 

Woop, Harry Oscar, Mt. Wilson Observatory, Pasadena, Calif. Dec., 1922 

WoopMAN, JOSEPH E., New York University, New York, N. Y. Dec., 1905. 
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WooprInc, WENDELL P., U. S. Geol. Survey, Washington, D. C. Dec., 1921. 

Wooprvurr, HE. G., New England Oil and Pipe Co., Tulsa, Okla. Dec., 1922. 

Woopwarp, Roper S., Carnegie Institution, Washington, D. C. May, 1889. 

WoopwortH, Jay B., Geological Museum, 38 Oxford St., Cambridge, Mass. 

December, 1895. 

~ WRIGHT, CHARLES WILL, 28 Vie del Parliamento, Rome, Italy. Dec., 1909. 

WRIGHT, FREDERIC E., Geophysical Laboratory, Carnegie Institution, Washing- 

ton, D. C. December, 1903. 

ZIEGLER, VicToR, Colorado School of Mines, Golden, Colo. December, 1916. 

CORRESPONDENTS DECEASED 

CREDNER, HERMAN. Died July 22, 1913. 

MicueEet-Livy, A. Died September, 1911. 

RoSENBUSCH, H. Died January 20, 1914. 

SUESS, Epwarp. Died April 20, 1914. 

TSCHERNYSCHEW,. TH. Died Jan. 15, 1914. 

ZIRKEL, FERDINAND, Died June 11, 1912. 

FELLOWS DECEASED 

* Indicates Original Fellow (see article III of Constitution) 

*ASHBURNER, CHAS. A. Died Dec. 24, 1889. 

BARLOW, ALFRED E. Died May 28, 1914. 

BARRELL, JOSEPH. Died May 4, 1919. 

BEECHER, CHARLES IW. Died Feb. 14, 1904, 

*Becker, GEORGE F. Died April 20, 1919 

BELL, Rogert. Died June 18, 1917. 

BICKMORE, ALBERT S. Died Aug. 12, 1914. 

BLAKE, WM. PuHireps. Died May 21, 1910. 

BowMAN, Amos. Died June 18, 1894. 

BRANNER, JOHN C. Died March 1, 1922. 

Brown, AMOS P. Died Oct. 9, 1917. 

BUCKLEY, ERNEST R. Died Jan. 19, 1912. 

CaiRNES, D. D. Died June 14, 1917. 

*@ALVIN, SAMUEL. Died April 17, 1911. 

CARPENTER, FRANK R. Died April 1, 1910. 

*CHAPIN, J. H. Died March 14, 1892. 

CLARK, WILLIAM B. Died July 27, 1917. 

*CLAYPOLE, EDWARD W. Died Aug. 17, 1901. 

*CoMSTOCK, THEO. B. Died July 26, 1915. 

Cook, GrorGE H. Died Sept. 22, 1889. 

*Copr, EpwarD D. Died April 12, 1897. 

Cox, Guy H. Died August 20. 1922. 

CASTILLO, ANTONIO Dru. Died Oct.28,1895. 

*CUSHING, H. P. Died April 14, 1921. 

*DANA, JAMES D. Died April 14, 1895. 

Davis, CHARLES A. Died April 9, 1916. 

Dawson, GrorGh M. Died March 2, 1901. 

DAWSON, Sir J. WM. 

DERBY, ORVILLE A, 

DRYSDALE, CHAS. W. 

Died Nov. 27, 1915. 

Died July 10, 1917. 

DUTTON, CLARENCE FE. Died Jan. 4, 1912. 

*DwicHt, WM. B. Died Aug. 29, 1906. 

HASTMAN, CHAS. R. Died Sept. 27, 1918. 

*HLDRIDGE, GEORGE H. Died June 29, 1905. 

*HMMONS, SAMUEL FEF. Died March 28, 1911. 

FONTAINE, WM. M. 

*WRAZBER, PERSIFOR. Died April 7, 1909. 

*RULLER, HOMER T. 

Died Nov. 19, 1899. 

Died April 30, 1913. 

*RoOoTE, ALBERT EH. Died October 10, 1895. 

Died Aug. 14, 1908. 

*GILBERT, GROVE K. Died May 1, 1918. 

Giroux, N. J. Died November 30, 1891. 

HaAGurE, ARNOLD. Died May 14, 1917. 

*HALL, CHRISTOPHER W. Died May 10,1911. 

*HALL, JAMES. Died August 7, 1898. 

HATCHER, JOHN B. Died July 3, 1904. 

*Hay, ROBERT. Died December 14, 1895. 

HAYES, C. WILLARD. Died Feb. 9, 1916. 

*HEILPRIN, ANGELO. Died July 17, 1907. 

HILGARD, HuGENE W. Died Jan. 8, 1916. 

HILL, FRANK A. Died July 13, 1915. 

*HITCHCOCK, CHAS. H, Died Nov 7, 1919. 

*HOLBROOK, LEvr. Died July 26, 1922. 

*HOLMES, JOSEPH A. Died July 13, 1915. 

HONEYMAN, DAvID. Died October 17, 1889. 

*HOWELL, HDWIN H, Died April 16, 1911. 

*Hovey, Horace C. Died July 27, 1914. 

Hunt, THomAsS S. Died Feb. 12, 1892. 

*HyatTrT, ALPHEUS. Died Jan. 15, 1902. 

IppDINGS, J. P. Died Sept. 8, 1920. 

IRVING, JOHN D. Died July 26, 1918. 

JACKSON, THOMAS M. Died Feb. 3, 1912. 

*JAMES, JOSEPH F. Died March 29, 1897. 

JULIEN, ALEXIS A. Died May 7, 1919. 

KNIGHT, WILBUR C. Died July 28, 1903. 

Lacor, RaAuepH D. Died February 5, 1901. 

LAFLAMME, J. C. K. Died July 6, 1910. 

LAMBE, L. M. Died March 12, 1919. ~ 

LANGTON, DANIEL W. Died June 21, 1909. 

*LE CONTE, JOSEPH. Died July 6, 1901. 

*LESLEY, J. PETER. Died June 2, 1903. 

LOUGHRIDGE, Rost. H. Died July 1, 1917. 

McCALLry, Henry. Died Nov. 20, 1904. 

*McGrr, W J. Died September 4, 1912. 

Marcy, Ontvpr. Died March 19. 1899. 

MarsH, OTHNIEL C. Died March 18, 1899. 

MELL, P, H. Died October 12, 1918. 

*MERRILL, FRED. J.H. Died Nov. 29, 1916. 

MILLS, JAMES BH. Died July 25, 1901. 
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*NASoN, HENRY B. Died January 17, 1895. 

*NerF, Peter. Died May 11, 1903. 

*NEWBERRY, JOHN S. Died Dec. 7, 1892. 

NILES, WILLIAM H. Died Sept. 12, 1910. 

*ORTON, EDWARD. 

*OSBORN, AMOS O. Died March, 1911. 

*QWEN, RiIcHARD. Died March 24, 1890. 

PENFIELD, SAMUEL L. Died Aug. 14, 1906. 

PENHALLOW, Davip P. Died Oct. 20, 1910. 

Pirsson, L. V. Died Dec. 8, 1919. 

*PLATT, FRANKLIN. Died July 24, 1900. 

PETTEE, WILLIAM H, Died May 26, 1904. 

*POWELL, JOHN W. Died Sept. 23, 1902. 

*PROSSER, CHAS. S. Died Sept. 11, 1916. 

Purpun, A. HH. Died) Deer 12) 1917. 

RoceErs, G. S. Died Nov. 18, 1919. 

*RUSSELL, ISRAEL C. Died May 1, 1906. 

*SAFFORD, JAMES M. Died July 3, 1907. 

*SALISBURY, R. D. Died Aug. 15, 1922. 

*SCHAEFFER, CHARLES. Died Novy. 23, 1903. 

SEELY, H. M. Died May 4, 1917. 

SpNA, J. C. DA COSTA. 
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Died October 16, 1899. 

Died June 20, 1919. 

*SHALER, NATHANIEL S. Died Apr. 10, 1906. 

ANN ARBOR MEETING > 

*SPENCER, J. W. Died July, 1921. 

SAINT JOHN, O. H. Died July 17, 1921. 

SUTTON, WILLIAM J. Died May 9, 1915. 

Tarr, RALPH S. Died March 21, 1912. 

TIGHT, WILLIAM G. Died Jan. 15, 1910. 

*TopD, JAMES E. Died Oct. 29, 1922. 

*Van HisE, C. R. Died Nov. 19, 1918. 

*VOGDES, ANTHONY W. Died Feb. 8, 1923. 

WACHSMUTH, CHAS. Died Feb. 7, 1896. 

WabswortH, M, E. Died April 21, 1921. 

WESTON, THOMAS C. Died July 20, 1910. 

WHITE, THEODORE G. Died July 7, 1901. 

*WHITFIELD, Rost. P. Died April 6, 1910. 

*WILLIAMS, GEORGE H. Died July 12, 1894. 

*WILLIAMS, J. FRANCIS. Died Noy. 9, 1891. 

*WILLIAMS, H. S. Died July 31, 1918. 

WILMOTT, ARTHUR B. Died May 8, 1914. 

*WINCHELL, ALEX. Died Feb. 19, 1891. 

*WINCHELL, NEWTON H. Died May 1, 1914. 

WRIGHT, ALBERT A. Died April 2, 1905. 

*WRIGHT, G. F. Died April 20, 1921. 

YEATES, WILLIAM S. Died Feb. 19, 1908. 

Summary 

Correspondents 

Original 

Membershipte2-i50-3 ae eee 

Deceased Correspondents........... 

Heceased' Hellows:..c).%. ower eee 

5) a) tel ei go falinkw ew le bidet) = © 

PellOWS. ci cathe, acs oe rot oe 

Elected. HevlowS--+ Acer l ee Dee 

ee ey ee rE i es 11 

ee ee ee ay cee 25 

ialdpaiods outs ued nda seat tce ses aed ee 452 

vl owe yd (owes (ake @ Xe) ele) joa) ss ta Co Swe ete hen eee 

Sa, Siesta te’ os outs! atone aya eae ee aca en 123 



BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

VOL. 34, PP. 117-120 MARCH 30, 1923 

PROCEEDINGS OF THE TWENTY-FIRST ANNUAL MEETING 

| OF THE CORDILLERAN SECTION OF THE GEOLOGICAL 

SOCIETY OF AMERICA, HELD AT STANFORD UNIVER- 

SITY, CALIFORNIA, APRIL 29, 1922. 

Austin F. Rogers, Secretary 

CONTENTS 

Page 

SES STE DIE 2g Tell AN Nec efi ARR a eae ao cet eee Pee RS Our ee ee a tp lig 

MEU te ARO LCC TGs HOT POZO a) oN a nesc's slevs-dee Stale susie Alias Aroutolals alate’ « Wace est 118 

Pate Ar MELD MOVIMTS OUTU CE tere ey cect ole nc Sit ica a isa baie, o¥s.e. sucyapebehe SiScglejcses wyerged v\o, 0.6. one 118 

Miocene age of the oil shales at Elko, Nev Ane ie John P. Buwalda 118 

Fauna of the Sooke formation; by B. L. Clark and Ralph Arnold. 118 

Boreal marine fauna from the Upper Oligocene or Lower Miocene 

OL AVIBISIRGD 2 2000) B27 4d Opal OIL Gl oy agi ache i ae ee 118 

Myadesma, a new genus of Pelecypoda from the marine Oligocene 

(OrmbNeaVesE-COmMsce Diy se Wi CLT K 17. oclclokica cancer dete caeee 118 

HKocene venericardia of the west coast; by Marcus Hanna....... 118 

Phylogeny of the genus Agasoma; by H. V. Howe.............. 118 

Verde River lake beds near Clarkdale, Arizona; by O. P. Jenkins. 119 

Erediction of earthquakes; by A. @. Lawson................02. 119 

Pleistocene vertebrates from an asphalt deposit near McKittrick, 

Camtornia: by a. C. Merriam and’ ©. Stock.....:...........-. 119 

Rock floors in arid regions; by Augustus Locke................ 119 

Geological sketch of the Tsin-ling-shan, China; by R. R. Morse... 119 
Morococha minine district; by M. G. Hdwards.................. 119 

Geology of the Alamo mining district, Baja California, Mexico; 

Same erie RING EDTA) ER eee eaten rs ee Mere ua suntan eek Sere eS ee oeke Sw Oo bw cw bore oc me 119 
Rossiple continental lmks: by Bailey Willis: ..:.-...s....<..... 120 

puomi~enent of Nominatimg “Committee. ...... 6.26. .kk cee cee etc ec ce 120 
AJLIMe UTI OIE Roig ece cin'c Bin cky DIO SDI ORO Sib) eae tn rrr 120 

i eremciie Stantord meeting, 1922) 1. boc... be eke ee cece, 120 

SESSION oF APRIL 29 

The twenty-first annual meeting of the Cordilleran Section of the Geo- 
logical Society of America was held in conjunction with the Pacific Coast 
Branch of the Paleontological Society of America and the Le Conte Club. 
at Stanford University, on April 29, 1922. 

(117) 



118 PROCEEDINGS OF THE CORDILLERAN SECTION 

LIST OF OFFICERS FOR 1922 

President, GEoRGE D. LOUDERBACK 

Secretary, Austin F. Rocers 

Councilor, Cyrus F. ToLtMan 

PROGRAM OF PAPERS 

Vhe meeting was called to order at 10.40 a. m. by the President. 

After an informal talk on a skull recently found in the gravel of the 

San Francisquito Creek by Bailey Willis and D. B. Seymour, the follow- 

ing puters were presented in the order indicated: 

MIOCENE AGE OF THE OIL SHALES AT ELKO, NEVADA 

BY JOHN P. BUWALDA 

Paper read from manuscript and illustrated by lantern shdes. Dis- 

cussion by Messrs. Tolman, Lawson, Turner, and Louderback. 

FAUNA OF THE SOOKE FORMATION 

BY B. L. CLARK AND RALPH ARNOLD 

Presented extemporaneously by Mr. Clark. 

BOREAL MARINE FAUNA FROM THE UPPER OLIGOCENE OR LOWER MIOCENE 
OF ALASKA 

BY B. L. CLARK 

Presented extemporaneously. The last two papers were discussed by 

Messrs. Turner, Buwalda, Willis, Tolman, Lawson, and Howe. 

MYADESMA, A NEW GENUS OF PELECYPODA FROM THE MARINE OLIGOCENE 
OF THE WEST COAST 

BY B. L. CLARK 

Read by title. 

EOCENE VENERICARDIA OF THE WEST COAST 

BY MARCUS HANNA 

Presented from notes. Discussion by Messrs. Tolman, Clark, and 

Turner: 

PHYLOGENY OF THE GENUS AGASOMA 

BY HENRY V. HOWE 

Presented extemporaneously. Discussion by Messrs. Willis, Clark, and 

Lawson. 
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The meeting adjourned for lunch, to meet at 2.15 p. m. During the 

noon recess a visit was made to the locality on the San Francisquito 

Creek, near the old Stanford residence, where the skull exhibited by Dr. 

Willis had been found by Mr. Seymour, a student at Stanford University. 

The afternoon session was called to order by the President at 2.30 p. m. 

VERDE RIVER LAKE BEDS NEAR CLARKDALE, ARIZONA 

BY OLAF P. JENKINS 

Read by title. 
PREDICTION OF EARTHQUAKES 

BY A. C. LAWSON 

J 

Paper read from manuscript. Discussion by Messrs. Willis, Brown, 

Townley, Louderback, and Tolman. 

PLEISTOCENE VERTEBRATES FROM AN ASPHALT DEPOSIT NEAR 

MOC KITTRICK, CALIFORNIA 

BY JOHN C. MERRIAM AND C. STOCK 

Paper presented by Mr. Stock. Discussion by Messrs. Tolman, Brown, 

Buwalda, Louderback, and Taff. 

ROCK FLOORS IN ARID REGIONS 

“BY AUGUSTUS LOCKE 

Read by title. 

GEOLOGICAL SKETCH OF THE TSIN-LING-SHAN, CHINA 

BY R. R. MORSE 

Illustrated by lantern slides. Discussion by Mr. Willis. 

MOROCOCHA MINING DISTRICT 

BY M. G. EDWARDS 

Presented extemporaneously as a substitute for the paper on “Chro- 

mite-bearing dunite from Siskiyou County, California,’ which was to 

have been given by Austin F. Rogers. Discussion by Messrs. Tolman 

and Louderback. 

GEOLOGY OF THE ALAMO MINING DISTRICT, BAJA CALIFORNIA, MEXICO 

BY C. F. TOLMAN 

Presented extemporaneously. Discussion by Messrs. Turner, Rogers, 

and Manson. 
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POSSIBLE CONTINENTAL LINKS 

BY BAILEY WILLIS 

Presented extemporaneously. Discussion by Messrs. Turner, Brown, 

Louderback, and Tolman. 

APPOINTMENT OF NOMINATING COMMITTEE 

It was moved (by Willis) and seconded (by Buwalda) that the chair- 

man appoint a Nominating Committee to send out a ballot after the 

meeting. Motion carried. The following Nominating Committee was 

appointed: Messrs. Lawson and Tolman. 

The meeting adjourned at 6.15 p.m. 

ANNUAL DINNER 

The Le Conte Club dinner was held in the Stanford Union. 

REGISTER OF THE STANFORD MEETING, 1922 

FELLOWS 

J. P. Buwabpa W. S. TL. Smiri 

B. L. Chark J. A. Tarr 

A. C. Lawson C: BR, Totacan 

G. D. Loupersack H. W, Turner 

A. F. Rogers B. Winuis 

The following visitors were in attendance: 

S. F. Apams R. R. Morse 

C. W. Brown R. N. NELSonN 

M. G@. Epwanrps G. Nork 

L. A. FausTINo Mrs. Onproyp 

E. L. FURLONG W. H. SHockLey 

S. H. GresTER J. P. SMItH 

M. A. Hanna C. Stock 

H. V. Hower ; H. D. Suruirr 

C. D. Hutu A. W. THomas 

M. C. IsRAELSKY F. G@. TicKeLu 

P. F. Kerr S. D. TownNLEY 

J. B. LEISER D. T. Trask 

R. P. McLavuGHLin — VORBE 

M. Manson —— WALTER 

P. P. MILLER A. V. Wooprorp 
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SESSION OF THURSDAY, DECEMBER 28 

The first session of the Society, announced for 2 p. m. Thursday, De- 

cember 28, was postponed until Friday morning, so that the members 

could attend the symposium on “The Structure and History of Moun- 

tains and the Causes of their Development,” commencing at that time in 

the meeting of the Geological Society of America. The closing hour of 

the morning was devoted to the address of Charles Schuchert, Fellow of 

the Paleontological Society and retirmg President of the Geological 
Society of America. Professor Schuchert’s address, which was intro- 

ductory to the symposium, was entitled “Sites and nature of the North 

American geosynclines.” 

Thursday evening the members met with the Geological Society of 
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America and other affiliated societies in the complimentary smoker ten- 

dered by the University of Michigan at the Michigan Union. 

SESSION oF Fripay, DECEMBER 29 

President Matthew called the Society to order in its fourteenth annual 

meeting, at 9.30 a. m., in the Science Building of the University of Mich- 

igan. After welcoming the members, the report of the Council was read. 

REPORT OF THE COUNCIL 

To the Paleontological Society, in fourteenth annual meeting assembled: 

The Council has held its customary meetings just before and after the 

annual meeting of the Society and has transacted other business by corre- 

spondence. A résumé of the administration of the Society’s business 

during the fourteenth year is given below. 

SECRETARY'S REPORT 

To the Council of the Paleontological Society: 

The Secretary's report for the year ending December 27, 1922, is as 

follows: | 
Meetings.—The proceedings of the thirteenth annual meeting of the 

Paleontological Society, held at Amherst, Massachusetts, December 28-30, 

1921, have been printed in volume 33, number 1, of the Bulletin of the 

Geological Society of America, pages 191-222. 

The Council’s proposed nominations for officers and the announcement 

that the fourteenth annual meeting would be held at Ann Arbor, Mich- 

igan, December 28-30, 1921, as the guest of the University of Michigan, 

was issued March 22, 1922. 

Membership.—The Society has been fortunate in having no loss of 

membership during the year. Five new members have just ‘been elected 

and eight additional nominations are awaiting consideration at the pres- 

ent meeting. This year two of our members have been elected to fellow- 

ship in the Geological Society of America and four Fellows of that Society 

have asked for election to our own. The result of these various changes 

leaves a total number of members at the end of 1922 of 228. 

Publications.—In addition to the Proceedings, four papers by members 

have been published in the Bulletin of the Geological Society of America. 

Respectfully submitted, R. S. Basser, 
’ Secretary. 

WasHiIneton, D. C., December 26, 1922. 
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TREASURER’S REPORT 

To the Council of the Paleontological Society: 

The Treasurer begs to submit the following report of the finances of 

the Society for the fiscal year ending December 23, 1922: 

RECEIPTS 

Cash on hand’ December 24 a07I ee ao. = Sota ome oe ate $672.27 

Membership. fees: 5 ok Scent eee ae Bn ee cine ores eres 297 .30 

interest, Connecticut Savimes “Banke. -.c.seac eso owe emi 24.46 

$994.03 

EXPENDITURES 

Secretary’s office: 

Necretary’s” Allowances. fiat non eee tees $50.00 

Clerical. Work YOaes se Pe Sa a ee 25.00 

Office sempensesciee PW ose ee be ee eee ee 59.3 

$134.30 

Treasurer’s office: 

Treasurer's: HOWANCe sa tae sie oer oot Sey arn eee $25 .00 

POSEALE HS 4.2 Se eS Eee Ne nae home 3.00 

—— 28.00 

Geological Society of America: 

Printin= “prozrams,. ClEehelac ie sisie sateravers Sie $3.45 

RREPTINUS® F's SA a es See ee eee take ata aes 26.06 

———— ._ 29.51 

191.81 

Balance: on hand’ December 23,, 1922.23 ssc. hoe oe we ee $802.22 

Net increase in “fundies se me ee es. ee oe eee $129 .95 

Outstanding) dues’ (1921 Miss 1923. 1d) 7 a et ee ee 36.00 

Respectfully submitted, Ricuarp 8. Lutt, 

Treasurer. 

New Haven, Connecricut, December 23, 1922. 

APPOINTMENT OF AUDITING COMMITTEE 

A committee consisting of W. H. Twenhofel and F. B. Loomis was 

then appointed by the President to audit the Treasurer’s accounts. 

ELECTION OF OFFICERS AND MEMBERS 

President Matthew then announced the results of the ballots for the 

election of officers for 1923 and of new members. 
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OFFICERS FOR 1923 

Tresident: 

T. WayLanp VauGHAN, Washington, D. C. 

First Vice-President : 

W. A. Parks, Toronto, Ontario 

Second Vice-President: 

W. H. Twennoret, Madison, Wis. 

Third Vice-President: 

O. P. Hay, Washington, D. C. 

Secretary: 

R. S. Basster, Washington, D. C. 

Treasurer: 

RicuarpD 8S. Lunt, New Haven Conn. 

Editor: : 

Watrer Grancer, New York City 

NEW MEMBERS FOR 1923 

JOSIAH BripGE, Missouri School of Mines and Metallurgy, Rolla, Missouri. 

JENNIE Doris Dart, 114 High Street, New Haven, Connecticut. 

GrorceE M. En ters, University of Michigan, Ann Arbor, Michigan. 

HANDEL T. Martin, University of Kansas, Lawrence, Kansas. 

GerorGE B. TwitcHELL, 845 Dayton Street, Cincinnati, Ohio. 

The President then called for the following nominations to member- 

ship which had arrived too late for insertion on the printed ballot and 

which had received the approval of the Council: 

HENRY G. CLINTON, Superintendent of Black Mammoth Consolidated Mining 

Company, Manhattan, Nevada. Student of invertebrate paleontology. 

Proposed by E. O. Ulrich and R. S. Bassler. 

Epwarp J. Forres, American Museum of Natural History, New York City. 

Student of invertebrate paleontology. Proposed by Ralph W. Chaney and 

R. S. Bassler. é 

Hepwic T. Kniker, The Texas Company Building, Houston, Texas. M. A., 

University of Texas, 1917. Proposed by Julia A. Gardner and R.S. Bassler. 

Mrs. HELEN MORNINGSTAR LAMBORN, Department of Geology, Ohio State Uni- 

versity. Ph. D. (1921), Bryn Mawr. Proposed by R. S. Lull and R. S. 

Bassler. 
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JOSEPH K. Roperts, Assistant Professor of Geology; Vanderbilt University, 

Nashville, Tennessee. Ph. D., Johns Hopkins University, 1922. Proposed 

by E. W. Berry and R. S. Bassler. 

RicHAarRD W. SMITH, Assistant Geologist, State Geological Survey, Nashville, 

Tennessee. B.S., Massachusetts Institute of Technology, 1921. Proposed 

by E. O. Ulrich and R. S. Bassler. 

WALTER C. TOEPELMAN, Assistant Professor of Geology, University of Colorado, 

Boulder, Colorado. A. B., University of Oklahoma, 1916. Proposed by 

Junius Henderson and R. 8S. Bassler. 

PERCIVAL S. WARREN, University of Alberta, Edmonton, Alberta. B. A., Uni- 

versity of Toronto, 1920. Proposed by W. A. Parks and R. S. Bassler. 

After the qualifications for membership of each one of the above list 

had been presented to the Society, it was moved by Dr. Clarke and sec- 

onded by Professor Twenhofel that the By-Laws be suspended and that 

the Secretary be instructed to cast the vote of the Society for the election 

of these eight new nominations. Motion carried. 

ELECTION OF REPRESENTATIVE ON NATIONAL RESEARCH COUNCIL 

Dr. Matthew then announced that the election of a representative of 

the Society in the Division of Geology and Geography of the National 

Research Council was necessary, as Dr. Vaughan, having just completed 

three years of service in this position, was ineligible for reelection. 

Upon vote by the Society, after motion by Professor Twenhofel, Dr. 

F. H. Knowlton was elected to this position. 

NEW BUSINESS 

The Secretary announced that J. KE. Carman and John L. Tilton, both 

Fellows of the Geological Society of America, wished to be enrolled in 

the membership of the Paleontological Society, and that J. W. Gidley 

and Stanley Smith, just elected to fellowship in the former Society, 

should also be placed on our rolls. Upon motion, it was voted that the 

Society should add these four names to our membership. 

Dr. John M. Clarke moved that, in view of the surplus in the funds 

of the Society, the Secretary’s allowance be increased to $100. Motion 

carried. There being no further business, the reading of papers was 

commenced in general session, with President Matthew in the chair. 

PRESENTATION OF PAPERS 

The first four papers of the program, all illustrated by lantern slides, 

were combined into a single presentation by the author. Discussion by 

Messrs. Parks, Loomis, Matthew, and Troxell followed. 
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THE BURTON DICTYOSPONGE 

BY JOHN M. CLARKE 

(Abstract) 

- This is a hexactinellid, or glass sponge, from a Chemung (Devonian) forma- 

tion at Ripley, Chautauqua County, New York. The specimen described is of 

great size; represents, it is believed, the apertural portion of the individual, 

and, on the basis of other known specimens, it has been restored, the restora- 

tion and original specimen both being in the New York State Museum. The 

restoration gives a length of somewhat more than 10 feet. The sponge belongs 

to the genus Ceratodictya and is probably identical with the species of the 

Chemung formation, C. carpenteriana Hall and Clarke. The original specimen 

was found by Mrs. H. P. Burton in her 103d year. 

RESTORATION OF THE COHOES MASTODON 

BY JOHN M. CLARKE 

(Abstract) 

The Cohoes mastodon was found in a glacial pothole in the Mohawk River 

at Cohoes, New York, in 1865 and its skeleton is in the New York State Mu- 

seum. A careful restoration of this has been made by the most careful and 

exact procedures and constitutes the only known attempt to represent the 

animal in its living state. The restoration was made by Noah T. Clarke and 

Charles P. Heidenrich. 

PYORRH@A IN THE COHOES MASTODON 

BY JOHN M, CLARKE 

(Abstract) 

This skeleton has pathological dentition and erupted but one tooth on the 

left ramus of the mandible. This tooth has an abnormal insertion and a very 

imperfect opposition with the upper molars. As a result, the face of the animal 

is deformed and an osseous lump developed on the proximal surface of the 

mandible. An examination of the tooth and its socket by skillful dentists 

seems to have demonstrated the existence of long-continued pyorrheeal condi- 

tions, with attendant bone necrosis. 

TEMPLE HILL MASTODON 

BY JOHN M. CLARKE 

(Abstract) 

This skeleton was exhumed in 1921 from a truck garden near Temple Hill, 

about four miles west of Newburgh, Orange County, New York. Except for 

the Warren mastodon, the skeleton of which was found not far away, the new 

skeleton is the most complete known, the missing bones being largely a portion 

of the ribs and the upper surface of the cranium, which was destroyed by the 
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plow of the farmer. A notable feature of the skeleton is the evident incurva- 

ture and overlap of the tusks at their extremities, which are beveled, one 

above and one below. in such a manner as to demonstrate that the tusks 

formed an entire circle about the trunk. 

Some of the results of the explorations of the American Museum of 

Natural History in China were presented by President Matthew in the 

following paper: 

PLIOCENE MAMMALS OF SOUTHERN CHINA 

BY W. D. MATTHEW AND WALTER GRANGER 

(Abstract) 

A large collection of skulls, jaws. and bones of fossil mammals was obtained 

by Mr. Granger in the winter of 1921-22 from a locality near Wan-hsien, in 

the province of Sze-chuan. The fauna is of late Pliocene or Pleistoéene age, 

apparently a forest facies. Principal mammals are Stegodon, a rhinoceros 

near R. indicus, a giant tapir, a species of gaur (Bibos), several antelopes and 

large and small Cervide,. a pig, a tiger, Hywna, Aeluropus, Helarctos, Cyon, 

Arctonyx, Viverra, a large bamboo-rat. a rabbit, a large macaque, and a new 

primate, probably allied to the gibbon. <A single molar represents the Chali- 

cotheres. 

In view of the recent activity in work upon the Mississippian forma- 

tions of the Mississippi Valley, the next paper presented by the author 

was of particular interest. Discussion by Messrs. Ulrich, Thomas, and 

Bassler. 

EARLY MISSISSIPPIAN FORMATIONS OF THE TYPE REGION ALONG 

MISSISSIPPI RIVER, IN IOWA, ILLINOIS, AND MISSOURI 

BY RAYMOND C. MOORE 

(Abstract) 

Stratigraphic and faunal studies of the early Mississippian Kinderhook 

group along Mississippi River and in its vicinity, in southeastern Iowa, west- 

ern Illinois, and northeastern Missouri, are the basis for a partial redefinition 

of the group and for the establishment of more definite correlation between 

exposures. 

The carefully studied section at Burlington, Iowa, which is typical of de- 

posits in a faunal province of northern affinities, is believed to include strati- 

graphic equivalents of the formations at Kinderhook, Illinois, and in Missouri, 

the latter representing lithologic and faunal developments which in the main 

are not observed to the north. It appears that the deposits of earliest Missis- 

sippian time in this region are marked by somewhat unusual local variations 

in the character of the sediments laid down and in the distribution of the 

invertebrate faunas. In the lowermost stratigraphic divisions which are here 

regarded as Mississippian there is a prominent faunal element suggestive of 



ABSTRACTS OF PAPERS 129 

the Upper Devonian, but there is a progressive and rapid increase in those 

forms which may be regarded as distinctively Mississippian. In general, the 

Kinderhook is not separated from the overlying Osage formations by an ero- 

sion interval, but the inauguration of a new stratigraphic division is indicated 

by a more or less marked change in lithology and, more importantly, by the 

introduction of faunas which are widely distributed and which in their cosmo- 

politan character contrast strongly with the very provincial Kinderhook faunal 

units. 

Results of field-work in paleobotany and stratigraphy carried on during 

the summer of 1922 under the auspices of the Carnegie Institution were 

outhned by the author of the following paper: 

PALEOBOTANICAL CONTRIBUTIONS TO THE STRATIGRAPHY OF CENTRAL 

OREGON 

BY RALPH W. CHANEY 

(Abstract) 

The Crooked River occupies an area 30 to 50 miles south of the John Day 

Basin, in central Oregon. A comparison of the Crooked River section as ex- 

posed between Prineville and Paulina with that of the John Day Basin indi- 

eates that the sequence of the formations is practically identical. The Crooked 

River section shows several hundred feet of the Clarno formation with a char- 

acteristic Lower Clarno flora, and up to 4,000 feet of the John Day series, 

which carries near its base a flora similar to that of the Bridge Creek locality 

in the John Day Basin. The lavas overlying resemble the Columbia River 

lavas. <A notable feature is the presence of dikes, which extend for over 

twenty miles and appear to connect with the lava flows. The formations over- 

lying the basalt have yielded no fossils as yet, but they show a close lithologic 

similarity to the Mascall and Rattlesnake formations, which are the topmost 

members of the section in the John Day Basin to the north. 

The flora of the John Day series includes over 25 species, most of which are 

present at the Bridge Creek locality of the John Day Basin. Live oaks, birch, 

poplar, elm, maple, sycamore, ironwood, and sequoia are among the more com- 

mon forms. In the main these comprise a typical floodplain assemblage; the 

oaks and poplars suggest ridges on whose dry slopes such xerophytic types 

now live. A relatively high relief is also indicated by the local abundance of 

sequoia, suggesting that during the Oligocene, as today, this moisture-requiring 

form was limited to protected areas on the leeward sides of elevations. The 

temperature and rainfall, as indicated by the flora, suggest a climate like that 

in the north central United States. The recurrence of an identical flora in 

several horizons may indicate the destruction of the earlier forests during 

epochs of volcanic activity and their gradual development during the favorable 

conditions of intervolcanic epochs. 

At 12.30 p. m. the meeting adjourned to the Michigan Union, where 

a complimentary luncheon was served to the members of the various 

scientific societies in attendance. 

ITX—BuLL. Grou. Soc.-AM., Vou. 34, 1922 
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PRESIDENTIAL ADDRESS 

At 2.30 p. m. the members convened to hear the address of Dr. W. D. 

Matthew, retiring President of the Paleontological Society, entitled 

RECENT PROGRESS AND TRENDS IN VERTEBRATE PALEONTOLOGY 

PRESIDENTIAL ADDRESS BY W. D. MATTHEW 

Following the presidential address, the reading of papers in general 

session, with Dr. Matthew in the chair, was resumed. An account by the 

author of new helmet-crested dinosaurs from Alberta, illustrated by 

lantern slides, proved most interesting to all the members. 

NEW SPECIES OF CRESTED TRACHODONT DINOSAUR 

BY W. A. PARKS 

(Abstract) 

The genus Stephanosaurus was established by Lambe for the reception of a 

peculiar helmet-crested dinosaur from Alberta. Brown founded the genus 

Corythosaurus for another type with more pronounced helmet-like crest. 

The expeditions of the University of Toronto into the bad lands of the Red 

Deer River, Alberta, resulted in the discovery of two heads and parts of one 

body of a related form distinctly intermediate between Stephanosaurus and 

Corythosaurus. The new species is described as Stephanosaurus intermedius 

and the opinion is expressed that the three species should be included in the 

one genus, Stephanosaurus. A rather interesting question in priority is in- 

volved. 

The following paper on the paleontology and correlation of the various 

formations of the Richmond group, given by the author, brought forth 

considerable discussion, in which Messrs. Foerste, Parks, Ulrich, Ami, 

Bassler, and Sardeson took part. | 

SOME FAUNAL CORRELATIONS OF THE RICHMOND 

BY W. H. SHIDELER 

(A bstract) 

The “Maquoketa” faunas of northeastern Illinois, eastern Wisconsin, and 

the upper peninsula of Michigan are well represented in Indiana, where they 

are found in strata of the Elkhorn beds. 

These “Maquoketa” faunas constitute a fairly complete recurrence of the 

Fernvale fauna, but have essentially nothing in common with the typical 

Maquoketa of Iowa, Minnesota, and northwestern Illinois. 

The typical Maquoketa was deposited in an embayment which apparently 

never had direct communication with the provinces to the east, and most of 

it is probably younger than anything in the Cincinnati region. 
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A paper on the correlation of Mohawkian formations in Tennessee and 

Kentucky was then presented by the author, who, in outlining the scope 

of his remarks, asked the members to delay judgment upon a recent 

publication on the same subject until further facts had been printed. 

The author then presented many valid reasons for this request. 

RELATIONS AND OVERLAPS OF ORDOVICIAN FORMATIONS IN KENTUCKY 

AND TENNESSEE 

BY E. 0. ULRICH 

President Matthew then, in the few minutes remaining of the after- 

noon session, presented a digest of the following paper: 

STRATIGRAPHY OF THE SNAKE CREEK FOSSIL QUARRIES AND THE 

CORRELATION OF THE FAUNAS 

BY W. D. MATTHEW 

(Abstract) 

The Snake Creek fossil quarries, 20 miles south of Agate, Sioux County, 

Nebraska, were discovered by H. J. Cook and the writer in 1908. They have 

yielded a great quantity and variety of vertebrates of later Tertiary age, 

mostly fragmentary, but including a considerable number of skulls and more 

or less complete skeletons. Mammals, and especially three-toed horses, are 

the most abundant. 

Field observations and study of the collections indicate that three distinct 

faunas are represented and a fourth less clearly distinguishable, as follows: 

74. Pliohippus leidyanus zone (doubtful) : ? Lower 

3. Hipparion affine zone: Pliocene. 

2. Merychippus paniensis zone: Late Middle or Upper Miocene. 

1. Merychippus primus zone: Karly Middle Miocene. 

The pockets from which the great bulk of the material has come are chan- 

nel-beds excavated in and partly contemporary with fine-grained muddy sand- 

stones, to which the name of Sheep Creek beds was applied when first found. 

These appear to be back-water sediment corresponding in age to horizons 1 

and 2 of the channel-bed series. No back-water facies has been recognized for 

the Pliocene channel-beds (No. 3). These are overlain by eolian dune-sands, 

which constitute the. top of the formation and are considerably compacted 

near the old surfaces. These eolian beds contain a scanty Pliocene fauna, 

doubtfully separable from No. 3. 

The American Museum Expedition of 1922 secured a large collection from 

the channel-bed facies of the M. primus zone. 

At 5.80 p. m. the Society adjourned until the following day. 

Friday evening, at 7 o’clock, at the Michigan Union, the members at- 

tended the annual dinner of the Geological Society of America and 

affiliated societies. 
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SESSION OF SATURDAY, DECEMBER 30 

At 9.30 Saturday morning the Society met in general session, with 

President Matthew in the chair. The first paper of the program was 

illustrated by the recently completed geologic map of the Franklin 

quadrangle in central Tennessee and by lantern slides. 

EMBAYMENTS AND OVERLAPS IN CENTRAL TENNESSEE 

BY R. S. BASSLER 

(Abstract) 

On account of incomplete knowledge, paleogeographic maps can seldom be 

made with great accuracy. By a combination of the Columbia folio map of 

Hayes and Ulrich and the geological map of the adjoining Franklin quadrangle, 

just completed by the writer, the geology of a considerable area in central Ten- 

nessee is now available in much detail and the distribution of the formations 

can be plotted in the form of paleogeographic maps. Such maps show that 

certain formations, as the Richmond, Brassfield, and New Providence, occupy 

embayments in the old Nashville dome, while the Lowville, Leipers, Bigby, 

Cannon, and other formations show broad overlaps generally to the east or to 

the west, caused probably by oscillation of the area. 

Convincing data as to the Richmond age of the Arnheim formation of 

the Ohio Valley, hitherto believed by some to belong to the Maysville 

group of the Ordovician, were presented in the following paper, which 

was discussed by various members of the Society: 

THE BASAL RICHMOND OF THE CINCINNATI PROVINCE 

BY W. H. SHIDELER 

(Abstract) 

The top of the Maysville (Mount Auburn) is everywhere, in Ohio, Indiana, 

and Kentucky, separated from the base of the Richmond (Arnheim) by eyvi- 

dences of a stratigraphic break. This appears to be due merely to a cessation 

of deposition, as there is nowhere in the Cincinnati province any evidence of 

post-Maysville and pre-Richmond erosion. 

In Ohio and Indiana the fauna of the lower or Sunset subdivision of the 

Arnheim seems, on superficial examination, to consist of a distinct Maysville 

element (largely recurrent Corryville), plus a Richmond element. Upon close 

examination the recurrent Corryville forms are found to be mostly undescribed 

species. The Richmond element appears, not at the Dinorthis carleyi zone in 

the middle, but at the base. Here it appears everywhere except in the more 

southern exposures in Kentucky, where the strata are largely barren of fossils. 

President Matthew then presented for the author an abstract of three 

papers dealing with problems in vertebrate paleontology, as follows: 
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CARNIVOROUS SAURISCHIA IN EUROPE LATER THAN THE TRIAS 

BY F. VON HUENE 

CONTRIBUTION TO THE VOMER-PARASPHENOID QUESTION 

i BY F. VON HUENE 

LINES OF PHYLETIC AND BIOLOGICAL DEVELOPMENT OF THE 

ICHTHYOPTERYGIA. 

BY F. VON HUENE 

- 

A paper on the fauna found in the sandstone making the rim of Goshen 

Hole, Wyoming, showing its relation to the Leptauchenia beds elsewhere 

was given by the next speaker and a spirited discussion of the subject 

followed. 

MIOCENE BEDS ABOUT GOSHEN HOLL, WYOMING 

BY F. B. LOOMIS 

A preliminary notice concerning some ostracoderm remains found in 

shale associated with the Monroe formation in Ohio was the subject of 

the next paper, in which the author pointed out clearly and illustrated 

by lantern shdes the relation of the material to the described genera of 

ostracoderms of America and Great Britain and discussed the stratig- 

raphy of the occurrence. Further discussion by Messrs. Tilton and 

Bassler. 

PRELIMINARY REPORT CONCERNING SOME NEW OSTRACODERMS FROM OHIO 

BY J. E. CARMAN 

An explanation of the origin of the many growth layers found in such 

fossil organisms as stromatoporoids, bryozoa, and certain corals was sug- 

gested in the next paper, which was illustrated by lantern slides. 

THE PROBLEM OF FOSSIL MULTILAMELLAR INVERTEBRATES 

BY R. S. BASSLER 

(Abstract) 

In the course of studies upon Cretaceous multilamellar cyclostomatous 

bryozoa by F. Canu and the writer, it was discovered that the various super- 

posed lamellz originated in certain tubes which proceeded unchanged from 

the preceding lamella and which by their proliferation gave rise to all the 

surrounding cells of the same layer of .zooecia. These generative tubes occur 

at stated intervals and mark off the surface in more or less regular areas of 

growth. It is suggested that the monticules and macule of Paleozoic bryozoa 
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originated in some such way and that other multilamellar organisms owe their 

growth to similar methods. 

An account of American rhinoceroses and the evolution of one genus, 

well illustrated by lantern shdes, was next presented by the author. Dis- 

cussion by Messrs. Loomis and Matthew. 

AMERICAN RHINOCEROSES AND THE EVOLUTION OF DICERATHERIUM 

BY E. S. TROXELL 

(Abstract) 

Scarcely any animal seems more exotic to America than does the rhinoceros. 

Limited at present to Asia and Africa, we have every reason to believe that 

they originated in America. In our own continent we can trace the line or 

lines of descent from Hyrachyus and allied forms of the middle Eocene through 

to the Pliocene, where the family becomes extinct. Horns were developed in 

the early Miocene, but their incipient beginning is noted in the Eocene. Dicera- 

therium, the “two-horned beast” described by Marsh, is clearly related to 

Canopus, and by eradual steps its change from that genus can be traced until 

it reached its splendid development in the late Oligocene. This alone offers 

convincing proof of the law of evolution. 

The following papers were then read by title: 

PRESENT STATUS OF THE OZARKIAN AND CANADIAN SYSTEMS 

BY E. 0. ULRICH 

MARINE EOCENE HORIZONS OF WESTERN NORTH AMERICA 

BY BRUCE CLARK 

SOOKE FORMATION OF SOUTHERN VANCOUVER ISLAND 

BY BRUCE CLARK AND RALPH ARNOLD 

EVOLUTION OF STROPHEODONTA DEMISSA (CONRAD) IN THE SNYDER 

CREEK SHALES OF MISSOURI 

BY E. B. BRANSON AND JAMES S. WILLIAMS 

(Abstract) 

The evolution discussed in this paper took place while 30 feet of shales were 

being deposited. At the base of the Snyder Creek shales Stropheodonta de- 

missa (Conrad) showed variational tendencies in the following directions: 

toward long hingeline and short hingeline; thick shell and thin shell: great 

convexity and flatness: fine plications and coarse plications; strongly project- 

ing umbo and retreating umbo: narrowness and great width; well developed 

fold and sinus. 
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The following species evolved: 8S. callawayensis Swallow: Shell thick, 

coarsely plicate, hinge longer than greatest width of shell. S. boonensis Swal- 

low: Shell thick, coarsely plicate, strongly convex. S. equicostata Swallow: 

Shell thin, hinge shorter than greatest width of shell, finely plicate. S. cym- 

biformis Swallow: Shell thin, hingeline very short, finely plicate, umbo pro- 

jecting prominently behind hingeline. S. inflera Swallow: Shell thick, hinge- 

line shorter than greatest width of shell, umbo projecting prominently behind 

hingeline. S. navalis Swallow: Shell thick, coarsely plicate, very convex, im- 

perfectly developed carinate fold. 

The University of Missouri has more than 2,000 specimens of Snyder Creek 

stropheodonts and series have been arranged showing minute variations from 

S. demissa (Conrad) to each of the species listed above. The intermediate 

grades are rare, while there are large numbers of the typical forms. 

All of the new species disappeared before 50 feet of Snyder Creek shales 

had been deposited. 

The Society then adjourned. 
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SESSION oF THURSDAY, DECEMBER 28 

The second annual meeting of the Society of Economic Geologists was 
held at Ann Arbor, Michigan, December 28-30, 1922, simultaneously 
with the meetings of the Geological Society of America. : 

SESSION OF Fripay, DecEMBER 29 

The session of Friday was called to order by President Waldemar 
Lindgren. 

ELECTION OF OFFICERS FOR 1923 

The election of officers for 1923 was declared to have resulted as 
follows: 

President, J. E. Spurr 

Vice-President, ANDREW C. Lawson 
Councilors, 1923-1924, Ratpu Arnoxp, L. C. GRATON, and 

WILLET G. MILLER 

PRESENTATION OF PAPERS 

The following papers were presented during the meeting: 
(143) 
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1. THE HOMESTAKE OREBODY 

BY SIDNEY PAIGE 

Discussed by Messrs. Spurr, Runner, Lindgren, and U. 8. Grant. 

2. CRITERIA BY WHICH TO DETERMINE THE DIRECTION OF FAULTS 

BY BAILEY WILLIS 

Discussed by Messrs. Spurr, Paige, Hotchkiss, Lindgren, and Kemp. 

3. STRUCTURAL FEATURES EXHIBITED BY THE QUARTZITES IN THE LEAD 
REGION, SOUTH DAKOTA 

BY J. J. RUNNER 

Discussed by Messrs. Spurr, Paige, Lindgren, and U. 8. Grant. 

4. GEOGRAPHIC DISTRIBUTION OF ORE DEPOSITS IN AUSTRALIA 

BY E. C. ANDREWS 

Read by title. 

5. CONCENTRATION AND CIRCULATION OF THE ELEMENTS FROM THE 
STANDPOINT OF ECONOMIC GEOLOGY 

PRESIDENTIAL ADDRESS BY WALDEMAR LINDGREN 

6. NATIVE COPPER DEPOSITS OF MICHIGAN? 

BY L., C2 (GRATON 

Discussed by Messrs. Graton, Kemp, Seaman, Leith, Lane (read ex- 

tract of his report, read extract of Jaggar, and spoke), Lawson, Leith, 

Grout, Leith, Bateman, Lewis, Butler (in rebuttal), Wells, Hotchkiss, 

Bayley, Butler, Wright, Bayley, Wright, Lane, and Graton. 

7. SOLVENTS AND PRECIPITANTS OF METALLIC COPPER 

BY ALFRED C. LANE? 

Discussions same as number 6. 

8S. CHEMICAL SUGGESTIONS CONCERNING THE ORIGIN OF LAKE SUPERIOR 

COPPER ORES 

BY R. C. WELLS? 

Discussions same as number 6. 

1 Presented by courtesy of Geological Department, Calumet and Hecla Mining Company. 

2Introduced by B. S. Butler. 

3 Introduced by B. S. Butler. 
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9. SOME CONSIDERATIONS RELATING TO THE ORIGIN AND HISTORY OF THE 

LAKE SUPERIOR SYNCLINE 

BY W. O. HOTCHKISS 

. Discussions same as number 6. 

10. MAGNETIC SURVEYING ON THE COPPER-BEARING ROCKS OF WISCONSIN 

BY HENRY R. ALDRICH + 

Discussions same as number 6. 

11. NATIVE COPPER DEPOSITS OF THE SOUTHERN ATLANTIC STATES AS 
COMPARED ESPECIALLY WITH THOSE OF MICHIGAN 

BY THOMAS L. WATSON. 

Read by title. 

12. GENETIC COMPARISON OF THE MICHIGAN AND BOLIVIAN COPPER 
DEPOSITS 

BY JOSEPH T. SINGEWALD, JR. 

Read by E. B. Mathews. 

13. SIMILARITIES AND CONTRASTS BETWEEN NATIVE COPPER DEPOSITS OF 

NEW JERSEY AND OF MICHIGAN 

BY J. VOLNEY LEWIS 

Discussions same as number 6. 

SESSION OF SATURDAY, DECEMBER 30 

PRESENTATION OF PAPERS 

14. MOTHER PLANTS OF PETROLEUM 

BY DAVID WHITE 

15. CORRELATION OF OIL-BEARING ROCKS IN COLORADO AND WYOMING 

BY WILLIS T. LEE 

16. CAPILLARY RELATIONS OF OIL AND WATER 

BY (C. W. COOK 

Discussed by O. E. Meinzer. 

* Introduced by W. O. Hotchkiss. 

X—BuULL. Grou. Soc. AM., VoL. 34, 1922 
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17. RGAD MATERIALS INVESTIGATION IN WISCONSIN 

BY E. F. BEAN 

Discussed by W. A. Nelson. 

18. SUGGESTED EXPLANATION OF THE HIGH FERRIC [RON CONTENT OF 

LIMESTONE CONTACT ZONES 

BY B. S. BUTLER 

19. AN EFFECT OF CLIMATIC CHANGE ON THE SUPERFICIAL ALTERATION OF 

ORE DEPOSITS 

BY HENRY H.. KNOX 

Read by title. 

20. TITANIFEROUS IRON ORES OF WESTERN NORTH CAROLINA 

BY W. S. BAYLEY 

Discussed by H. S. Washington. 

21. PRIMARY CHALCOCITE, BRISTOL COPPER MINE, CONNECTICUT’ 

BY ALAN M. BATEMAN 

Discussed by Messrs. Lewis and Graton. 

22. A SOURCE OF PRESSURE FOR ORE FORMATION 

BY L. C. GRATON 

Discussed by Messrs. Lawson, Bowen, Wright, Larsen, and Spurr. 

23. MAGNETITE PEGMATITES IN NORTHERN MINNESOTA 

BY FRANK F. GROUT 

Discussed by Messrs. Miller, Wright, Lane, and Lawson. 

24, LADDER VEINS IN MINNESOTA 

BY FRANK F. GROUT 

Discussed by Messrs. Miller, Wright, Lane, and Lawson. 

25. ROCK ALTERATION IN CONTACT WITH SULPHIDES AT SUDBURY, 

ONTARIO 

BY ALFRED WANDKE AND ROBERT HOFFMAN ” 

5 Introduced by L. C. Graton. 
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SESSION OF FripAy, DECEMBER 29 

The Mineralogical Society of America held its third annual meeting 

at the University of Michigan, Ann Arbor, Michigan, on December 29, 

1922, in affiliation with the Geological Society of America. The meeting 

in the Mineralogical Lecture Room was called to order at 9.30 a. m. by 

President Thomas L. Walker. In the absence of the retiring Secretary, 

Herbert P. Whitlock, it was moved, seconded, and carried that Frank R. 

Van Horn act as Secretary pro tempore. 

On motion of the Secretary, the reading of the minutes of the last 

annual meeting was dispensed with, in view of the fact that they have 

been printed on pages 45-50 of volume 7, number 3, of the American 

Mineralogist. 

ELECTION OF OFFICERS AND FELLOWS FOR 1923 

The Secretary announced that 64 ballots had been cast for the officers 

for 1923, as nominated by the Council, and that the list was elected. It 

is as follows: 
(147) 
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President, Epaar T. WHERRY 

Bureau of Chemistry, Washington, D. C. 

Vice-President, GEoRGE F. Kunz 

New York City 

Secretary, FRaNK R. Van Horn 

Case School of Apphed Science, Cleveland, Ohio . 

Treasurer, ALBERT B. PEcK : 

University of Michigan, Ann Arbor, Mich. 

Editor, Watter F. Hunt 

University of Michigan, Ann Arbor, Mich. 

Councilor, Esper S. LARSEN 

U. 8S. Geological Survey, Washington, D. C. 

The Secretary also reported that the Council had elected the following 

Fellows: 

ALFRED ScHOEP, Professor of Crystallography and Mineralogy. University of 

Ghent, Belgium. 

W. L. Ucetow, Professor of Mineralogy and Petrology, University of British 

Columbia, Vancouver, B. C. 

FRANK A. WILDER, North Holston, Virginia. 

WASHINGTON A. ROEBLING, Trenton, New Jersey. 

Epwarp F. HoLtpen, University of Michigan, Ann Arbor, Mich. 

REPORT OF THE SECRETARY 

The Secretary reported that the roll of the Society now comprises 69 

Fellows and 167 members, a gain of 3 Fellows and 12 members for the 

year. 

REPORT OF THE TREASURER 

The Treasurer read his report for the year. On motion, an Auditing 

Committee, consisting of Dr. KE. T. Wherry and Prof. A. L. Parsons, was 

appointed by the President. This committee, at a later session, reported 
that they found the books of the Treasurer correct. 

REPORT OF THE EDITOR 

The Editor reported an increase in the size of the American Mineral- 

ogist of 21.5 per cent for the year 1922. Of the 214 pages comprising 
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volume 7, 59.1 per cent of the space was devoted to original articles, 22.5 

per cent to proceedings of societies, notes and news, and book reviews, 

leaving 18.3 per cent for new minerals and abstracts. 

REPORT OF THE COMMITTEE ON THE NOMENCLATURE AND CLASSIFICATION 

OF MINERALS 

Prof. Thomas L. Watson, chairman of the committee, read a lengthy 

report. It was moved to issue the latter part of this report to the mem- 

bers of the Society for criticism and comment. 

It was moved by Prof. E. H. Kraus, also seconded .and carried, that 

the Society extend a vote of thanks to the committee for its efforts during 

the past two years. 

GREETINGS TO PROFESSORS GROTH AND GOLDSCHMIDT 

It was moved, seconded, and carried that the greetings of the Society 

be extended to Professors Paul Groth and Victor Goldschmidt on the 

approaching anniversaries of their 80th and 70th birthdays. 

PRESENTATION OF PAPERS 

The presentation of scientific papers was then taken up as follows, 

according to the program: 

PROGRESS OF MINERALOGICAL METHODS 

PRESIDENTIAL ADDRESS BY THOMAS L. WALKER 

POSSIBLE SOURCE OF METALLIC SULPHIDES IN LIMESTONE 

BY ALEXANDER H. PHILLIPS 

MINERALOGRAPHY AS AN AID TO MILLING 

BY ELLIS THOMSON 

Read by A. L. Parsons. 

FORMATION OF KAOLIN AT MODERATE DEPTHS 

BY A. L. PARSONS 

HISINGERITE FROM DELAWARE 

BY ALFRED C. HAWKINS 

CATAPELHUTE FROM MAGNET COVE 

BY W. F. FOSHAG 

Read by E. T. Wherry. 
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COMPOSITION OF THOMSONITE 

BY EDGAR T. WHERRY 

VOLUME ISOMORPHISM IN THE SILICATES 

BY EDGAR T. WHERRY 

URANITE GROUP: AUTUNITE, CARNOTITE, SINCOSITE, ETCETERA 

BY W. T. SCH ALER 

Read by Frank R. Van Horn. 

USE OF PROJECTION APPARATUS IN TEACHING CERTAIN PHASES OF 

MINERALOGY 

BY EDWARD H. KRAUS 

OCCURRENCE OF LEUCITE IN THE ALBAN HILIS 

BY HENRY S. WASHINGTON 

CRYSTALLOGRAPHY AND OPTICAL PROPERTIES OF A URANIUM MINERAL 

(SCHOEPITE), FROM THE CONGO 

BY T. L: WALKER 

ELLSWORTHITE, NEW HYDROUS URANIUM COLUMBATE FROM HYBLA, 

HASTINGS COUNTY, ONTARIO 

BY T. L. WALKER AND A. L. PARSONS 

VANADIUM DEPOSITS OF THE SOUTHWEST AFRICAN PROTECTORATE 

BY CHARLES PALACHE 

DIAMOND MINES OF SOUTH AFRICA 

BY CHARLES PALACHE 
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INTRODUCTION 

It was in 1903 that the writer printed his first paleogeographic map, 

and seven years later that the Geological Society of America did him the 

great honor of publishing fifty-two such maps of North America. Since 

then, as stratigraphers have brought to ight new data, today from Alaska 

and tomorrow, perhaps, from Mexico, these maps have been altered to 

record the new finds, and their number has increased until they now 

represent one hundred and fifteen formations, beginning with the earliest 

Cambrian. It is, therefore, a pleasure for the writer to bring before the 

same Society that fourteen years ago listened to the initial presentation 

of these North American maps the broader conclusions that have crystal- 

lized out of their study during the intervening years. 

The synthesis of my studies may be expressed in the words of another 

presidential address, namely, that of Le Conte, given in 1897.2 Nearly 

all of the processes of nature visible to us, he said, derive their forces 

from the sun. Currents of air and water in their eternally recurring 

cycles are a circulation driven by the sun. Plants derive their forces 

directly, and those of animals indirectly through plants, from it. To this 

> Joseph Le Conte: Earth-crust movements and their causes. This Bulletin, vol. 8, 

pp. 113-114. 
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almost universal law there is but one exception, namely, the internal 

forces of the earth. 

“Thus, then, all geological agencies are primarily divided into two groups. 

In the one group come atmospheric, aqueous, and organic agencies, together 

with all other terrestrial phenomena which constitute the material of science; 

in the other group, igneous agencies and their phenomena alone. The forces 

in the one group are exterior; in the other, interior; in the one sun-derived ; 

in the other, earth-derived. The one forms, the other sculptures, the earth’s 

features. . . . The general effect of the one is to increase the inequalities of 

the earth’s surface, the other to decrease and finally to destroy them. 

All that constitutes physical geography at any geological time is determined 

by the state of balance between these two eternally antagonistic forces.” 

It is now well established that the geologic history of the earth is 

cyclic in its nature, cyclic in that the periods have (1) long intermediate 

times when the lithosphere undergoes peneplanation and warping move- 

ments comprehended under the term epeirogenic, and (2) shorter closing 

epochs when the earth’s outer shell is locally folded into mountains, the 

orogenic times.. During the intermediate times, organic evolution is al- 

most static (biostatic), but is quickened in the cooler and drier orogenic 
epochs. The times of lesser crustal folding occur toward the close of the 

periods, and when the diastrophism is world-wide, as toward the close of 
the eras, then the, life of the earth passes through critical or revolutionary 

times, with quickened evolution and vanishing of the overspecialized 

stocks. 

The cause of the cyclic changes in the surface of the earth is to be 

sought in the variable tensions in, and the elasticity of, the lthosphere. 

These are brought about by radial shrinkage, or the contraction energies. 

‘The tensions are of slow accumulation during the epeirogenic times, and 

they give way to crustal movements during the orogenic epochs of com- 

pensation. 

RIsE OF THE THEORY OF GEOSYNCLINES 

GENERAL DISCUSSION 

The unraveling of American geology began in earnest with the or- 

ganization of the State Survey of Massachusetts in 1830, and in 1836 

that of New York, the State destined to be the court of last resort in 

Paleozoic stratigraphy. Merrill tells us in his comprehensive “Contri- 

butions to the history of American geology” that during the decade 1830- 

1839 official surveys were organized by no fewer than fifteen States, and 

national ones carried on by Owen and Featherstonhaugh in the Missis- 

sippi Valley. During the next twenty years eleven other State surveys 
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came into being, besides the path-finding Federal ones of Foster and 

Whitney in the Lake Superior country, and the railway surveys across 

the Rocky Mountains of Emory, Marcy, Pope, Ives, Newberry, and 

Macombe. The stratigraphic results of these many and widely spread 

‘geologic and geographic efforts stand recorded chiefly in the work of 

Hall, Vanuxem, and Emmons in New York and elsewhere, of Hitchcock 

in New England, of the brothers Rogers in Pennsylvania and Virginia, 

of Safford in Tennessee, of Owen in the Mississippi Valley, and of Daw- 

son and Logan in Canada. 

In the matter of mountain origins, the path was blazed first by the 

Rogers brothers and later by James Hall, followed by James D. Dana 
and Joseph Le Conte. The area of their generalizations was chiefly the 

Appalachian Mountains, extending from Tennessee through the Vir- 

ginias, Pennsylvania, New York, Vermont; thence northeast through 

Quebec to Gaspé. As early as 1842 the Rogers brothers offered an ex- 

planation, not only for the structure of the Appalachians, but for their 

causes as well, though H. D. Rogers did not see his epochal “Final Reports 

on Pennsylvania” published until 1858. 

The pioneer theory of mountain-making which is of most interest to 

us at present, however, was that of James Hall, first formulated in his 

presidential address on the “Geological history of the North American 

Continent,” before the American Association, at Montreal, in 1857—ac- 

cording to J. M. Clarke, Hall’s “most notable performance in philosoph- 

ical geology,” having “‘all the exciting interest of novelty.” This address 

had to do with the procedure of mountain-making and continental uplift. 

“Tt was a carefully thought out course of argument,” continues Clarke ; 
“but obviously Hall presented it with tentative caution and some degree 

of timidity—at all events, with entire absence of finality—for he would 

not permit its publication in the usual way in the next year’s volume of 

the Association’s proceedings.” ® 

In the meantime Hall hinted at his ideas in the “Geology of Iowa” 

(1859), and set them forth more in detail in the third volume of the 

“Paleontology of New York,” published in 1861. Even after reading 
this more extended account, however, one gets no such clear mental pic- 
ture of Hall’s theory as in the original statement of 1857, first published 
in 1883.* Hall’s views are not yet altogether clear, and it is therefore 
no wonder that “the geologists went away from Montreal shaking their 
heads,” and that shortly afterward Hall was told by Dana that he had 

*J. M. Clarke: James Hall, of Albany, geologist and paleontologist, 1921, p. 325. 
*James Hall: Contributions to the geological history of the American continent. 

Proc. Amer. Assoc. Ady. Sci., vol. 31, pp. 29-69. 
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developed “a theory of mountains with the origin of mountains left out.” 

To this Le Conte added that Hall left “the sediments just after the whole 

preparation had been made, but before the actual mountain formation 

has taken place.” ° 

- Hall’s ideas of mountain origin, as we see his theory now, refer rather 

to mountains of sculpture, since he held that their internal structure was 

impressed upon them during the time of their sedimentary accumulation. 

“Tt is certainly one of the great glories of American geology to have 

clearly shown by the study of the Appalachian chain the immensity of 

the work of erosion, and that the present sculpture owes its origin to this 

cause alone.” ® 

HALL’S THEORY OF SYNCLINES AND CRUSTAL FOLDING 

Putting together all of Hall’s various statements, his theory as to the 

making of the Appalachian Mountains is briefly as follows: 

Mountains occur only in areas of greatest sedimentary accumulation, 

and never where formations are thin. Where the strata are thickest, 

there they accumulated in shallow seas, and the whole subsiding area, 

whether the sinking was gradual or periodic, always remained shallow. 

A northeastern ocean, spreading southwestward into Canada and the 

United States, gathered the detritals of Laurentia, and more especially 

of Appalachia, and laid them down along the northwestern side of the 

latter land, where the currents were strongest. This interior ocean, as 

he called it, extended westward to the Rocky Mountains. In the Appa- 

lachian seaway, he said, the Paleozoic formations are possibly ten times, 

and certainly six times, thicker than the equivalent deposits of the same 

seas In the Mississippi Valley. In consequence the area of greatest sedi- 

mentary accumulation formed a very long and comparatively narrow 

mass of stratified rock having eventually the general structure of a vast 

and very deep syncline that lay closely adjacent to an eastern land which 

rose periodically in compensation for the sinking syncline. 

During the accumulation of the sediments in the syncline, according 

to Hall, the bottom strata would gradually become stretched and rent 

with fractures, while from time to time in the upper or younger deposits 

a folding movement would take place, making land areas which sooner or 

later were eroded to sealevel and may or may not have become buried 

beneath subsequent seas. 

Hall distinctly stated that the folding of strata seemed to him to be 

®* Joseph Le Conte: On the formation of the features of the earth surface. Amer. 

Jour. Sci. (3), vol. 5, 18738, p. 450. 

6 Le Conte: Op. cit., p. 451. 
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me “a very natural and inevitable consequence of the process of subsidence.’ 

He denied “the influence of local elevating forces and the intrusion of 

ancient or plutonic formations beneath the line of mountains, as ordi- 

narily understood and advocated.” He goes on to say :* 

“The sinking down of the mass produces a great synclinal axis; and within 

this axis, whether on a large or small scale, will be produced numerous smaller 

synclinal and anticlinal axes. . . . I hold, therefore, that it is impossible 

to have any subsidence along a certain line of the earth’s crust, from the ac- 

_ cumulation of sediments, without producing the phenomena which are observed. 

in the Appalachian and other mountain ranges.” 

According to Hall, therefore, the internal structure of folded moun- 

tains was made during the accumulation of the strata in compensation: 

for differential movements of the formations while they were sinking, 

and not through lateral thrusting of an eastern inwardly moving land. 

It further appeared to him that folding had contributed nothing to the 

altitude of mountains. Later on, however, the loaded and folded marine: 

area was subjected to continental elevation in a vertical direction (epeiro- 

genic), and the elevating was highest in the area of thickest sedimentary 

accumulation. 

Hall did not say why the continent was vertically elevated, since his: 

views were not a theory of mountain-making, but he held that “mountain 

ranges were coincident with lines of great sedimentary accumulation,” 

and that “this accumulation of sediments, with its subsidence and conse- 

quent folding and plication and the subsequent elevation of the mass and 

erosion of the anticlinals, had shaped the mountains.” Further, “that 

the mountain elevations were never equal to the vertical thickness of the 

strata composing them. I intended to imply that mountain elevation 

was due to sedimentary accumulation and subsequent continental eleva- 

ion? * 

DANA ON GEOSYNCLINES, SYNCLINORIA, AND ANTICLINORIA 

It is apparent from the above that the theory of geosynclines, as we 

now hold it, had its inception in the idea of trough or syncline areas of 

sedimentation as set forth in 1857 by Hall. This was, according to Dana, 

“the first statement of this grand principle in orography.” Then the 

theory lay more or less dormant until 1873, when Dana showed? that the 

great subsidences of the globe have not been made by the gravity of ac- 

7 Paleontology of New York, vol. 3, 1861, p. 70. 

8 James Hall: Proc. Amer. Assoc., vol. 31, 1883, p. 68. 

9James D. Dana: On some results of the earth’s contraction from cooling, including” 

a discussion of the origin of mountains, and the nature of the earth’s interior. Amer. 

Jour. Sci. (3), vol. 5, pp. 423-443; vol. 6, pp. 6-14, 104-115, 161-172. 



RISE OF THE THEORY OF GEOSYNCLINES 7 

cumulating sediments, an explanation which, he states, is “wholly at 

variance with physical law.” It was at this time that Dana introduced 

the term geosynclines for what Hall had called synclines, because they 

do not have the simple synclinal structure, but are made up rather of 

“many true or simple synclinals as well as anticlinals.” The mountain 

system that eventually rises out of a geosyncline, Dana at the same time 

called a synclinorium. In other words, synclinorial mountains arise sub- 

sequently, through folding due to lateral compression, out of the strata 

of a geosyncline. 

“The term thus introduced by Dana has, unfortunately, been diverted from 

its original meaning and applied to a general syncline Compounded of minor 

folds and contrasted with anticlinorium. It has thus become a term of struc- 

ture, and the related idea of mountain-making, which the name expresses, has 

been relegated to a subordinate position, or entirely left out.” * 

“The geosynclinal ranges or synclinoria have experienced in almost all cases, 

since their completion, true elevation through great geanticlinal movements, 

but movements that embraced a wider range of crust than that concerned in 

the preceding geosynclinal movements—indeed, a range of crust that comes 

strictly under the designation of a polygenetic mass.” In other words, ‘‘Moun- 

tain chains are combinations of synclinoria and of anticlinorian elevations.’ % 

Dana in 1895 says further :” 

“The great facts to be explained in a theory of mountain-making relate (1) 

to the preparatory geosyncline or trough and its load of strata for the moun- 

tain structure; (2) to the mountain-making events—the upturning, flexing, 

and faulting of the strata, and all other effects of the movements in progress. 

On any theory of origin, such mountain ranges are synclinoria, as they have 

been termed by the author, from the Greek for syncline, and épos, mountain, 

they having had their beginning, as first recognized by Hall, in a preparatory 

geosyncline of accumulation. The geosyncline occupied the area of the future 

mountain range.” 

TRO KINDS OF GEOSYNCLINES IN NORTH AMERICA 

Just as there are several categories of geanticlines, so there are at least 

two types of geosynclines, some (1) with comparatively short and simple 

histories, like the Acadian and Saint Lawrence troughs, or with longer 

histories, like the Franklinian; and (2) others, very extensive in time 

and space, having undergone long and complicated evolutions, as did the 

Appalachian and Cordilleran (see maps, figures 1 and 3). 

In America, where the theory of geosynclines arose, the idea is typified 

by the structure of the Appalachian-Allegheny area, and it is admitted 

107. V. Pirsson: Text-book of geology, Pt. I, Physical geology, 2d ed., 1920, p. 306. 

1i Dana: Op. cit., pp. 432, 171. 

122 Dana: Manual of geology, 4th ed., p. 380. 
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by every one, at least tacitly, that this geosyncline has always been a part 

of the North American continent. In other words, the Appalachian geo- 

syncline has never been a part of the oceans or mediterraneans, nor does 

it, like the mediterraneans, lie between continents (see page 194). Fur- 

thermore, as the loading of this geosyncline did not make it subside, it 

follows that there must have been another crustal element orogenetically 

connected with it. This was, of course, the outer, mobile, progressively 

rising borderland, Appalachia, which finally became a highly elevated 

anticlinorium, delimiting the Appalachian geosyncline on the west and 

shedding into it most of its sediments. The Appalachian-Allegheny 

Mountains are, therefore, a combined synclinorium and anticlinorium, 

or, as Dana would say, a “‘polygenetic mass.” 

BorRDERLANDS OF NortTH AMERICA 

(See Map, Figure 3) 

GENERAL DISCUSSION 

From the geographic position of the geosynclines near the margins of 

the continent, and the further fact that the main masses of their sedi- 

ments came not from the medial area of the continent, but from more or 

less narrow lands facing the oceans, it is clear that North America was 

originally much more extensive than now. Since these facts are already 

true in Lower Cambrian time, it is also clear that the extent of greater 

North America was established in Proterozoic time. Even throughout 

the later Proterozoic we see the presence of a Cordilleran geosyncline in 

the same general area as the seaways of the early Paleozoic, and it follows 

that greater North America came into existence at least in early Pro- 

terozoic time. The present area of North America is over 8,300,000 

square miles and Greenland has in addition about 850,000 square miles. 

In Proterozoic time, on the other hand, the writer believes that greater 

North America had an area, of over 11,000,000 square miles; that since 

then Greenland has become a separate land, and that in addition some 

2,000,000 square miles of the continent have been warped and fractured 

into the oceanic realms. These statements are portrayed on the map, 

figure 2. | 

Almost the entire outer areas of North America show in their geologic 

structure that a more or less wide belt has been the most mobile part of 

the continent. At various times these marginal lands have periodically 

risen into more or less high lands, and they have been the main source 

for the sediments of the geosynclines situated along their inner ‘sides. 

On the outside of the borderlands lie the permanent oceanic basins. How 
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far these lands once extended beyond the present shorelines into the 

oceans is unknown, but it is certain that much of their outer portions 

have been fractured into the ocean depths. The present continental 

shelves are therefore held to be of fairly recent origin—of late Cretaceous 

making along the Atlantic and of late Cenozoic origin on the Pacific side 

of the continent. 

- The topographically more or less high borderlands of North America— 

the frame surrounding the inner basin—are periodically raised, and this 

appears to be due to a shrinking earth. The earth is continually cooling, 

though seemingly at an excessively slow rate, through internal magmatic 

differentiations ; it is also losing gases and water, while the centrosphere 

is in molecular rearrangement, due to the great attraction pressures of 

the earth’s mass; and because of these changes the earth shrinks in yol- 

ume. The outer lithosphere, on the other hand, is stiff, rigid, and very 

strong, and hence long resists the shrinking of the centrosphere. Peri- 

odically, however, its resistance is overcome, and then crustal shortening 

takes place, mainly in the areas of weakness, the geosynclines. 

Since the oceanic basins occupy about two-thirds of the earth’s surface 

and their mass averages about 3 per cent heavier than that of the conti- 

nents, the areas of these basins are the main subsiding ones of the earth. 

During the subsidence, there is, according to theory, also some deep- 

seated rock flowage, and especially near the junction areas between oceans 

and lands. This flowage differentiates out lighter masses, and these hot 

magmas make their way, along with great pressures, tangentially upward 

into the borderlands, raising them into the frame of the continents. It 

is these periodically compensating and inwardly moving masses of the 

more mobile lower part of the lithosphere that cause the thin, cold, and 

rigid supercrust or stratosphere (also tectonosphere) to fold and over- 

thrust toward the neutral areas. On the other hand, the rising granitic 

magma may dominate in its movements, ascending like a vertical wedge 

into the supercrust, thrusting it aside into a bilaterally symmetric moun- 

tain chain. 

- North America is margined on the east by Novascotica, Appalachia, and 

Antulia. Hach one of these borderlands has its own geologic structure and 

history. Along the west coast of North America is the greatest of all the 

borderlands, Cascadia, which later on divides into California and Char- 

lotte masses (from Queen Charlotte Islands). Yukonia, occupying a 

great part of present Alaska, is not well enough known to say much about 

it, other than that in this area the seaways’seemingly show that there 

often was a borderland here. Mexico, or Columbia, in Paleozoic time 

appears to have been a lowland and apparently with the characteristics 
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of a nuclear area, but in Permian time its western half became rugged 

or mountainous, with a geosynclinal sea over the eastern portion. It 

therefore appears to be a nucleus that has undergone a second cycle of 

crustal deformation. -Llanoria, on the other hand, even though but a 

northeastern extension of Mexico during much of the Paleozoic, yet has 

its own history, apparently becoming actively mobile and mountainous 

for the first time late in the Mississippian. Finally, Arctic America is 

bordered by Pearya, part of which is now risen into the United States 

mountains. These borderlands are plotted on the map, figure 3, and the 

more important ones will now be described in more detail. 

APPALACHI4 

As long ago as 1856** Dana defined Appalachia as “the region toward 

the Atlantic border, afterward raised into the Appalachians,” but the 

actual name for the borderland was not given until 1897, and then by 

Williams.** In the present connection, we will restrict the term Appa- 

lachia to the southern half of the eastern borderland lying to the north 

and west of Antillia; the northeastern borderland has long been known 

as Acadia, of which Novascotica is the outer portion (see page 162). 

The western margin of Appalachia extends from about the highlands 

of New York southwestward into central Alabama, where this old land is 

overlapped along its inner side and southern end by Mesozoic and Ceno- 

zoic deposits. Across its eastern side the Atlantic Ocean began to spread 

for the first time in the Cretaceous, and it continued to do so periodically 

during the Cenozoic. How far this borderland formerly extended into 

the Atlantic Ocean may never be learned, even approximately, but en the 

basis of the very thick Devonian clastics of the Appalachian geosyncline 

extending from central Virginia to the Catskills, Barrell*® estimated that 

their volume is at least 63,000 cubic ‘miles, or considerably more than the 

volume of the Sierra Nevada of California. On this estimate of sediment 

that was clearly derived from a highland to the east and southeast, and 

on the assumption that this land had the height of the present Sierra 

Nevada, Barrell concluded that the watershed of Appalachia in Devonian 

time was where the 100-fathom line of the Atlantic is now: in other 

words, roughly 100 miles east of New Jersey. Therefore, if the eastward 
slope of the watershed was like the western one, Appalachia extended out 

into the ocean at least 200 miles beyond the present shoreline of the At- 

13 Dana: On American geological history. Amer. Jour. Sci. (2), vol. 22, p. 319. 
14H. S, Williams: On the southern Devonian formations. Amer. Jour. Sci. (4), vol. 3, 

p. 394. 

1 Joseph Barrell: Upper Devonian delta of the Appalachian geosyncline. Amer. Jour. 

Sci. (4), vol. 37, pp. 248-249. 
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lantic. Since this estimate is based on clastics alone, it is probable that 

Appalachia extended eastward even farther than 250 miles. This land 

began to founder into the depths of the Atlantic (Poseidon) seemingly 

as early as the Jurassic period. 

~ Was Appalachia during Paleozoic and Mesozoic times continuous with 

Antillia and the Bahamas? Our knowledge of dated geologic formations 

in Antillia does not go back of the Jurassic, and so we are left to guess 

what the earlier relations were. From the maps already shown, it has. 

been seen what shape my guessing has taken. The extent of these 

lands is, however, circumscribed by the depths of the present oceans and 

the nature and distribution of the Paleozoic faunas. In any event, what- 

ever the area and the outward form of Appalachia, it was not an inde- 

pendent continent ; rather was it an integral part of North America. The 

importance of this conclusion will become apparent when we contrast 

geosynclines with mediterraneans (see page 194). 

Later on it will be shown that to the southeast of the Saint Lawrence 

geosyncline lay another one, the Acadian trough (page 179). 'The ques- 

tion must now be asked, Was there also a geosyncline to the east of the 

Appalachian one? Our answer is that there is nothing in what remains 

of the western part of Appalachia to show that such a trough ever existed 

in this borderland. Much further than this we can not go, but from 

Barrell’s physiographic studies of Appalachia in Devonian times it is 

clear that if another geosyncline was present it must have lain upward 

of 200 miles east of the eastern shore of the Appalachian geosyncline. 

Keeping in mind the present depths of the Atlantic Ocean, however, we 

are disposed to believe that Appalachia was throughout a highland and 

of the nature of a geanticline. 

As Appalachia furnished nearly all of the sediments of the geosyncline 

that lay along its western side, we must now try to find out how often 

this land was reelevated. It is clearly evident that southwestern Appa- 
lachia was mountainous in earliest Cambrian time. This is seen in the 
immensely thick, and at first very coarse, Lower Cambrian formations 
of the Appalachian trough, extending from Tennessee into’ Alabama. 
Other thick clastic deposits extend northeastward in decreasing volume 
to New Jersey. 

On the other hand, clastics in thick deposits of late Ordovician and 
early Silurian age increase in volume from Virginia to southeastern New 
York. The Silurian is also very thick and in coarse deposits in the 
Maritime Provinces of eastern Canada, indicating that early in the 
Silurian Acadia was also in highland condition. 



162 c.SCHUCHERT—-THE NORTH AMERICAN GEOSYNCLINES 

The Lower Devonian sandstones are also widespread and extend from 

Georgia to New York. Their thicknesses, however, never exceed hun- 

dreds of feet, and accordingly Appalachia is not thought to have been 

reelevated much at this time. 
In keeping with the orogeny of middle and late Devonian times 

throughout Acadia, we see in the very extensive and thick Devonian delta 

deposits of the Appalachian trough that northern Appalachia was then 

-also a highland and not very unlike the Sierra Nevada of today. 
Toward the close of the Mississippian, Appalachia was again reelevated, 

and the proof of it lies in the 10,000 feet of coarse deposits of the coal 

‘fields of Alabama, the widely distributed and thick Pottsville conglom- 

erate and sandstones, and the general sandy nature of the thick deposits 

of Pennsylvanian time. 

On the other hand, we may conclude from the very thick accumula- 

tions of Paleozoic sediments in Pennsylvania, ranging between 30,000 

rand 40,000 feet in thickness, that Appalachia was several times a high- 

land during Paleozoic time. This generalized statement is further sup- 

ported by the folding of the western side of northern Appalachia and 

‘presumably also of Acadia in Ordovician time, and by the very marked 

folding of Acadia in the late Devonian; further, the presence in the 

Appalachian geosyncline of thick sandstones of Lower Devonian and 

early Pennsylvanian ages shows that there was reelevation of the border- 

lJand at the close of Silurian and Mississippian time. Therefore, directly 

or indirectly, the evidence indicates that Appalachia was reelevated about 

six times during the Paleozoic, namely, (1) at the very beginning of the 

‘Cambrian, (2) late in the Ordovician, (3) somewhat during the Lower 

Devonian, (4) in the Upper Devonian, and (5) at the close of the Mis- 

sissippian. Finally, (6) in the Permian came the greatest of all the 

crustal movements, when the borderland and the geosyncline were folded 

into an anticlinorium and synclinorium that together make the Appa- 

lachian Mountains, of which today we see only the roots beneath the 

dissected Cenozoic peneplain. 

ACADIA AND NOVASCOTICA 

The northeastern half of greater Appalachia, properly greater Acadia, 

includes the Acadian geosyncline, the New Brunswick geanticline, and 

the borderland Novascotica. The latter is the homologue of restricted 

Appalachia, and all that is left of it as dry land is a narrow strip of its 

inner side making up the greater part of present Nova Scotia and Cape 

Breton. The banks outside of these provinces and of Newfoundland are 
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but the submerged portion of this borderland. The width of Novascotica. 

is unknown, but it seemingly was not less than 150 miles and may well 

have been of the order of 250 miles. 

Novascotica appears to have been reelevated during the first half of the 

Paleozoic at least five times: first, decidedly toward the close of the 

Cambrian, as is shown in the thick and coarse clastics of earliest Ordo- 

vician time; secondly, during the last half of the Ordovician, when the 

Acadian trough was dry; thirdly, at the close of the Ordovician, as is’ 

attested by the thick deposits of the Silurian; fourthly, toward the close 

of the Silurian, when the reelevation was not decided, as seen from the: 

thin but coarse materials of the Lower Devonian; fifthly, toward the 

close of the Devonian, as attested by the coarse clastics of the younger 

Perry and Horton series. Finally, it seems probable that Acadia during 

Pennsylvanian time was elevated four times more, as is clearly the case 

for the Northumberland basin. Im all, then, this or that portion of 

Acadia rose nine times during the Paleozoic. 

CASCADIA 

Itsappears probable that Paleozoic Cascadia extended from southern: 

California far into the north, even beyond the Queen Charlotte Islands. 

On the other hand, it must also have extended many hundreds of. miles 

to the west of the present shoreline of the Pacific Ocean, since it fur- 

nished the thick deposits of the Cordilleran geosyncline. There is, how- 

ever, from time to time much uncertainty as to the exact position of the 

eastern shorelines of Cascadia. These uncertainties are due to the fact: 

that but little of this vast area has been studied in detail and geologically 

mapped, and our knowledge is still in the main that of reconnaissance: 

work. 

Dana included in the borderland Cascadia the Sierra Nevada, Coast, 

and Vancouver mountains, and the ranges of western British Columbia; 

in fact, this entire region exhibits but rarely any sediments of Paleozoic 

age previous to the Pennsylvanian. This and the further fact that the: 

sediments of the Cordilleran geosyncline thicken and become coarser to: 

the west are the basis for postulating the long borderland Cascadia. 

It is generally assumed that Cascadia was a long north-south trending 
continuous land, and it may have been so throughout the Proterozoic and 
up to the close of the Ordovician and even the Silurian. With the De- 
vonian, but more especially in the Carboniferous, the occurrences of 
marine strata across parts of Cascadia are such as to indicate that even 
as early as these times this borderland consisted of at least two parts, the 



164 Cc. SCHUCHERT—_THE NORTH AMERICAN GEOSYNCLINES 

strike of which is northwest-southeast, in harmony with the present 

trends of the Pacific system of mountains in California-Oregon, and 

again in Vancouver-British Columbia. In any event, there were, since 

the Tennesseean, northwesterly trending channels across Cascadia, the 

Shastan channel in the south and the Alexandrian embayment in the 

north, dividing Cascadia into a smaller southern mass that may be known 

-as the Californian borderland, and a much longer northern one that may 

be called the Charlotte borderland (see figures 3, 9, and 13). 

There is as yet no evidence to show that Cascadia as a whole underwent 

‘marked orogeny at any time until near the close of the Jurassic, although 

in the late Devonian there was orogeny going on, together with volcanic 

‘action, in northern California. Diller has shown that here the Tennes- 

seean lies with an angular unconformity on the Devonian. On the basis 

of the sediments of the Cordilleran geosyncline, however, it is clear that 

Cascadia must have been a highland during the Proterozoic and again in 

early Cambrian time. ‘Toward the close of the Cambrian it was a low- 

jJand and remained so until early Carboniferous time, when it was reele- 

vated to furnish the moderately thick formations of the Tennesseean and 

Pennsylvanian formations. 

MrpIAL OR NUCLEAR AREA OF NortTit AMERICA 

(See Map, Figure 3) 

GENERAL DISCUSSION 

Along the inner sides of the borderlands lie the several comparatively 

‘narrow geosynclines, whose waters extended at times irregularly over the 

medial area of the continent, the very extensive and ancient nucleus of 

North America. The structure of this medial area came into being long 

before the Cambrian, and in the main during the earlier Proterozoic, 

though mountains arose here as late as late Proterozoic time (Killarney 

Mountains).*® It was therefore the oldest part of the continent, made 

stiff and rigid through a vast amount of orogeny. Ever since the Pro- 

terozoic the nucleus of the continent has lain but little above sealevel, 

warping periodically up or down some hundreds of feet. Repeatedly, 

shallow seas have formed over parts of it, and yet in no place have the 

Paleozoic sediments accumulated to a depth of one mile. Usually these 

strata are measured in hundreds of feet rather than in thousands. Be- 

cause the nuclear part of North America has remained so near sealevel 

1 W. H. Collins: An outline of the physiographic history of northeastern Ontario. 

Jour. Geology, vol. 30, 1922, pp. 206-207. 
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it is also known as the neutral area. JXober has recently called these parts 

of the continents “Kratogens” (from kratos, strength, and genos, produc- 

ing). Suess has called these neutral areas forelands, and it is against 

them that the geosynclines have been pushed and folded. 

~The Canadian shield occupies the greater northern part of the neutral 

region, while in the United States the Paleozoic seas more often covered 

its southern extension west of the Cincinnati geanticline and east of 

Siowa, which was less often warped beneath the ocean level (see figure 3). 

In the late Paleozoic, neutral Siouia, however, became mobile again and 

the site of the Ancestral Rocky Mountains geanticline (see page 186). 

The ancient land Columbia, or greater Mexico, may have been another 

shield, and during most of the Paleozoic it appears to have been a low- 

Jand, furnishing but little sediment to the adjacent seas. 

It is most often around, and rarely across, the nuclear region that the 

inland or epeiric seas have flowed. Because this region has not under- 

gone orogeny since the Proterozoic, its Paleozoic and later strata remain 

nearly horizontal, though in places blocks have been faulted or warped 

into the old masses. Accordingly, all of the flat-lying sedimentary for- 

mations around and upon the nucleus are included under the term “neu- 

tral portion of the continent’’—neutral in relation to the average levels 

of the oceans because unaffected by mountain-making forces. 

SWELLS 

Undoubtedly there are many domed areas within the neutral or nuclear 

areas of North America, and especially within the eastern United States. 

In Middle Ordovician time the Cincinnati geanticline began in two 

swells, the Nashville and Cincinnati domes. In early Middle Silurian 

time these became confluent into a single arch having the general trend 

of the Appalachians. The Ozark dome is one of the greatest and most 

persistently rising of these swells, and northern Wisconsin is another but 

less actively rising one. The Mississippian seas have repeatedly flowed 

between these swells and at times have completely gone over them. On 

the other hand, the Sioux Falls region of southeastern South Dakota and 

the Baraboo range of Wisconsin are persistent Huronian quartzite ridges, 

remnants of the Killarney Mountains that rose in late Proterozoic time. 

The buried granite ridge (Nemaha Mountains) also appears to be of this 

orogenic entity. 
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GEANTICLINES 

(See Map, Figure 2) 

DANA’S VIEWS 

Having seen that “synclinoria were made through a progressing geo- 

synclinal,” we are brought, Dana states,’ “to another important distinc- 

tion in orographic geology—that of a second kind of monogenetic moun- 

tain.” These are produced through evolving geanticlines, which “are 

simply the upward bendings in the oscillations of the earth’s crust—the 

geanticlinal waves,” or “antichnoria.”’ His typical example is the Cin- 

cinnati arch, though it is perfectly clear that later on he included far 

greater and even continental (epelrogenic) arching under the term anti- 

clinoria. Beginning with simple, depressed, and restricted arches, the 

term came to be apphed by Dana to all upward archings of lesser and 

greater extent. 

“Geanticlines and geosynclines.” Dana states,% ‘fare flexures of the strata 

of the earth’s exterior, or the supercrust, not of the crust itself. The crust is 

thick, and it is impossible, were it but 10 miles thick. that it should be bent 

into so small and abrupt flexures. It has, however, its own great flexures of 

low angle and of great breadth, both upward and downward.” 

CINCINNATI GEANTICLINE 

The Cincinnati uplift of Newberry and Safford, and the Cincinnati 

plateau of H. S. Wilhams, was defined by Dana in 1890?° as the type 

example of a geanticline. It has in a general way the strike of the Appa- 

lachian folds and was at times overlapped in part or wholly by the 

Appalachian or Mississippian seas. When the medial part was submerged, 

the northern end made Cincinnati Island and the southern one Tennessee 

Island. As two swells, the arch appeared in Middle Ordovician time, 

was repeatedly reelevated, and during the middle and late Paleozoic con- 

tinued as a marked structural feature of the Mississippian seas. It had 

a width of something like 250 miles. 

NEW BRUNSWICK GEANTICLINE 

To the south and east of the Saint Lawrence geosyncline lay the New 

Brunswick geanticline, separating it from the Acadian trough. This 

geanticline appears to have originated at the time when the Saint Law- 

17 Dana: Amer. Jour. Sci. (3), vol. 5, 1873, p. 432. 

8 Dana: Manual of geology, 4th ed., 1895, p. 106. 

19 Dana: Areas of continental progress in North America. This Bulletin, vol. 1, p. 41. 

Also Manual of geology, 4th ed., 1895, p. 387. 
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rence and the Acadian geosynclines on either side of it came into exist- 

ence, namely, toward or at the close of the Proterozoic. This axis, begin- 

ning in the granitic area of eastern Connecticut and Rhode Island, 

continues across central Massachusetts into New Hampshire (the White 
Mountains are situated on it), thence northeasterly across central Maine 

into northern New Brunswick, and finally across southern Newfoundland. 

The width of this geanticline appears to have been on the average greater 

than 100 miles. 

How often the New Brunswick geanticline was in upward motion is 

not yet known. If, however, we may judge by the nature of the coarse 

sediments in the Saint Lawrence trough, it appears to have been rejuve- 

nated into a highland (1) toward the close of the Cambrian (seen in the 

Lauzon quartzites and conglomerates, the red Sillery, and the green Que- 

bee slates) ; (2) during the later Ordovician (seen in the coarse Cincin- 

natian and early Silurian formations); and (3) by the long-continued 

intermittent rising during late Silurian and middle Devonian time, 

which ended in the Gaspé sandstones, 7,000 feet thick. 

The Ancestral Rocky Mountains geanticline and the Cordilleran Inter- 

montane geanticline are best described in connection with the Cordilleran 

geosyncline (see pages 186-187). 

KINDS OF GEANTICLINES 

The several geanticlines or anticlinoria of North America can be 

grouped in three categories: Those of lesser import are (1) the low, 

narrow, localized arches in the interior of the continent, typified by the 

Cincinnati arch. The most mobile of the anticlinoria are (2) the peri- 

odically rising borderlands, such as Appalachia, which border the geosyn- 

clines oceanward. ‘They have been described on preceding pages and need 

no discussion here. Then there are (3) the geanticlines that rise out of 

the area of a geosyncline and have seas on either side of them, as the 

New Brunswick, Ancestral Rocky Mountains, and Cordilleran Intermon- 

tane geanticlines. 

Geanticlines may have no direct connection at all with folded moun- 

tains, as in the Cincinnati arch. In other cases a geanticline is situated 

on one side of an orogenic mass, as the Front Ranges of Colorado lie in 
front of the Rocky Mountains. In yet other cases folded mountains are 

present on either side of a geanticline, as the Sierra Nevadas and the 

Rocky Mountains on either side of the Cordilleran Intermontane geanti- 

cline. The latter appears to be the equivalent of the “Narben” and the 

“Zwischengebirge”’ of Kober’s Alpine orogen.?° Geanticlines and orogens 

20. Kober: Der Bau der Iirde, 1921, p. 140. 

XIJI—BULL. GEOL. Soc. AM., Vou. 34, 1922 
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may remain as dry lands or may sink into the depths of the oceans, as in 

the Dutch East Indies. 

Finally, we must note the greatest upbowings of the continents that 

result from epeirogenic movements. These were first defined by Dana 

and Gilbert as the very broad and flat archings that appear long after 

folded mountains are made, the uplift affecting at the same time both 

synclinoria and anticlinoria and even parts of the far inland neutral 

regions.. Such are the greater Appalachian uplift extending from the 

Atlantic Ocean to the Mississippi Valley, and the far vaster and higher 

Rocky Mountain arch extending from Kansas and Nebraska to the Pacific 

Ocean. The latter came into existence after the Miocene, and its crest is 

between 5,000 and 7,000 feet above sealevel, on the top of which are 

situated the protuberant remainders of the previously made synclinoria 

and anticlinoria. 

PROTEROZOIC GEOSYNCLINES 

(See Map, Figure 1) 

When it became apparent that the Cordilleran and Appalachian geo- 

synchnes were in existence in earliest Cambrian time, it was thought 

desirable to learn when they originated. The writer therefore took Van 

Hise’s correlation papers for the Archean and Algonkian** and plotted 

on a map of North America the late Proterozoic deposits (Keweenawan 

and Animikie). Copies of this map were then sent for criticism to the 

following geologists in this country and Canada: Arthur Keith, Eleanora 

Bliss Knopf, Anna I. Jonas, Edward Sampson, D. F. Hewett, F. J. 

Alcock, C. K. Leith, and J. J. O'Neill. The map (figure 1) here pre- 

sented is the result of this assistance, for which the writer is very thank- 

ful. The shorelines as plotted must, of course, be conjectural, and all 

that is really valuable is the general trends and positions of the four sea- 

ways: (1) Appalachian, (2) Cordilleran, (3) Ontarian, and (4) the 

greater Arctic sea. The southern opening of the Appalachian geosyncline 

and the southern and northern ones of the Cordilleran troughs are also 

highly conjectural. It may be that Daly’s northern continuation of the 

latter waterway into the Arctic Ocean?? is more correct than that shown 

in figure 1 of this address. 

The Cordilleran geosyncline is the longest enduring trough and came 

into existence early in the Proterozoic. During this era there was de- 

21C, R. Van Hise: Correlation papers—Archean and Algonkian. U, S. Geol. Survey, 

3ull. 86, 1892. 

“RR. A. Daly: Geology of the North American Cordillera at the-forty-ninth parallel. 

Geol. Survey Canada, Mem. 38, 1913, p. 202. 
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posited here a maximum depth of more than 37,000 feet of strata, though 

the individual sections range in thickness from 10,000 to 27,000 feet. 

There are almost no volcanic materials. The formations are distinctly 

bedded clastics, with practically no conglomerates, composed chiefly of 

fine-grained sandstones and shales with a moderate amount of impure 

limestone and dolomites that contain considerable iron carbonate and 

silica.2* They are all shallow-water deposits, the argillites are often 

banded, rippling and mud-cracking are common, and sometimes also salt 

crystals. Purple and red colors are not common, the prevailing shades 

being greenish, bluish, grayish, or whitish tints. Basal conglomerates 

occur only to the west, and Schofield?* says that the sandstones become 

coarser in the same direction; therefore a land lay to the west. This is 

the borderland Cascadia, which came into existence probably earlier than 

the Cordilleran geosyncline. ‘Toward the top of the Beltian series in 

southern British Columbia occur 300 to 5,000 feet of lavas and sills. 

Toward the top of the Beltian series, in association with the limestones 

and dolomites, algal deposits (Cryptozoon-like forms) are common and 

at times make up thick beds. Walcott?® has also described annelid tubes, 

and to the writer these fossils suggest marine waters rather than fresh 

or even brackish ones. 

In northeastern Utah the Uinta reddish (ferruginous) quartzites with 

some greenish shales are, according to Powell,?® 12,500 feet thick. They 

rest unconformably upon Archeozoic formations. 

In the Grand Canyon of Arizona occur, according to Walcott,?* 12,000 

feet of more or less red strata, beginning at the top with the Chuar.sandy 

shales (5,120 feet). Below are the Unkar sandstones and sandy shales 

(6,830), with some calcareous shale and limestone below (435), along 

with lava flows in the upper part. All of the Grand Canyon series is 

near-shore deposits and much of it is even of fresh-water origin. The 

sediments came from the north and west. 

In the southern Appalachian geosyncline Keith informs the writer that 

the late Proterozoic formations consist of lava flows, tuffs, and slates, the 

flows predominating at the northwest, where land is therefore indicated. 

*F. C. Calkins: A geological reconnaissance in northern Idaho and northwestern 

Montana. U.S. Geol. Survey, Bull. 384, 1909. 

4S. J. Schofield: Geology of the Cranbrook map-area. Geol. Survey Canada, Mem. 76, 

1915. 

2° C. D. Walcott: Pre-Cambrian Algonkian algal flora. Smithson. Misc. Coll., vol. 64, 

1914, pp. 77-156; Pre-Cambrian fossiliferous formations. This Bulletin, vol. 10, 1899, 

pp. 199-244. 

*6 J. W. Powell: Report on the geology of the eastern portion of the Uinta Mountains. 

U. S. Geol. and Geog. Survey Terr., vol. 7, 1876. 

* C. D. Walcott: Pre-Carboniferous strata in the Grand Canyon of the Colorado, Ari- 

zona, Amer. Jour. Sci. (3), vol. 26, 1883, pp. 437-442. 
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In the Pennsylvania-Maryland area they make up the Glenarm series, 

and in New York the equivalent formations are the Lowerre, Inwood, and 

Manhattan (Jonas). The thickness is something like 10,000 feet. 

In Nova Scotia the Gold-bearing series consists of a lower quartzite 

group about 11,000 feet thick and an upper graphitic and ferruginous 

slate group about 4,000 feet in depth. 

In southeastern Newfoundland the Proterozoic series is over 11,000 

feet thick, and consists of coarse quartzites, slate conglomerates, slate, 

and diorites. 

The Ontarian geosyncline (so named because best developed in Ontario 

Province) embraces the Animikian, or Iron series, of but little disturbed, 

dark, carbonaceous (6-10 per cent) slates and sandstones, with iron- 

bearing chert and jasper and impure limestones and dolomites. In the 

Penokee area of Michigan the portions remaining have a thickness of 

14,000 feet, but elsewhere they are much thinner. These strata are held 

to be of marine origin. 

The Animikian series is followed by the Keweenawan sediments, usually 

of a red color, and metal-bearing volcanics (seemingly plateau flows, 

largely diabase and basalt). In the Lake Superior region the lower 

conglomerates and sandstones, with impure limestones and shales, have 

a thickness of from 300 to 1,400 feet. They may be of marine origin. 

Then comes the middle series, probably wholly of continental origin and 

upward of 30,000 feet thick, of which at least five-eighths is igneous 

material, the rest being red conglomerates and sandstones. The upper 

series attains locally to 20,000 feet, most of which is sandstone of fresh- 

water origin, derived from the volcanics. 

The Ontarian geosyncline is the oldest known trough of North America. 

It probably had its origin during Archeozoic time, since all of the older 

Proterozoic deposits, and even the Grenville series of Ontario, likewise 

have the alignment of the younger series. 

The greater Arctic sea is not regarded as a true geosyncline. The 

sediments are largely sandstones, with some slate. It is interesting to 
note this late Proterozoic marine invasion, since it recalls the four similar 

floods of Ordovician and Silurian times. 

DEVELOPMENT OF THE APPALACHIAN GEOSYNCLINE 

(See Maps, Figures 4 to 12) 

GEOSYNCLINES IN GENERAL 

In North America the geosynclines all le on the inner or continental 

side of borderlands (see map, figure 3). Their.deposits are thickest 
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‘toward the borderlands and thin out over the neutral area or the nucleus 

of the continent. In the east is the smaller Appalachian geosyncline, 

and in the western part of the continent the greater Cordilleran geosyn- 

cline. The latter finally evolves into the Rocky Mountain and Pacvfic 

sequent geosynclines of Mesozoic times. To the east of the Appalachian 

geosyncline in greater Acadia is the small Acadian geosyncline. Finally, 

there is in the Arctic region, on the inner side of the borderland Pearya, 

the Franklinian geosyncline. 

EMBAYMENTS 

Besides these geosynclines, but in connection with them, there is in the 

southern part of the continent the Ouachita embayment, uniting with 

the Appalachian geosyncline, while the southern end of the Cordilleran 

geosvneline has the Sonoran embayment, extending transversely across 

Nevada, New Mexico, Texas, and Sonora (see map, figure 3). 

GREATER APPALACHIAN GEOSYNCLINE 

The Appalachian geosyncline, in the widest sense, extends from the 

southeastern corner of Labrador and northern Newfoundland along the 

western side of Acadia and Appalachia into the Gulf of Mexico. At the 

northeast it appears to have been continuous with what is now the North 

Atlantic, but during the Paleozoic, with Poseidon, an ocean to the north 

of the transverse equatorial land Gondwana. At the southwest the trough 

appears to have continued unbroken into the Gulf of Mexico and across 

Tehuantepec into the Pacific Ocean. 

As previously stated, the Appalachian trough was in existence early in 

Proterozoic time. Beginning with the Lower Cambrian, it appears 

earliest in Alabama, Georgia, and Tennessee, and long before the close of 

this epoch the trough was continuous from the Gulf of Mexico northeast 

to Newfoundland. The deposits of Cambrian time are much the thickest 

in the southern part of the trough and are from Appalachia, then a 

mountainous land. On the other hand, in the northeastern part of the 

geosyncline the sediments are much thinner. It should be said that in 

the main the clastics throughout the greater Appalachian trough came 

from the east and southeast. In all of this we see that the isostatic rela- 

tions of the sinking geosyncline to the rising eastern lands were reestab- 

hshed during the crustal movements taking place toward or at the close 

of Proterozoic time. 

Thus far we have spoken of the greater Appalachian geosyncline as a 

continuous trough, and so it is from the structural viewpoint; but from 

the local sedimentary histories it is plain that there are here combined 
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two confluent geosynclines, with at times very dissimilar developments © 

stratigraphically, faunally, and even orogenetically. For these reasons 

the term Appalachian geosyncline, in the restricted sense, will refer to 

the trough south of Vermont, while to the one northeastward of Massa- 

chusetts we will apply the term Saint Lawrence sea, made familar to us 

by the Canadian geologists and James D. Dana. It should be remem- 

bered, however, that there appears to be no sharp geographic boundary 

between them. Furthermore, both troughs during Lower and Middle 

Cambrian times appear to have spread either confluently or singly across 

New Jersey and the southern New England States into the Atlantic 

Ocean (Poseidon). From Upper Cambrian time into the Devonian the 

two geosynclines were structurally more or less confluent, though their 

seas were at times not continuous. On the other hand, the Saint Law- 

rence geosyncline often brought into the interior seas of America parts 

of north European faunas, while the Appalachian one continued into the 

Antillean mediterranean, having south European and South American 

faunal connections. 

RESTRICTED APPALACHIAN GEOSYNCLINE 

The sedimentary history of the actual Appalachian geosyncline con- 

tinued from the beginning of Cambrian to the close of Pennsylvanian 

time, and it was a far more persistent, longer enduring, and more deeply 

subsiding trough than the Saint Lawrence geosyncline. Then, too, this 

periodically subsiding trough was more often filled with variably exten- 

sive shallow seas, and these at times were continuous with the waters of 

the Saint Lawrence geosyncline. Previous to the Middle Silurian, the 

Appalachian seas often spread widely also into the Mississippian sea, but 

after the completion of the Cincinnati arch the floods were restricted to 

the eastward of this geanticline. 

The Appalachian trough was more or less completely drained of its 

marine waters at least éight times (Middle Cambrian, close of Beekman- 

town, close of Ordovician, Guelph, close of Silurian, late Devonian, and 

twice during the Mississippian). It is certain, however, that locally it 

was dry far more often than eight times, but this matter can be made 

plain only through a detailed statement of the history of the trough, and 

this is not the occasion to present the succession of paleogeographies. 

Sedimentation in the Appalachian geosyncline was by no means con- 

tinuous nor uniform in the rate of deposition. The Cambrian and Ordo- 

vician are in best development south of Pennsylvania, while the Devonian 

is almost restricted to north of Tennessee. The Cambrian and Ordo- 
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vician records are most complete in the south and less so in the north. 

Then in Middle Silurian time a transverse swell developed throughout 

eastern Tennessee, and the subsequent seas were far more persistent 

north of this State than in the southern part of the geosyncline. This 

swell was especially active in pushing the shorelines to the westward in 

the area south of Virginia during late Silurian and most of Devonian 

time. On the other hand, during Middle and Upper Devonian and Mis- 

sissippian times, the seas again spread eastward to the region of the 

earlier Appalachian shores. The shoreline was farthest east during the 

Lower Cambrian and early Ordovician, but it can not be said that it 

moved progressively to the west with each recurring sea. We have just 

pointed out the irregularity in position of the eastern shore for the trough 

south of Virginia. It would, furthermore, appear as if the shore moved 

irregularly westward for a time, followed, in some cases at least, by a 

quick return to a more easterly position with the incoming of new seas. 

Tn any event, we see more easterly shores during Lower Cambrian, Cana- 

dian, Mohawkian, Lower and Middle Silurian, Middle Devonian, and 

Mississippian times. During Pennsylvanian time the shore moved pro- 

gressively to the west, with the final blotting out of the Appalachian 

trough in the orogenic movements beginning in this period and culmi- 

nating in the early Permian. 

From the previous statements we again see what is now so well known, 

namely, that the transgressions of the oceans upon the continents are 

periodic in appearance, and more or less irregular in their spreadings. 

The successive paleogeographies show, however, that the pattern of the 

seaways is fairly alike—a condition that is governed by the variable moye- 

ments of the geanticlines and the swells. 

Nor do the floods always first appear in the Appalachian geosyncline 

and then spread inland variably over parts of the neutral area. This is 

true in some cases, but in others the transgressions pass up.the Missis- 

sippi Valley or down from the Arctic and then extend more or less toward 

or into the geosynclines. The greatest of Paleozoic floods did not origi- 

nate in the geosynclines, but came from the Arctic across the western 

part of the Canadian shield into the United States. This is seen in the 

floods of the middle and late Ordovician, the earlier Silurian, and again 

in the Devonian. Rarely did any of these floods fully occupy the eastern 

geosynclines. In this extraordinary variability of the marine transgres- 

sions we see that at times the Appalachian geosyncline is above the 

strand-line while the neutral areas are in flood, and at other times the 

trough is filled with seas when the interior of North America is land. 
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In other words, the sealevel attitude of the neutral area is not always in 

keeping with the periodic sinkings of the geosyncline below sealevel. Ac- 

cordingly, there appears to be an irregular alternation between land and 

sea conditions in the Appalachian, the Mississippian, and the neutral 

areas. 

Since the Appalachian trough is the type area on which geosynclinal 

structures are based, let us look a little more deeply into the local rock 

quantities and times of sedimentation, so that we may learn more as to 

the nature of its irregularly subsiding bottom. Accordingly, we will 

present something of this detailed sedimentation along seven different 

lines across the geosyncline. 

(1) Northwest-southeast through Kingston, New York —In this area the 

maximum of sinking appears not to exceed 15,000 feet. The generalized sec- 

tion is about as follows: 

CAI TIAT SS Fe cS a ascents, hear oars ae eS ie yc SIRT Ce Tek SE lyse a et 1,500 

OPGOVLCKAA IR See a oe ee Oran 6 Rik a akc a Steal oot a oi El ace 2 auc near ee 4,000 

Silurian (Shawangunk, 300; High Falls, 500; Cement series, 35)...... 835 

Devonian (Helderbergian, 250; Oriskany, 180: Esopus-Onondaga, 375; 

Hamilton, 1,300; Portage, 3,000: Chemung, 1,725; eroded away. 500). 7,330 

MiSSISSIPPIAH: ‘Croded: AWay <-< 2:56 Sgis.k sists = Angie 3 eee oe ee ee 500 

14,165 

(2) Northwest-southeast through northern New Jersey.—Here the maximum 

of sinking appears to be about 23,000 feet. The generalized section is as fol- 

lows: ) 

Feet 

Cambro-Ordovician (Chickies, 1,000; Kittatinny, 3,000)..............: 4,000 

Ordovician (Jacksonbure, 150; Martinsbure, 3:000)....:.4.4..2 ..seeeee 3,150 

Silurian (Shawangunk, 1.6007 Mish Falls, 2,300) 02... . 0c .5 4s ee eee 3,900 

Devonian (Hower; 400% Test? S500) Saas. seas Dee woes oan eee eee 8,900 

Massissippian- (Susquehanna: areayon. 5... oc aes cas se 2 2 ee ee 2,000 

Pennsylvanian, (Anthracite? areay.as t:s/siis «(2 eines Sanccecee nl sheserar ree eee ee 1,500 

23,450 

(3) Through Maryland and southern Pennsylvania.—This area appears to 

be the second greatest subsidence (see 7), and the old Proterozoic land in the 

deepest part of the trough has gone down about 35,000 feet. The detail is as 

follows: 

Feet 

Lower Cambrian (Antietam, 800; Harpers, 2,750; Weverton, 1,250: 

Tomstown,: 1,000; Waynesboro. 1,250; ‘Hilbrook,.3:000)........./.0. ee 10,050 

Cambro-Ordovician (Conococheague, 1,635; Beekmantown, 2,300)...... 3,955 

Ordovician (Stones River, 1,050; Chambérsburg, 750; Martinsburg, 

POOO ® -Fumiatas OO eee eck eu arete evel’ at ip asin hates over her Sec rOmeate eee 4,200 



DEVELOPMENT OF THE APPALACHIAN GEOSYNCLINES Lid 

Feet 

Slluman:(Pusearora, 270; Clinton, 920; Cayugan, 1,450)... ........4 2. 2,640 

Devonian (Helderbergian, 300; Oriskany, 400; Romney, 1,400; Jennings, 

ERO mA CAATIOSINITES Ae UU) ) wie lctaislone avec ovals aleve wv ere wipe: aval: a @iela cre we reoes 11,600 

Missiccnppian. (Pocono, 1,800; Mauch Chunk, 2,000)... ..00...0.6. 004.08. 3,800 

Beansyivanian, 3,100; Permian only in west, 1,200....00..00.%06 060s oe. 4,300 

40,525 

(4) Through central Virginia and West Virginia—It appears that in this 

area the trough did not subside more than 25,000 feet. The formations are as 

follows: 

5 Feet 

OS lal LSD, SOT aN OA AR Nee a aie i a Piel oe RAE a eae 0 ce 8,000 

Ordovician (Shenandoah, 2,400; Martinsburg, 2,000; Massanutten- 

LEE TE TLIC UN Ug SS I ym re cen ea ae 5,400 

Silurian (Tuscarora, 600; Rockwood, 700; Cayugan, 700)............. 2,000 

Devonian (Helderbergian, 200; Oriskany, 300; Middle, 1,300; Upper, 

TORT. aie a acG lh AB een RR Vi PARR isl ecg Re nag ee eee a anal 6,800 

Mississippian (Pocono, 500; Greenbrier, 1,000; Canaan, 1,200)......... 2,700 

eran SIMS AMES HESTON LSE Nite: oye a cael. y Yebizi ols, ce esereveleeaia’ a sajlaneerare Siena 's ace weld wt facdse: as 4,000 

28,900 

(5) Through northeastern Tennessee and southwestern Virginia.—The sub- 

sidence here appears not to have exceeded 20,000 feet. The thicknesses are 

about as follows: 

Feet 

Cambrian, 9,000; Ordovician, 6,000; Silurian, 1,000; Devonian, 300; 

Mississippian, 3,600; Pennsylvanian, 5,000..... Micnets Marines caleahi ete), so OOO 

(6) Northwest and southeast through Knoaville, Tennessee.—The subsi- 

dence here is at least 30,000 feet. The thicknesses are about as follows: 

Feet 

Cambrian, 18,000; Ordovician, 8,000; Silurian, 1,200; Devonian, 50; 

Racsiscwnpian, 2.100: Pennsylvanian, 2;000 0... 02.2.0. .60 02 es. see ese ss 91,350 

(7) Northwest and southeast through northern Alabama.—Here the subsi- 

dence is greatest, being around 38,000 feet. The detail is as follows: 

Feet 

Cambrian (Weisner, 10,000; Beaver, 1,000; Rome, 800; Conasauga, 

MeN MIE Pee ya inde etal c oe aktile nsucrc Lis « Gisvere.s wo 2 S83, bee 2d) sit Fae ea alae ae 14,800 

eMC (GIONOR., 4.00 TES, a OOU) sevice dydine deeb awa dered cease eee aies 8.000 

Simian £200; Devonian, 1,000; Mississippian;.3,250.......... 2.00008. 5,450 

Pennsylvanian (Warrior field, 3,500; Cahaba, 5,500; Coosa. 10,000) .... 10,000 

38,250 

An analysis of the seven sections just given shows that the bottom of 

the Appalachian geosyncline has subsided in the line of its strike into at 
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least two major rock basins.?8 In eastern central New York (Albany) 

the depression is probably somewhere near 8,000 feet. From here south- 

ward the trough becomes ever deeper, and in western Maryland it ap- 

pears to have gone down about 35,000 feet. Thence the bottom rises 

again to the Virginia-Tennessee State line to about 20,000 feet, only to 

sink rapidly in the Knoxville area to about 30,000 feet and to about 

38,000 feet in northeastern Alabama. What has gone on to the south- 

ward is not ascertainable because of the Mesozoic overlaps from the Gulf 

of Mexico. 
Just as the trough bottom evolved in long undulations along its strike, 

so in transverse directions it became more or less waved. This is best 

seen in the narrow but long continuance of the very thick Lower Cam- 

brian deposits in the southern part of the Appalachian geosyncline. Here 

these strata in the eastern part of the trough attain a thickness of about 

15,000 feet, and thin rapidly to the west. The trough in early Ordo- 

vician time was a far wider subsiding syncline, and in the middle part. 

of this period the extreme eastern portion appears for a time to have 

been divided into several long and narrow seaways.’® In the Maryland 

region the Appalachian sea during Lower Cambrian time was also a nar- 

row one, and here accumulated about 10,000 feet of strata. Then came 

wider seas transversely, and they accumulated in their deepest part an- 

other 10,000 feet during Ordovician and Silurian time. Over all came 

the great Devonian-Mississippian delta, so ably pictured by Willis and 

Barrell,*° depositing another two miles’ depth of strata. Finally, in the 

comparatively narrow Cahaba coal field of Alabama was deposited, ac- 

cording to Butts,*t 10,000 feet of early Pennsylvanian sediments. 

In all of this we see that the Appalachian geosyncline during its growtlr 

evolved along its strike into at least two great basins of deposits, while 

transversely the trough was variably wrinkled, changing more and more 

from a simple syncline into a complex geosyncline. These greater undu- 

lations of the bottom of the trough and of the older Paleozoic formations 

should not be confounded with the later superimposed foldings due to: 

°8 Ulrich in his “Revision of the Paleozoic systems,” this Bulletin, vol. 22, 1911, p. 

562, divides the Appalachian geosyncline into five basins, as follows: (1) northeastern 

Pennsylvania, (2) Maryland, (3) central Virginia, (4) Tennessee, and (5) Alabama. 

29 See Ulrich: Op. cit., p. 412. 

8° Bailey Willis: Paleozoic Appalachia, or the history of Maryland during Paleozoic 

time. Maryland Geol. Survey, vol. 4, 1902, pp. 23-98. 

Joseph Barrell: Op. cit. 

31 Charles Butts: The southern part of the Cahaba coal field, Alabama. U. S. Geol. 

Survey, Bull. 431, 1911, pp. 89-146. 

Charles Butts and E. O. Ulrich: Mississippian formations of western Kentucky. 

Kentucky Geol. Survey, 1917, p. 118. 
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lateral compression, when the geosyncline and the borderland were folded 

into the Appalachian polygenetic mountains. 

SAINT LAWRENCE GHEOSYNCLINE 

(See Maps, Figures 3 to 8) 

The northeastern half of the greater Appalachian geosyncline, extend-. 

ing from eastern New York and Massachusetts to east of Newfoundland,, 

is known as the Saint Lawrence sea. The strata along the northwestern 

shore of the Saint Lawrence River, and to the west of Lake Champlain 

as well, still remain undisturbed. They are the materials farthest re- 

moved from the source of main supply, the highlands of the New Bruns- 

wick geanticline to the southeast and east. These deposits are chiefly 

limestones of Cambrian, Ordovician, and Silurian ages and the thick- 

nesses are usually small. Along the eastern side of the Adirondacks there - 

is less than 5,000 feet; about Quebec there appears to be less than 1,500: 

feet; farther northeast, across the Mingan and Anticosti islands, there 

is about 4,000 feet, and in southeastern Labrador less than 500 feet re- 

mains. How far these shallow seas spread over the Canadian shield is 

unknown, since this most positive part of North America has usually 

been above the strandline and is now stripped of nearly all the marine 

deposits which once rested on it. Ordovician strata are known, however, 

about Lake Saint John and elsewhere in Quebec, and since those that 

remain are of the kinds deposited far from shores, it appears safe to 

postulate that most of the seas of the Saint Lawrence geosyncline spread 

several hundred miles to the northwest of the Saint Lawrence River. 

To the southeast of the great river and estuary, however, all the strata 

of the Saint Lawrence geosyncline are in greatest confusion, being folded, 

crumpled, and widely thrusted in superimposed sheets, and intruded by 

igneous masses nearest the geantichne. ‘This superimposed structure is 

due in smallest part to the orogeny of late Devonian time, when the 

trough was, however, completely blotted out; the greatest deformation 

came with the time of most marked compression and thrusting, during 

the Pennsylvanian and Permian. All geologists have found it exceed- 

ingly difficult to unravel the stratigraphic sequence here, and as well to 

determine the thicknesses of the formations. The greatest thickness of 

strata appears to be in the Gaspé area, where there may have been as much 

as 20,000 feet. In northwestern Newfoundland there appears to have 

been 15,000 feet of subsidence, while to the southeast of Quebec and Mon- 

treal the formations may attain a similar thickness. In northern Ver- 

mont the total deposition may not exceed 8,000 feet, and in Massachusetts. 
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and eastern New York there seems to be a considerably smaller thickness. 

In all of this we see that the Saint Lawrence trough was a subsiding area 

from early Cambrian time to the close of the Devonian, and that nowhere 

did more than 20,000 feet of subsidence take place. This greater sinking 

toward the northeastern and oceanic end of the trough was accentuated 

‘by the Gaspé delta of Devonian time, where 2,000 feet of limestones and 

7,000 feet of sandstones were deposited. 

The seas of the Saint Lawrence trough at many different times con- 

tinued confluently into the Appalachian geosyncline. Its sedimentary 

history is also far less complete than that of the Appalachian trough, and 

accordingly the whole or the medial length of the Saint Lawrence geo- 

syncline was oftener dry land; at least five times was it completely 

drained of all seas. It was dry during the Middle Cambrian and again 

at the close of the Cambrian, between Beekmantown and Chazy times, 

and again in earliest and latest Silurian times. 

It has been stated that the Saint Lawrence trough was blotted out 

by the late Devonian orogeny. The question must be asked, Were there 

here earlier times of folding? For three-quarters of a century geologists 

have been pointing out the Taconic disturbance that took place toward 

the close of the Ordovician. The area of this folding is known definitely 

to extend from Tristates, New York, northeastward past Kingston to 

Becraft Mountain, east of the Hudson River, where all overlapping and 

definitely ascertained Devonian strata cease. The intensity of folding 

increases from west to east and from southwest to northeasi.. The dis- 

tance of known folding in a straight line is about 125 miles, and it ap- 

pears reasonable to assume that this orogeny extends many hundreds of 

miles northeast of. Hudson, New York, and to the west of the New Bruns- 

wick geanticline. As yet the unconformity can not be determined in the 

intensely folded slates of the Ordovician and Cambrian farther to the 

northeast. On the other hand, there is not the slightest evidence that 

Silurian or Devonian formations were ever present on the western side 

of the Green Mountains, but to the east, of these mountains there is 

paleontologic evidence of late Silurian, and, in Massachusetts, of Middle 

Devonian time. These facts appear to indicate that the eastern side of 

the whole of the Saint Lawrence trough was folded toward the close of 

the Ordovician. Furthermore, the succeeding Silurian deposits along 
the southeastern side of the Saint Lawrence trough are thick deposits of 
sandy shales and impure limestone, indicating that the New Brunswick 

geanticline had been reelevated. In these occurrences we see that the 
eastern portion of the Saint Lawrence trough was folded throughout east- 
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ern New York and perhaps all the way to Newfoundland, where there are 

also known crustal movements of late Ordovician time. Furthermore, 

as we shall see later on, the whole of the Acadian trough on the other 

side of the New Brunswick geanticline was dry land during the middle 

and late Ordovician. Other local details might be mentioned, all of which 

point to a time of folding and elevation of the eastern portion of the 

Saint Lawrence geosyncline extending clearly from New Jersey to Ver- 

mont and possibly all the way to Gaspé, Quebec. 

Before leaving the Saint Lawrence geosyncline, it should be stated that 

the Canadian shield was the northwestern lowland of this trough. Its 

other shore was the periodically rising New Brunswick geanticline, a. 

narrow highland tract described earlier (page 166). To the southeast of 

this geanticline lies another geosyncline, the Acadian trough, next to be 

described. 

DEVELOPMENT OF THE ACADIAN GEOSYNCLINE 

(See Maps, Figures 3 to 8) 

GENERAL DISCUSSION 

Across the southeastern margin of the New England States and’ 

through the central parts of the Maritime Provinces of Canada and 

southeastern Newfoundland, a geosyncline developed during Cambrian, 

Ordovician, Silurian, and Devonian times. Dana in 1890*? called it the 

Acadian trough, and its southwestern end, of longest endurance, the 

Fundy basin. During its earlier history it extended from at least south- 

eastern Newfoundland southwestward across Cape Breton, northwestern 

Nova Scotia, southern New Brunswick, southern Maine, and eastern 

Massachusetts. Like the Appalachian geosyncline, it appears to have: 

been in continuance as a trough since early Proterozoic time (see map, 

figure 1). To the southeast of the Acadian trough lay the borderland 

Novyascotica, of unknown width, while its northwestern shore was made 

by the New Brunswick geanticline, which separated it completely from. 

the greater Saint Lawrence geosyncline. 

The Acadian trough was present in Lower Cambrian time, and is seen 

in better development during the Middle Cambrian, with its Paradoxides 

faunas of Huropean affinities, extending from southeastern Newfound- 

land to Boston. ‘Then there is no evidence of this trough until early 

Ordovician time (Bretonian), when again it has decided European 

faunas. During all the rest of the Ordovician the trough appears to have 

* Dana: Archzan axes of eastern North America. Amer. Jour. Sci. (3), vol. 39, p.. 

380. Also Manual of Geology, 4th ed., 1895, pp. 444, 461, 536. 
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been dry land, making its reappearance early in the Silurian (Clinton) 

-as an open marine channel depositing coarse clastics, and continuing to 

the end of Guelph time. These Silurian faunas are very much like those 

of Wales and are best known about Arisaig, Nova Scotia. During the 

Upper Silurian the sedimentary record is restricted to its westward end, 

‘the Fundy basin, laying down here considerable thicknesses of marine 

strata, but more especially great volumes of volcanic ash and lavas. 

These center about the southeastern corner of Maine. The Fundy basin 

‘continued with marine waters throughout Lower Devonian time, and 

later in this period the whole of the trough was involved in the marked 

‘foldings of the Acadian disturbance. 

The total subsidence of the Acadian trough apparently did not exceed 

12,000 feet (County Antigonish, New Brunswick), though in the very 

limited and highly volcanic area of southeastern Maine the total smking 

may have been as great as 25,000 feet. Elsewhere the deposits appear to 

average around 6,000 to 7,000 feet. The total thicknesses are as follows: 

Feet 

‘Southeastern Newfoundland (Cambrian, 2,120; Ordovician, 3,880)..... 6,000 

County Antigonish, New Brunswick (Cambrian, estimated, 1,000; Ordo- 

vician, 5:800; Silurian, 3,600; Lower Devonian, 680)... .<.....-senee 11,080 

Saint John, New Brunswick, and southeast (Cambrian, 2,150; Ordo- 

vician, 700;:. Silurian. and Devonian,. estimated, 3,500). .!/ 2... «eee 6,350 

‘Eastport, Maine (Cambro-Ordovician, 4,000; Silurian marine, 6,000; 

Silurian voleanic, 14,000; Devonian, 1,000) 2... ...... 2.2.0. ee 25,000 

“Hastern: sMassaenusSenis® | ci..2ce-aa ce Sew ore ea ores toate: els. aw ear 10,600 

NORTHUMBERLAND BASIN 

(See Maps, Figures 10 to 12) 

With the late Devonian orogeny, as previously stated, the Acadian geo- 

syncline was blotted out, and then new areas of fresh water with some 

marine sedimentary accumulation came into being. This embayment, 

consisting of a series of troughs, may be known as the Northumberland 

basin because it is best developed throughout the lands bordering the 

strait of this name in New Brunswick and Nova Scotia. It continued 

across the Saint Lawrence Gulf and Newfoundland, and the deposits are 

of Mississippian and Pennsylvanian time. They average in New Bruns- 

wick and Nova Scotia between 15,000 and 18,000 feet. It is interesting 

‘to note that these basins of deposits lie between periodically rising moun- 

tains, and that these mountains were reelevated four times more before 

the whole of the Northumberland basin was, in Permian times, brought 

-above the level of sedimentary accumulation. 
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As we have seen, the Northumberland basin came into being with the 

late Devonian orogeny, which was followed by fresh-water deposition of 

early Mississippian time (Horton, 2,000 feet) and by late Mississippian 

marine deposits (Cheverie, 700 feet, and Windsor, 1,200 feet). Then 

the Northumberland basin underwent mountain-making for the second 

time, and, so far as known, this movement completely shut out marine 

transgressions until the origin of the present Gulf of Saint Lawrence. 

Following this second elevation, more than 5,000 feet of coarse conti- 

nental deposits of early Pennsylvanian time were laid down in valleys 

between mountains. Then came the third reelevation of the mountains, 

followed by 6,800 feet of coarse sediments, also having many coal strata 

whose floras indicate Middle Pennsylvanian time. Finally came the 

fourth uplift, giving rise to from 2,100 to 6,000 feet of more or less red 

~ beds of latest Pennsylvanian time, and then the whole of the Northum- 

berland basin was reelevated in the early Permian for the fifth time. 

In all of this we see that the Acadian region was intensely folded and 

intruded by igneous rocks during the late Devonian orogeny, and that it 

then underwent four widely spread times of seemingly vertical uplift, 

with a final elevation in the Permian. Even so,these are not all of the 

times this region underwent one or the other kind of crustal movement, 

since the early Paleozoic formations of the Acadian geosyncline show in 

the nature of their coarse sediments that the borderland Novascotica had 

been uplifted in late and early Silurian times, probably also in the Ordo- 

vician, and at the close of the Middle Cambrian. 

DEVELOPMENT OF THE OUACHITA HMBAYMENT 

(See Maps, Figures 5 to 11) 

One of the interesting phenomena in the stratigraphy of North Amer- 

ica 1s the appearance in Upper Cambrian time of what seems to be the 

beginning of a geosyncline all along the north side of the Mexican old 

land known as Columbia and its northeastern extension, Lianoria. It 

was a seaway that united the Cordilleran trough with the Appalachian 

one, but it lasted only into Middle Ordovician time. 

Beginning in eastern Arkansas, the Cambro-Ordovician deposits of 

this trough are seen emerging from underneath the Mississippi embay- 

ment of Mesozoic and Cenozoic formations. They have a maximum 

thickness of about 1,500 feet, increasing westward to 7,000 feet in the 

Arbuckle Mountains of eastern Oklahoma (Wichita Mountains have 

9,000 feet). Thence southwardly these deposits decrease rapidly in 

thickness to central Texas, where, in Llano and Burnett counties, the 
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depth is about 1,800 feet. In southwestern Texas, about El Paso, the 

maximum thickness is about 1,700 feet, and a smaller depth continues 

across southern New Mexico into Arizona. To the south, in Sonora, 

Dumble has reported about 3,000 feet of limestones beneath supposedly 

Upper Ordovician formations that may be of Cambro-Ordovician time. 

On the other hand, while the two ends of this trough (Ouachita and 

Sonoran embayments), and particularly the former, continued to accu- 

mulate strata intermittently throughout the Paleozoic, yet the longer 

central reach across Arizona, New Mexico, and Texas was dry land dur- 

ing Silurian, Devonian, and Mississippian times. In all of this we see 

that there was a good beginning for the development of a long transverse 

syncline, and that it failed to evolve into a geosyncline because the land 

elements Columbia and Siowia, or the Great Plains country, remained 

neutral or slightly positive in relation to the oceanic level. In other 

words, we see that Columbia was not in motion northward; only its north- 

eastern portion, Llanoria. The latter was a decidedly positive and peri- 

odically rising crustal element that eventually moved northward, crowd- 

ing the strata of the Ouachita embayment against the ancient granitic 

Ozark dome. Because the Ouachita trough had not the usual length of 

geosynclines, and since it was often dry land, it is preferably regarded as 

a southwestern embayment of the Appalachian geosyncline. Undoubt- 

edly the causation for the Ouachita embayment was the decided negative 

condition of the southernmost portion of the Appalachian geosyncline 

that was evolving toward a deep Gulf of Mexico. The compensating re- 

action of this sinking area against Llanoria, on the other hand, caused it 

to be a decidedly positive element, and especially so after Mississippian 

time. As we shall see, Lilanoria was the highland that furnished the 

tens of thousands of feet of clastic sediments for the Ouachita trough of 

Pennsylvanian time. 

The Ouachita embayment, as previously stated, emerges from beneath 

post-Paleozoic deposits at Little Rock, Arkansas, and the petroleum wells 

‘about the Wichita Mountains of Oklahoma show that the trough did not 

extend beyond these mountains. Therefore this embayment had a length 

of about 400 miles. To the east of Little Rock it must have continued 

unbroken and in open connection with the Appalachian geosyncline. As 

is well known, Branner*? long ago pointed out that the Appalachian 

trough appeared to continue into the Ouachita embayment. It is now 

certain, however, that the line of strike of the formations of Arkansas 

ean not be connected with the last of those in Alabama, where the Appa- 

33 J. C. Branner: The former extension of the Appalachians across Mississippi, Lou- 

isiana, and Texas. Amer. Jour. Sci. (4), vol. 4, 1897, pp. 357-371. 
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lachian folds plunge beneath the Cretaceous overlap. The exact stratal 

connections between these two troughs may never be known because of 

the very wide Mesozoic-Cenozoic covering of the Mississippi Valley. On 

the other hand, the Paleozoic faunal connections of the Ouachita embay- 

‘ment with those of the Mississippian seas are more intimate than they 

are with those of Alabama. In other words, the seaway connections on 

the basis of the faunas are more intimate with the Mississippian sea than 

with the southern end of the Appalachian trough. 

The Ouachita embayment appeared early in Upper Cambrian time and 

its waters remained more or less continuously as a recording seaway into 

the early Middle Ordovician. The deposits are mainly dolomites, and 

vary in thickness from 1,500 feet in eastern Arkansas to 7,000 feet in 

the Arbuckle Mountains of eastern Oklahoma, and to 5,000 feet in the 

Wichita Mountains, farther west. 

During Middle Ordovician time the southern end of the neutral area 

Siouia was warped above sealevel, blotting out the medial reach of the 

long transverse seaway formerly uniting the Ouachita embayment with 

the Sonoran embayment, and hence from Mohawkian time onward the 

former trough is restricted to Oklahoma and Arkansas. From Middle 

Ordovician time up to the close of the Mississippian, the Ouachita em- 

bayment was only intermittently filled with marine waters, and therefore 

during this long interval the deposits are not in great volume. They 

vary from about 1,200 feet in central Arkansas to about 2,400 feet in the 

Arbuckles. Then a most marked change took place in the land to the 

south of the Ouachita embayment, and Llanoria must have been elevated 

most decidedly, since the Pennsylvanian strata in Arkansas attain, ac- 

cording to Branner, to a depth of over 23,000 feet. The total maximum 

thickness of all Pennsylvanian formations in southeastern Oklahoma 

appears to be about 37,000 feet, though the general average in any place 

may not exceed 28,000 feet. In other words, the whole of the eastern 

two-thirds of the Ouachita embayment sank during the Paleozoic no- 

where less than 25,000 feet, and to the east of the Arbuckle Mountains, 

the region of greatest depression, it appears to have gone down about 

39,000 feet. Shortly after Pottsville time all of the trough in southern 

Arkansas began to fold into the Massern Mountains. In Oklahoma, how- 

ever, the folding took place later, and according to McCoy** it came at 

the close of Monongahela or just before Cisco time. The thrusting is 

toward the north and northwest. 

34 A. W. McCoy: A short sketch of the paleogeography and historical geology of the 

Mid-Continent oil district and its importance to petroleum geology. Bull. Amer. Assoc. 

Petrol. Geologists, vol. 5, 1921, pp. 541-584. 

XIII—Buwuu. Grou. Soc. AM., Vou. 34, 1922 
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The whole relation of subsequent sedimentation was changed by the 

orogeny of late Pennsylvanian times and by another movement in eastern 

Colorado and New Mexico. This latter area of mountain-making is de- 

scribed by Lee in one of the papers of this symposium, under the name 

of “Ancestral Southern Rocky Mountains.” ‘To the east of the latter lay 

the Permian shallow-water seas of Texas, Oklahoma, and Kansas, laying 

down great sheets of clastics derived from the west, along with the most 

extensive deposits in North America of sodium chloride and gypsum. 

On the other hand, the Arbuckle and Massern mountains remained as 

land athwart the late Pennsylvanian and Permian seas, but the Wichitas 

were finally completely submerged by Permian sediments. In Nebraska, 

Kansas, and Texas, however, the Pennsylvanian seas continued unbroken 

into Permian time. 

From the previous statements we see that the Ouachita embayment 

and its positive borderland, Llanoria, are as striking a geologic element 

in the evolution of the North American continent as are the Appalachian 

geosyncline and its borderland, Appalachia. The only marked difference 

is the lesser areal extent and the less complete marine record of the south- 

ern elements. On the other hand, the positive crustal movements in both 

areas appear to be harmonious and of the same orogenic realm. 

DEVELOPMENT OF THE CORDILLERAN GEOSYNCLINE 

(See Maps, Figures 4 to 17) 

GENERAL DEVELOPMENT 

The longest and widest, and by far the oldest and longest-continuing 

seaway is the one long known as the Cordilleran geosyncline. During 

the Paleozoic it extended from the Arctic Ocean southward through what 

is now the mountainous region of western North America into north- 

western Mexico, a distance of 3,000 miles. In Canada the width of this 

seaway is usually several hundred miles, while in the United States it is 

many hundreds of miles wide and at times attains a breadth of more 

than 1,000 miles. The eastern shores of this vast geosyncline and its 

marine extensions are the Canadian shield and its southern prolongation, 

Siouia, while its oceanward borderland is Cascadia, to the west of which 

is the Pacific Ocean. 

With the close of the Devonian the Cordilleran seas begin to restrict 

and their eastern shores in the far north begin to move westward. This 

change is further accentuated in the late Pennsylvanian and Triassic, so 

that by the end of Jurassic time there had arisen, almost out of the very 

center and along the entire length of this geosyncline, the very extensive 
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Cordilleran Intermontane geanticline. In Cretaceous times, then, there 

lay on the western side of this geanticline the Pacific geosyncline, with a 

length of at least 2,500 miles, and on its eastern one the Rocky Mountain 

geosyncline, or Coloradoan sea, extending in the form of a sigmoid curve 

from Behring Straits into the Caribbean mediterranean, a distance of 

over 5,000 miles, 

EARLY CORDILLERAN GEOSYNCLINE 

(See Maps, Figures 4 to 12) 

Just when the Cordilleran geosyncline came into existence is not 

‘known, but it is certain that its central part was present early in 

Proterozoic time, and seemingly with about the same position and extent 

as in the early Paleozoic (see map, figure 1). Its presence is clearly 

evidenced by the vast deposits of Proterozoic time in the Beltian series, 

extending certainly from Great Salt Lake into British Columbia to 

about 55 degrees north latitude. Furthermore, in the Grand Canyon 

area of Arizona other thick Proterozoic deposits are known, so that we 

may say that the Cordilleran geosyncline in Proterozoic time had a 

regional distribution similar to that which it had during the early Paleo- 

zoic. ‘These Proterozoic deposits, mainly sandstones and shales and with 

very little of limestones or igneous materials, vary in thickness from 

15,000 to over 30,000 feet, and as their depth and coarseness increase 

westward, it is also clear that even then Cascadia was, as later on, the 

bounding western borderland. Probably the most extraordinary fact 

in our present studies is that of the conformable relations of the Pro- 

terozoic and Paleozoic strata. In other words, there was no markec 

orogeny in the Cordilleran geosyncline at the close of the Proterozoic 

as there clearly was in all the other marginal areas of North America. 

Can this tranquillity of the American Cordilleran region mean that the 

North Pacific Ocean was not a decidedly sinking region during the 

Proterozoic, and that this vast basin did not begin to become crustally 

unstable until late Jurassic time, when the evidence of vast mountain- 

making appears for the first time in many lands that bound the Pacific 

Ocean? As yet we know of only local orogeny in the Cordilleran region 

of North America during Proterozoic and Paleozoic time. Therefore 

one of the extraordinary phenomena in the geologic history of the Cor- 

dilleran region is the conformability of Proterozoic, Paleozoic, and even 

Mesozoic formations up to the close of the Jurassic. 

The thicknesses of the Paleozoic formations throughout the western 

part of the Cordilleran geosyncline vary between 10,000 and 23,000 feet, 

being apparently greatest in the southern half. The Cambrian, 
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Ozarkian, and early Ordovician deposits are very thick throughout the 

geosyncline, varying between 6,000 and 16,000 feet. It is the grandest 

known Cambrian sequence anywhere in the world, and our knowledge 
of it is almost wholly due to Walcott. The Middle and Upper Ordovi- 

cian and all of the Silurian may be absent or are poorly represented, 

apparently by not over 500 feet in thickness, in the medial length of the 

geosyncline, while the later Devonian is usually present, though never 

thicker than 1,000 feet. About middle Mississippian time a great 

change took place in the extreme northern portion of the trough, since 
the whole Mackenzie region was then warped above sealevel, and this 

area did not again have deposits until Jurassic time. Therefore it is 

only in the southern two-thirds of the Cordilleran geosyncline that the 

later Mississippian, Pennsylvanian, early Permian, and Triassic are 

present in thick deposits, varying in depth between 1,500 and 5,500 

feet. In other words, we agreé with Ulrich that the Paleozoic sequence 

in the Cordilleran seas is far less complete than that of the Appalachian 

geosyncline, and that the latter area is best “fitted to fill the require- 
ments of a standard” for stratal correlations in America. These con- 

clusions therefore appear all the more strange when we take into con- 

sideration the fact that the Cordilleran seas, when present, were often 

more extensive than were those of the Appalachian trough. 

RISE OF THE ANCESTRAL ROCKY MOUNTAINS GEANTICLINE 

(See Maps, Figures 2 and 12) 

We must now make a little digression to explain the rising of a 

geanticline in the eastern portion of the Cordilleran geosyncline, one 

that is clearly described by Lee (see page 286) as the Ancestral Southern 

Rocky Mountains. All through the earlier Paleozoic the Cordilleran 

seas transgressed eastward on and at times across the neutral region 

Siouia. In the same way the Mississippian seas spread westward variably 

over parts of Siouia. These conditions continued until late in the 

Tennesseean. Then, apparently early in Pennsylvanian time, at least 

all of eastern Colorado and New Mexico, western Kansas, western 

Oklahoma, and northwestern ‘Texas was bowed up into the high Ancestral 

Rocky Mountains geanticline. To the west of this highland lay the 

Cordilleran seas of late Paleozoic time, while to the east of it the Mis- 

sissippian seas of late Pennsylvanian time and the following Red Beds 
Permian overlapped to the westward. In other words, the source of 

sediments for these seas was completely changed by this geanticline. 

Finally, we learn from Lee that the whole of this arch was eroded to 

sealevel by late Jurassic time, since the Logan sea, and more especially 

that of the Cretaceous, completely transgressed it. 
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LATE CORDILLERAN GEOSYNOLINE 

(See Maps, Figures 12 to 17) 

We now return to a further consideration of the Cordilleran geosyn- 

cline, and more especially to its changes after Devonian time. It has 

been shown that this trough had a uniform development throughout the 

Proterozoic and early Paleozoic. For the first time crustal deformation 

set in late in the Devonian, but only locally in northern California 

(Shastan channel) ; and a little later, in the Mississippian, upwarping 

took place over a very wide region in the Mackenzie River area, com- 

pletely blotting out here the Cordilleran geosyncline. With these move- 

- ments we see Cascadia transgressed more definitely by the Shastan chan- 

nel and the Alexandrian embayment, and taking on northwest-southeast 

trends that bring about the further delimitation of its parts into the 

borderlands, California and Charlotte. In consequence the inland seas 

of Carboniferous times also took on northwest-southeast trends. This 

new alignment of lands and seas is seen even better in late Pennsyl- 

vanian time, but here the areal expanse of the seas is still very extensive 

and much like the conditions earlier in the Cordilleran geosyncline. 

RISE OF THE CORDILLERAN INTERMONTANE GEANTICLINE 

With the continued rising of the Ancestral Rocky Mountains, the 

Cordilleran sea of Middle and Upper Triassic time was pushed westward, 

blotting out gradually the whole of the medial portion of this old 

geosyncline. Finally, early in the Jurassic there began farther west the 

rising of the Cordilleran Intermontane geanticline, which during the 

Cretaceous separated two independently evolving geosynclines. This 

greater arch, however, was not completed until after the close of the 

Jurassic, for the Logan sea of early Upper Jurassic time was still in 

wide marine connection with both the North Pacific and the Arctic 

oceans. Finally, toward the close of the Jurassic, followed the Sierra 

Nevada orogeny—a time of marked mountain-making throughout the 

length of western North America, but chiefly in the area of the Cor- 

dilleran Intermontane geantichne. This further rising of the geanti- 

cline extended it unbroken as a marine barrier from Siberia into Central 

America and brought into existence two new and wholly distinct sequent 

geosynclines—sequent because of their formation out of the greater 

and older Cordilleran geosyncline—the Rocky Mountain one on the east 

and the Pacific trough to the west of this geanticline. This arched land 

exists today as the Northern Interior, Columbia, and Nevada-Sonoran 

high plateaus of Ransome.*° 

35, L. Ransome: The Tertiary orogeny of the North American Cordillera and its 

problems. In “‘Problems of American geology,” 1915, pp. 287-376. 
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PACIFIC SEQUENT GEOSYNCLINE 

(See Maps, Figures 12 to 17) 

Let us first consider the shorter and narrower Pacific geosyncline, but 

one with a far longer history than the eastern or Rocky Mountain trough. 
It extended from the Alexandrian archipelago of southeastern Alaska 

to the southern end of Lower California, and while its main history is of 

Mesozoic time, yet during the whole of the Cenozoic the Californian 

sea was a decidedly subsiding geosyncline. Actually there were, however, 

two more or less distinct Pacific geosynclines with different histories. 
To the northern one, restricted almost wholly to Canada and essentially 

of Mesozoic time, it is proposed to give the name of British Columbia 
geosyncline, while the southern one, of much longer endurance, has 

long been known as the California sea. 
All through the Paleozoic the Alexandrian embayment of south- 

eastern Alaska was in evidence, and its seas, beginning with the Silurian 

and continuing with interruptions up to the close of the Permian, laid 

down apparently not less than 12,000 feet of sediments, though the depth 

may be a great deal more (see maps, figures 7 to 17). With the late 

Pennsylvanian, however, this embayment became but the northern part 

of the British Columbia geosyncline, and the eastern shoreline of the 

northern part of the Cordilleran trough was moved far to the west. 

This northern geosyncline of late Paleozoic time continued unbroken 

into the Californian sea, which at this time still retained its former 

wide eastern spread. The British Columbia geosyncline, however, was 

not in typical development until Upper Triassic time, and was blotted 

out during the earlier Upper Cretaceous, long before the Rocky Mountain 

trough was folded into mountains. 

The Triassic deposits of the British Columbia geosyncline attain a 
maximum depth, on Vancouver Island, of 13,000 feet, but nine-tenths 

of this is volcanic extrusives. The Jurassic is well represented by from 

3,000 to 8,000 feet of deposits. Of earlhest Cretaceous strata there are 

none, and the sea returned in late Lower Cretaceous times and continued 

unbroken into that of the Pierre, during which interval there were de- 

posited from about 4,000 to 15,000 feet of coarse clastics and lava flows. 
In other words, the whole of the trough subsided, from the Middle Penn- 

sylvanian to the close of the Cretaceous, something like 25,000 feet. 

Now let us consider the southern half of the Pacific sequent geosyn- 

cline, or, better, the Californian sea. The Shastan channel was clearly 
in evidence with the Middle Devonian, and the Cordilleran seas did not 

become narrowed until Middle Triassic time. Therefore it was in the 

Upper Triassic that the Californian geosyncline made its appearance. 
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It extended from Oregon south to the end of Lower California. During 

Mesozoic time it subsided not less than 27,000 feet, and to this must 

be added the Paleozoic strata, amounting to something like 8,000 feet 

more. ‘Toward the close of the Cretaceous large parts of the trough 

-were folded, roughly in what is now the Great Valley of California and 

the Coast Ranges; then during the Cenozoic the trough continued to 
receive marine and fresh-water sediments that on the average will prob- 

ably exceed 30,000 feet in depth. The stratal history of Lower Cal- 

ifornia is too little known to go profitably into its detail except to say 

that it is best known since early Upper Cretaceous time. 

The orogeny of the late Cretaceous does not appear to have been of a 

very marked character, since in places the Mesozoic and Cenozoic deposits 

are conformable to one another. Orogeny was more pronounced at the 

close of the Oligocene, strongly so at the end of the Middle Miocene 

(Monterey), moderately at the close of the Miocene, and most pro- 

nounced of all at the close of the Pliocene. 
In the evidence recited we see that northeastern California subsided 

during the Paleozoic and up to the close of the Jurassic something like 

22,000 feet, and following the rise of the Cordilleran Intermontane 

geanticline central California sank during late Mesozoic and all of 
Cenozoic time probably as much as 45,000 feet. 

ROCKY MOUNTAIN SEQUENT GEOSYNCOLINE 

(See Maps, Figures 14 to 17) 

We have seen that early in Lower Cretaceous time there came into 

full existence the Cordilleran Intermontane geanticline. ‘To the east 

of this long arch, that continued to rise throughout Cretaceous time, 

there gradually developed the Rocky Mountain geosyncline that in full 

development extended from Siberia into the Caribbean mediterranean. 

This vast subsiding realm is readily divisible by its structural features 

_ into three areas. In the north (1) is the Arctic-Mackenzie region, (2) 

south of the Liard River into northern New Mexico is the very wide 

Rocky Mountain or Dakotan sea, and (3) from southern New Mexico 

and Arizona south is the Mexican area. 

Let us take up first the Mexican geosynclune, since the marine trans- 

eression begins earliest here. Nearly all of Mexico was land throughout 

most of the Paleozoic, and the only parts frequently under water were 

the narrow southern Tehuantepec region and the greater Sonoran em- 

bayment across Sonora, Arizona, Chihuahua, New Mexico, and western 

Texas. As yet, it can not be said with certainty that Mexico has the 

characteristics of an ancient shield, and that it was a low land throughout 
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Paleozoic time, though we may for the present assume this condition 

because of the relatively thin deposits of the Sonoran embayment. 
The Mexican geosyncline made its appearance in the north late in 

Pennsylvanian time, then in the south late in the Triassic, more definitely 

early in the Jurassic, and before the close of this period its waters had 

attained Texas. Then there was a retreat of the sea from the north, 

but early in the Lower Cretaceous a general transgression of the Mexican 

sea set in, that widened until it finally covered more than two-thirds of 

Mexico. It continued to spread northward into the United States, and 

early in the Upper Cretaceous (Benton) the Mexican waters united with 

the Dakotan sea, that since late Lower Cretaceous time (Blairmore) had 

been spreading southward. The maximum thickness of the Mesozoic 

deposits in Mexico may be as great as 20,000 feet. 
The Arctic coast of Alaska is too little known to determine whether 

there is here a geosyncline having a borderland facing the Arctic Ocean. 

The older Paleozoic formations have been found to be some thousands 

of feet thick, followed in the Cape Lisburne area by more than 5,000 

feet of Lower Carboniferous. The Jurassic, wholly of continental strata, 

is 15,000 feet thick, followed by about 5,000 feet of Cretaceous. This 

region, for easier reference, may be known as Endicott sea. 

The stratal history of the Mackenzie Valley in its broader aspect has 

been made known during the past ten years, and it is now established 

that, beginning with the Lower Cambrian, there was no orogeny in this 

region until late Cretaceous time. Not even the late Jurassic rising 

of the Cordilleran Intermontane geanticline affected the area of the 

Mackenzie Valley or, for that matter, any of the region of the Rocky 

Mountain geosyncline. Here during Cambrian to late Devonian times 

the Cordilleran trough received no less than 13,000 feet of marine strata. 
Then the region was warped above sealevel, and there are no strata of 

any kind until late Jurassic time, when the overlaps of the British 

Columbia geosyncline toward the east attained the region of the Macken- 

zie Valley. The making of the Cordilleran Intermontane geanticline fol- 

lowed, but in this region the arch apparently was not a highland, since 

to the east of it the Cretaceous deposits do not exceed a few thousand 

feet in thickness. 

It was during the late Lower Cretaceous (Blairmore-Albian) that the 
Arctic Ocean began to spread south through the Rocky Mountain geosyn- 

cline, but these marine waters seemingly did not extend south of the 

Peace River of Alberta, though fresh-water coal-bearing strata of about 

this time (Kootenai) occur southward through Alberta into Montana. 

Then the seas retreated northward, or, better, their spreading appears 
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to have been oscillatory during Lower Cretaceous time, just as were the 
Comanchian (Washita) seas spreading from Mexico northward to make 

the Dakotan sea. Finally, in early Upper Cretaceous (Benton) time, 

the Rocky Mountain geosyncline was at its height of flood, making the 
largest inland sea that ever lay upon the North American continent. It 

then extended continuously from the Arctic Ocean into the Caribbean 

mediterranean, and from British Columbia, Idaho, and Utah eastward 

into Manitoba, Minnesota, Iowa, Kansas, and eastern Texas. Along the 

western side of the trough from Wyoming north into Alberta, from 

10,000 to 20,000 and locally even 25,000 feet of coarse clastics were laid 

down. ‘Toward the east all the formations thin away rapidly to a few 

thousand feet in depth. However, soon after the fullness of this great 
sea the northern end of the geosyncline began, in Niobrara time, accord- 

ing to Dowling,*® to warp above sealevel. The higher arching continued 

to spread southward during the remainder of Cretaceous time, causing 

the wide Coloradoan sea to change into a continually southwardly shrink- 

ing gulf, and the last of its marine waters (Cannonball) were blotted 

out just before Fort Union time.*‘ Fresh-water formations, however, © 

continued to accumulate for a time (Fort Union, Puerco, Torrejon), 

and finally, late in the Paleocene or, more exactly, just before Wasatch 

time, came the second and most marked time of late Cretaceous orogenies, 

transforming the Rocky Mountain geosyncline into the mighty Cordillera 

of western North America. ‘he folding and thrusting was away from 

the geanticline and toward the east. On the other hand, as the eastern 
mountains of the Pacific system appear to be folded and thrusted away 

from the Intermontane geanticline, we see in parts of the polygenetic 

Cordilleras of western North America another example of bilaterally 

symmetrical mountains. 

We must return once more to the sediments of the Rocky Mountain 

geosyncline to bring out the striking fact that in the area of greatest 

subsidence—that is, in Idaho, western Montana, southeastern British 

Columbia, and southwestern Alberta—there had been no orogeny from 

early Proterozoic time until the close of the Cretaceous. During this 

vast time there was laid down in this area about 20,000 feet of Mesozoic 

strata, resting conformably upon 26,000 feet of Paleozoic formations, 

and these in turn lie conformably upon about 30,000 feet of but little 

metamorphosed Proterozoic rocks. It is the longest accessible geological 

section known anywhere and attests the striking fact that the earth’s crust 

may subside at least 14 miles before it becomes folded into mountains. 

%D. B. Dowling: Summ. Rept., Geol. Survey Canada, 1921, 1922, pp. T9B-90B. 
aT. W. Stanton: The Cannonball marine member of the Lance formation. U. S. 

Geol. Survey, Prof. Paper 128, 1920. 
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SONORAN EMBAYMENT 

(See Maps, Figures 1, 5 to 11) 

The Sonoran embayment was an east-west trending seaway in con- 

nection with the Cordilleran geosyncline during Paleozoic time. It 

appears to have come into being during the Proterozoic. There is, how- 

ever, no region of North America less known geologically than north- 

western Mexico, and therefore the history of this embayment can be 

given only in the light of the strata known in southern Arizona and 

New Mexico and southwestern Texas. There may, therefore, be in this 

area many more horizons than are now recognized. We have already 

given the Cambro-Ordovician history and pointed out that the thickness 

of these deposits may attain a maximum of 3,000 feet (page 182). 

The uppermost Ordovician and the Middle Silurian appear to be well 
represented by about 1,500 feet of sediments, mainly limestones. The 

Upper Devonian and the Lower Mississippian are also well represented 

by about 1,500 feet of clastics and lhmestones, while the thin Upper 

Mississippian is known only in southwestern Texas. In middle Penn- 
sylvanian time the western end of the Sonoran embayment was blotted out 

by mountain-making, and then the eastern part of the Cordilleran sea 

opened out southeastward across Chihuahua and Coahuila into the Gulf 

of Mexico. | 
Then the thickest stratal development in this trough appeared, in 

middle and late Pennsylvanian and earlier Permian times; these deposits 

in southwestern Texas may exceed 10,000 feet of clastics and limestones. 

It is by all means the best marine section of these times anywhere in 

North America. With the middle Permian, this earliest appearance of 

the Mexican geosyncline vanishes and the region remains dry land until 

the Lower Cretaceous, when the Comanchian seas of the Gulf of Mexico- 

spread westward across Chihuahua into eastern Sonora and northward 

across eastern New Mexico into Kansas. Of these Lower Cretaceous 

strata the thickness may not exceed 3,000 feet. All in all, it appears 

that no part of the Sonoran embayment sank in Paleozoic times over 

20,000 feet, and it is more probable that the maximum thickness of de- 

posits in any one place is not over 15,000 feet. 

DEVELOPMENT OF THE FRANKLINIAN GEOSYNCLINE 

(See Maps, Figures 3, 5 to 13) 

We will now study the stratal history of the extreme northern end of 

North America. Explorers have been bringing scattering geologic knowl- 

edge out. of Arctic North America for nearly a century, but, due espe- 
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cially to the concentrated work of the Norwegians (Per Schei) and the 

Danes (Lauge Koch) during the past twenty-five years, we are now see- 

ing far more clearly the general stratigraphic sequence and the broader 

structural relations of this region. Our knowledge is best for Ellesmere- 

land and northernmost Greenland, where it appears that there is a maxi- 

mum of deposition exceeding 21,000 feet. The Arctic seas began to 

spread over the Archean formations in Upper Cambrian times, and thence 

until the close of the Triassic the sequence is about as complete in the 

Franklinian geosyncline as in any of the other American troughs. Upper 

Cambrian, Ozarkian, and basal Ordovician times are well represented by 

from 5,000 to 8,000 feet of more or less clastic strata, the rest of the 

Ordovician and Silurian by about 4,000 feet of limestones, the Devonian 

by 6,000 feet or more of mainly clastics, while the Carboniferous lime- 

stones and Triassic shales may considerably exceed 3,000 feet. The 

strata thicken and beconte coarser toward the north and northwest in the 

very areas of the most intense folding of the United States Mountains, 

first made known by Lieutenant Peary. These mountains have peaks up 

to 8,000 feet and are the northernmost range of the earth, extending 

from Cape Morris Jesup to Robeson Channel and across it into Grant, 

Grinnell, and Peary lands. The thinning out of the strata is toward the 

southeast across Greenland and southward through the Franklin Archi- 

pelago and the Northwest Territory of Canada, parts of the vast Cana- 

dian shield. 
It is interesting to note further that northern Ellesmereland (Grant 

Land) and Peary Land are margined by Archean rocks, and they are to 

be interpreted as remnants of the borderland that furnished most of the 

detritals for the Franklinian geosyncline. This old land may be known 

as Pearya, and how far it extended into the present Arctic Ocean is, of 

course, unknown. Since the depths of this ocean north of Greenland 

and the Franklin Archipelago are not nearly as great as farther north- 

ward, it may have had a breadth of many hundreds of miles. That we 

are dealing here with a borderland having along its inner side a geosyn- 

cline whose waters lapped upon the Canadian shield is attested by the 

position and trend of the United States Mountains and by the further 
fact that the folding and overthrusting, according to a personal conver- 

sation with W. Elmer Ekblaw, is away from the Arctic Ocean and toward 

the southeast. 

Koch* refers the making of the United States Mountains to the Cale-. 

*QVLauge Koch: Stratigraphy of northwest Greenland. Meddel. dansk. geol. Foren., 

vol. 5, no. 17, 1920, pp. 1-78. Preliminary report upon the geology of Peary Land,. 

Arctic Greenland. Amer. Jour. Sci. (5), vol. 5, 1923, pp. 189-199. 
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donian deformation of late Silurian time, but, since at least the Penn- 

sylvanian strata are involved in the folding, it is clear that the origin of 

these ranges can not be older than late Pennsylvanian time. On the 

other hand, the Triassic strata appear to be unfolded and may represent 

a transgression restricted to the southwestern and more open remainder 

of the Franklinian geosyncline. 

NATURE OF MEDITERRANEANS COMPARED WITH GEOSYNCLINES 

GENERAL DISCUSSION 

The American theory of geosynclines is widely accepted by the Euro- 

peans, but their typical area for this structure is the mountains of south- 

SIBERIAN 
ONTINENT 

PACIFIC 

CONTINENT 

FIGURE 18.—World Chart showing Geosynclines and hypothetic Continents during 

Mesozoic Time 

After Haug, 1909, from Ruedemann, 1922. 

ern Europe and the Roman Mediterranean, extending into Asia, the site 

of a former greater mediterranean (see figure 18). To this very extensive 

seaway of the geologic past, Suess many years ago gave the name Tethys. 

Since Tethys was the consort of Oceanus, we see in this linkage of the 

gods also the idea that mediterraneans have the characteristics of oceans. 

This is true of mediterraneans in nearly all of their physical aspects 

except as to size and shape, since their typical form is that of elongate 
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oceans that are much more completely hemmed in by continents. It is. 

true, however, that both types of marine areas are greatly depressed deep-- 

water basins situated between continents. (Geosynclines, in the American 

sense, on the other hand, are long and narrow shallow-water inland seas 

‘lying wholly upon a continent (see map, figure 3). 

As the grandeur of European geology lies mainly in the mountains of 

the Mediterranean countries, their history and orogenies are well known, 

and it was but natural for the geologists of Europe to apply the term 

geosyncline to the area of the Tethyian deposits; all the more so since 

Dana, the author of the term, used it in several senses. He says:*° 

“That there were profound geosynclines over the oceanic basins during the: 

later Tertiary and early Quaternary is put beyond question by the fact of the 

great continental elevations of the same time. The Coral Island subsidence,. 

announced by Darwin in 1839, recognized such geosynclines; and they were 

long since set forth by Dana as the counterpart of the continental movements.” 

It is, therefore, but a natural conclusion for Pirsson to say*® that geo- 

synclines as well as geanticlines “may occur on the continents, as well as: 

on the ocean floor.” 

From these quotations we see that the term geosyncline has been al-- 

tered from the original sense of Hall to the wider one of Dana, and that 

it is now appled to all marine basins of long-continued sinking and 

stratal accumulation. This condition of things has become so thoroughly 

engrafted in the literature of geology that it is probably impossible to 

change it. We will therefore use the term geosyncline in the generic: 

sense, as extended by Dana, and apply it to all the greater long-continued 

down-flexured parts of the lithosphere. With this limitation, rifts and 

graben are excluded. | 

Of such crustal flexures, there are at least four categories. These are: 

as follows: 

MONOGEOSYNCLINES 

The true geosynclines as originally defined by Hall and Dana, which 

finally give rise to but one synclinorium, are exemplified by the Appa- 

lachian geosyncline. They are long and comparatively narrow, deeply 

subsiding, but always shallow-water, smaller, primary geosynclines, situ- 

ated within a continent along the inner side of borderlands. They should 

hereafter be known as monogeosynclines, because they are the simplest of 

geosynclines. 

39 J. D. Dana: Manual of geology, 4th ed., 1895, pp. 936-937. 

40 L. V. Pirsson: Text-book of Geology, Pt. I, Physical geology, 2d ed., 1920, p. 305. 
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POLYGEOSYNCLINES 

These are the more or less wide and longer-enduring but shallow-water 

‘primary geosynclines, which give rise to one or more parallel geanticlines 

and to two or more sequent geosynclines with shorter histories. In other 

words, they are primary and greater geosynclines within a continent and 

situated along the inner sides of borderlands, but evolving into two or 

‘more sequent geosynclines separated by geanticlines. The typical ex- 

ample is the Cordilleran primary trough, out of which have arisen the 

Cordilleran Intermontane and Ancestral Rocky Mountains geanticlines 

and the subsiding Pacific and Rocky Mountain sequent geosynclines. 

They may be known as the polygeosynclines, the prefix suggesting that 

several geosynclines are combined. 

Another fine example is the Andean polygeosyncline. This great geo- 

syncline, in its size and complex history, reminds one much of the Cor- 

dilleran trough, and it was in the making throughout the Paleozoic and 

Mesozoic. To the west of it lay a wide borderland, first determined by 

Burckhardt*! for Jurassic time and fractured into the depths of the Pa- 

cific during the Cenozoic. This downfracturing was especially active 

during the Pleistocene and it was in keeping with the very marked up- 

faulting of the Andes, raising the late Cenozoic peneplain at least 10,000 

feet into the Alta Plana of present Bolivia. To the east of the Andean 

polygeosynchne is the Brazilian shield, the nucleus or neutral area of 

South America, and over its western part occasionally spread in earlier 

Paleozoic time the waters of the western seas. As in North America. the 

thickest deposits are in the west nearest the borderland. 

It appears that the width and degree of geologic complexity in the 

structure of the geosynclines are dependent on the magnitude of the near- 

est ocean. In other words, the greater the ocean, the wider the trough. 

In eastern North America the comparatively narrow Appalachian 

monogeosyncline ceased to subside in the Pennsylvanian, and during the 

Permian the folded structure of the Appalachian polygenetic mountains 

was completed. Never again was this region subject to orogeny, and the 

width of the folded tract is about 450 miles. The region has, however, 

been arched several times since. 

The orogenic region of western North America is, on the other hand, 

not less than 1,100 miles wide—that is, from eastern Colorado to Cali- 

fornia—and in this area have originated, inside of the borderlands, three 

geosynclines and two geanticlines. We are therefore led to believe that 

1C, Burckhardt: Beitrige zur Kenntniss der Jura- und Kreideformation der Cordillere. 

Paleontographica, vol. 50, 1900, pp. 1-144. 
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this very wide and long-enduring polygeosyncline is so because of its 

developmental relation with the vastness of the Pacific, the greatest of 

oceans. . 
‘ MESOGHOSYNCLINES, OR MEDITERRANEANS 

- The mediterraneans are the areally smaller and decidedly elongate, but 

most mobile oceans, and are more completely bounded by continents than 

are the true oceans. They are characterized by abyssal waters, by ex- 

cessive mobility, and by very intricate histories, combining eventually 

several geanticlines and geosynclines. The Roman Mediterranean is the 

best known example, and, to distinguish this type from the other geosyn- 

clines, they may be known as mesogeosynclines (with reference to their 

position between continents) or simply as mediterraneans. 

In Europe the theory of geosynclines centers in the structure of Tethys 

and is set forth in the great work of Haug.** He defines them as follows: 

“The geosynclines, essentially mobile regions of the earth’s crust, are always 

situated between two continental masses or relatively stable regions. They 

constitute, before their filling with sediments, marine depressions of quite a 

considerable depth” (page 632). “It is evident that the folded mountain 

chains have in general become emergent geanticlines, and divide the primitive 

geosyncline into secondary ones. After the folding phase the whole is again 

depressed, the geanticlines are again covered by the sea, and the same phe- 

nomena are reproduced in the same order up to the emergent condition” (page 

708). 

Again: 

“Most often the strata of the geosynclines belong to the bathyal type. 

American writers have always taken as a point of departure for their theories 

on mountain-making the fundamental idea that mountains are formed on 

[inside of] the border of oceans, and that the continents increase by the addi- 

tion of other chains, more and more recent. [The last part of this sentence 

is not an American idea.] Under this hypothesis, geosynclines take birth at 

the limit between continents and oceans, the sediments which accumulate there 

are exclusively littoral, and the zone of sinking, with the greatest thickness 

of strata, is separated from the ocean by a simple swelling.” * 

From these quotations we see that Haug’s theory of geosynclines is 

far from the American conception of the evolution of the continent of 

North America as described in this address. In the first place, the conti- 

nent was much larger in Proterozoic time than it is now, and paren- 

thetically it may be added that the writer holds most of the continents 

#”H. Haug: Les géosynclinaux et les aires continentales. Contribution 4 l'étude des 

transgressions et des regressions marines. Bull. Soc. Géol. de France, 3d ser., vol. 28, 

1900, pp. 617-711. 

8H. Haug: Traité de géologie, 1907, pp. 160, 166. 
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to have been originally larger than they are now. Nor are the geosyn- 

clines “at the limit between continents and oceans”’—that is, they are not 

on the continental shelves. The monogeosynclines and polygeosynclines 

are situated hundreds of miles within the continents, inside of border- 

lands that are not mere “simple swellings.” 

We therefore see that mesogeosynclines are not situated upon a conti- 

nent, but that they, like the oceans, he between the continents. Also that 

their depth is oceanic in kind and their deposits range from clastics to 

the finest abyssal oozes. The entombed faunas are almost always normal 

marine ones, and even though they are often of shallow-water kinds, yet 

ereat thicknesses of almost unfossiliferous limestones and dolomites 

occur, suggesting for them abyssal waters. The mesogeosynclines have 

very long histories, and their structures show a far more complicated 

succession of orogenies and geanticlinal formations than do even the 

polygeosynclines; they are ever so much greater in area, depth of water, 

and in complicated structure than the monogeosynclines. On the other 

hand, it does not appear from what is known of the mesogeosynclines 

that they were ever completely drained of their waters, as was commonly 

the case with the monogeosynclines and polygeosynclines. In other 

words, the geosynclines within the continents reveal many more breaks 

in sedimentation than do the mesogeosynclines that lie between the 

continents. 

The depth of water in Tethys appears to have been very unlike in dif- 

ferent places. The Roman Mediterranean still has a length of about 

2,200 miles and a greater width of over 1,000 miles. Its average depth 

is about 4,500 feet, while the western deep goes to 12,200 and the eastern 

one to 14,700 feet. Asiatic Tethys from Turkey to Burma is now moun- 

tain land, and its Paleozoic deposits indicate deeper waters than those of 

the Mesozoic, while the Cenozoic formations are essentially shallow-water 

clastics; none of the deposits, however, suggest abyssal depths, as do 

some of the formations of western Tethys. In late Paleozoic and Meso- 

zoic times the eastern Tethyian mesogeosyncline extended across southern 

Burma and Siam, through the Dutch East Indies, to New Guinea. This 

eastern extension of greater Tethys, along with its folded and decidedly 

overthrusted mountains, has been subsiding into the oceanic abyss since 

early Cretaceous time; here, too, the sediments with their oceanic faunas 

often also suggest very deep waters. 

These facts and inferences indicate that the mesogeosynclines are 

oceanic in character, duration, and geologic work accomplished, that they 

clearly are not comparable to monogeosynclines, and only in a general 

way are like polygeosynclines. 
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Haug, seeing clearly that mesogeosynclines le between continents, and 

that the marine loading areas of today are situated upon the outer edges 

of the continents—the continental shelves—postulates these same places 

for the geosynclines of Mesozoic time. However, continental shelves 

have not the trough structure of geosynclines, and to get such troughs 

here during Mesozoic time, Haug postulates and maps continents, though 

with a great deal of doubt, over the entire areas of the present oceans! 

Accordingly, his theory calls for mesogeosynclines; but his making land 

of nearly all the oceans leads us to ask, What has become of all the marine 

water of Mesozoic time? Of course, he can give no answer. We can 

partially help him out of his difficulty by postulating (1) for the greatest 

geosynclines an inter-continental position—that is, the mesogeosynclines 

and oceans—and (2) an imtra-continental position for the polygeosyn- 

clines and monogeosynclines. At present the earth is without active geo- 

synclines in the sense of those of Mesozoic and Paleozoic times. The 

continental shelves are not geosynclines, since they have no outer border- 

lands. 

At the present time there appear to be no monogeosynclines in forma- 

tion, unless it be (1) the Baltic Sea and Gulf of Bothnia making their 

way into the White Sea, or (2) the Persian Gulf heading through Meso- 

potamia into the Mediterranean. The Red Sea is a rift sea, with depths 

down to 6,000 feet, and the Gulf of California, with a major depth of 

over 10,000 feet, appears to be another. 

Of polygeosynclines there also appear to be none now in formation. 

In regard to mesogeosynclines, the Mediterranean is clearly one and the 

Caribbean another. 

The island arcs off eastern Asia inclose the Sea of Okhotsk (depth to 

12,000 feet), Japan Sea (10,500), Eastern Sea, and China Sea (16,100). 

The Yellow Sea appears to be nearly filled with sediments, since the 

greater part has depths less than 400 feet, but a small outer part goes 

down to over 7,700 feet. These recording basins can not be grouped into 

any of the mentioned types of geosynclines, since some of them have 

oceanic depths, but all are actually a part of the Asiatic continent. They 

are marginal geosynclines or parageosynclines (geosynclines beside a 

continent) and contrast with mesogeosynclines that lie between conti- 

nents. 

OCEANS 

The largest sinking fields are, of course, the oceans, with their down- 

fractured or downwarped parts of continents, their geanticlines, and their 

mountains of extrusion that are either single, clustered, or arranged in 

XIV—BULL. GEOL. Soc. AM., Vou. 34, 1922 
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lines. Oceans, however, are not geosynclines. Suess in 1909 wrote 

Ruedemann : 

“T do not believe in oceanic geosynclines. No existing ocean has a synclinal 

structure, except by superimposed sediments, and the Pacific troughs [deeps] 

are not synclinals.” 

CoNTINENTAL FOUNDERING 

RIFTS AND GRABEN 

Rifts, even when filled with marine waters, are not geosynclines. They 

are, Gregory says,** “formed by the subsidence of strips of the earth’s 

crust between parallel faults.” The Great Rift Valley is the grandest 

example. This series of fault-formed valleys is continuous from Pales- 

tine to south of the Zambesi of southern Africa, and branches of it extend 

from the Gulf of Aden westward to the central Congo. The Red Sea is 

one of its marine invaded parts, with depths down to 6,000 feet, but the 

rift has “a total downthrow of 11,000 feet.” 

The Great Basin country of the United States is another example, with 

a much wider area of downthrow, which is something like 4,000 feet in 

Utah. 

The rifting of eastern Africa is generally believed to be due to settling 

of an uplifted arch of epeirogenic extent. Krenkel*® has shown, however, 

that the rifts cut all the geologic structures, none of which give unmis- 

takable evidence of an extensive arch. He states that Africa is being 

squeezed between the southwardly moving mass of Asia and the north- 

wardly pushing mass of the Antarctic Ocean. In consequence, Africa is 

moving northwestward. On the other hand, the Indian Ocean resulted 

in the foundering of eastern Gondwanaland, or, better, Lemuria, that 

began in Cretaceous time. Because of all these interacting movements, 

the outer crustal portion of eastern Africa has been widened about 5 per 

cent, the compensation for this enlargement giving rise to rifting on a 

grand scale. ‘This increase in area and faulting through tension has gone 

on in compensation for the orogeny elsewhere. Therefore tafrogenesis 

(from the Greek for rifts or graben) is the counterpart of orogenesis, 

and East Africa is the type area for tafrogenic structures. Rifts also 

develop in mesogeosynclines, and one of the best examples is the Ethio- 

pian mediterranean of Neumayr. It began to develop as a marine trough, 

about Permian time, between Africa and Lemuria, and persisted as such 

“J. W. Gregory: The rift valleys and geology of East Africa. An account of the 

origin and history of the rift valleys of East Africa and their relation to the contem- 

porary earth-movements which transformed the geography of the world. London. 1921. 

* I. Krenkel: Die Bruchzonen Ostafrikas. Berlin, 1922. 
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to about the close of the Cretaceous, when the trough and its eastern 

borderland were almost completely broken up and faulted into the depths 

of the Indian Ocean. 

Graben are also downfaulted areas, but of much smaller dimensions. 

They may develop on any part of a folded land. 

FOUNDERING OF BORDERLANDS 

The borderlands of North America are pictured in figures 2 and 3. 

These show that North America in Proterozoic time was 2,000,000 

square miles larger than it is now, and that Appalachia in the Devonian 

extended not less than 250 miles beyond the present shoreline. Now the 

eastern part of this land is warped at least 5,000 feet into the depths of 

the Atlantic. On the other side of North America the outer parts of 

Cascadia have been warped and probably in the main faulted into the 

Pacific to depths of 14,000 feet. 

During the Paleozoic and the earlier half of Mesozoic time the w Se 

coast of South America appears to have extended at least several hundred 

miles beyond the present shoreline, and some of this old land remains 

along the coast of Chile. Off Peru the Andes borderland has gone into 

the abyss anywhere between 13,000 and 24,800 feet, and this seemingly 

since middle Pliocene times. While this foundering was going on, the 

peneplaned Andes were raised vertically not less than 10,000 feet, a dif- 

ferential movement between the elevated and depressed masses amounting 

to nearly 7 miles. 

FOUNDERINGS OF CONTINENTS 

It is now widely admitted that Madagascar, an island of 230,000 square 

miles area, was once a part of Africa, and yet today it is separated from 

the latter by Mozambique Channel, from 240 to 600 miles wide, with 

depths down to 11,800 feet. Madagascar is, however, only the southern 

end of far greater Lemuria, a land of Mesozoic and older times that ex- 

tended northeasterly, taking in all of peninsular India. Of this conti- 

nent, there is left Madagascar, India, and groups of islands (Seychelles, 

Comoro, etcetera), with oceanic depths between them varying from 13,650 

to 17,380 feet. 

The greatest of all foundered continents, however, is the ancient lesa. 

zoic land named by Neumayr Sino-Australia, embracing southeastern 

China and Siam, Sumatra, Java, Borneo, Celebes, the Philippines, New 

Guinea, Australia, New Zealand, New Caledonia, the lesser Hebrides, the 

Solomons, Fijis, and Samoas. Great areas of Sino-Australia have gone 

into depths variable between 10,000 and 13,000 feet and in places to over 
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17,000 feet. The foundered areas are parts or the whole of mesogeosyn- 

clines and synclinoria and of geanticlines and anticlinoria. Abendanon 

has renamed Sino-Australia Aeguinoctia. 

The history of this foundering is still largely unknown. It probably 

began in the later Paleozoic, was most active in the later Mesozoic when 

Australia was separated from Asia, and these negative and positive move- 

ments have continued through Cenozoic time into the present. In most 

places along the margins of the continents facing the Pacific we note 

these great founderings, and the largest of all in the South Pacific. The 

chief area of crustal subsidence is, of course, in the water hemisphere, 

and it may well be that the united pull of the subsiding Antarctic and 

South Pacific oceans was the cause for the breaking up of Sino-Australia. 

The inbreaking of the Indian Ocean at the expense of Lemuria and ~ 

greater Australia was probably also in sympathetic connection with this 

negative movement of the Antarctic Ocean. 

In the Atlantic Ocean there is nothing comparable to this foundering 

of the Pacific. The relations are rather with the type of foundering in 

the Indian Ocean. Western Gondwanaland, uniting Africa to Brazil, 

was not in existence after Lower Cretaceous times, though there is much 

marine faunal evidence back of the latest Jurassic down to the Silurian, 

proving the existence of a land across the equatorial Atlantic. The foun- 

dering in the Atlantic began about the same time as that in the Indian, 

and all of it appears to have been in sympathetic connection with the 

vast subsidence in the water hemisphere. 

SUMMATION AND CONCLUSIONS 

My paleogeographic studies have confirmed the well-known fact that 

the vast medial region of the North American continent, while slightly 

positive, is in reality neutral in regard to sealevel. It is the “nucleus,” 

or “Kratogen,” of the continent, taking in the greater part of eastern 

Canada and most of Greenland (see map, figure 3). This very ancient 

land, in its rocks and structure, is seemingly in the main of Archeozoic 

making, but during much of Proterozoic time was still undergoing oro- 

geny. Since the late Ordovician the neutral region has been a lowland. 

The great neutral area of Canada is continued southwestward across 

the region known as Siouia into greater Mexico. It can therefore be 
definitely stated that Siouia and especially the Canadian shield have ever 

since the Cambrian furnished but little clastic sediment to the seas. 

Western Mexico and Siouia, on the other hand, were during the Mesozoic 

highlands furnishing sediments in great volume to the adjacent seas. 



SUMMATION AND CONCLUSIONS 203 

Walcott long ago pointed out that the North American continent is 

very old, that it was not only outlined in late Proterozoic time, but that 

it was larger then than it is now. We now see that this continent had its 

present configuration even early in Proterozoic time, when it appears to 

_ have been 2,000,000 square miles larger than it is to-day. 

While the neutral area is wholly devoid of post-Proterozoic geosyn- 

clines, yet it was four times in the early Paleozoic widely covered by inde- 
pendent Arctic floods (see maps, figures 6 and 7). These spread 
southward across the nucleus into southern Canada, where their waters 

united with seas coming north through the Mississippi Valley. The first 

one was of middle Ordovician (Black River-Trenton), and the second of 
late Ordovician (Richmondian) time. The other two were of the early 
and middle Silurian (Alexandrian and Niagaran). In the north the 

combined depth of their marine sediments, largely limestones, may attain 

to 3,000 feet, while in southern Canada they appear to be measured by a 

few hundred feet. These floods, in continuation with the Franklinian 

trough, had nothing to do with those of the Cordilleran geosyncline, and 

their waters may or may not have been in communication with that 

trough. : 

Now let us consider the borderlands (see map, figure 3). The north- 

eastern portion of North America was margined by Acadia, of which 

there remains more visible than of any of the other borderlands. It was 

a marked diastrophic region from early Cambrian time to the close of 

the Pennsylvanian, though its marine history is practically pre-Carbon- 

iferous. ‘To the south of it lay Appalachia, which seemingly continued 

unbroken into greater Anttila. Appalachia was in periodic crustal 

unrest throughout the Paleozoic, and attained its maximum compression 

during the Permian. Shortly afterward, in the Triassic, this borderland 
began to fracture and to develop a block mountain structure, and the 

greater eastern part of it went under the Atlantic during middle Meso- 

zoic time. With its foundering, southern Antillia began to develop a 

marine history, and with the close of the Mesozoic and ever since, this 

southern borderland has been in the throes of crustal unrest. 

The Arctic side of North America was margined by the borderland 

Pearya. It was in existence as a highland certainly in Upper Cambrian 

time, and again in the late Devonian. Just when its orogenic history 

ceased is not yet clear, but seemingly during the Permian. 

The whole of western North America south of Alaska was margined 
by greater Cascadia. It was present in early Proterozoic time as a high- 

land, and again during the Cambrian. It was folded, locally, in northern 

California, during the Middle Devonian. In the Pennsylvanian or earlier 
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it divided into two northwesterly-southeasterly trending lands, a northern 

mass, the Charlotte borderland, which endured, though greatly reduced 

in area, into early Cenozoic time, and a southern one, the Californian 

borderland, which suffered marked orogeny throughout Mesozoic and 

Cenozoic times. At present, much of Cascadia is faulted into the great: 

depths of the Pacific. 

We have now recounted the most positive and the least positive areas 

of the North American continent, and next we must bring together a 

brief statement as to the various geanticlines (see map, figure 2). The 

oldest of these is the New Brunswick geanticline, dividing Acadia into 

two geosynchinals. This periodically rising axis had its origin at the 

close of the Proterozoic, and late in Devonian time it became so positive 

and so beset with active volcanoes as to blot out the seas on either side 

of it. Even though the earhest Carboniferous seas partially reentered 

between these mountains and formed the Northumberland embayment, 

yet this orogenic province continued positive till the close of Pennsyl- 

vanian time. | 

The next geanticline to appear arose out of the medial area of the 

greater Mississippian sea and divided it into two basins after early 

Silurian times. This was the well known Cincinnati geanticline. It 

was at no time during the later Paleozoic a very positive axis of uplift. 

During the later Pennsylvanian, there was much orogeny throughout 

the borderlands of eastern North America, and to a far more limited ex- 

tent in Texas and Oklahoma. In keeping with this mountain-making, 

the western area of neutral Siouia also began to rise vertically. This is 

the Ancestral Rocky Mountains geanticline, whose rising finally com- 

pletely blotted out in the area of Siouia the later Paleozoic seas. The 

geanticline was, however, reduced to sealevel before the Upper Jurassic, 

since the seas of this time and those of the Cretaceous again completely 

transgressed all of it. This old structure was reelevated by the Laramide 

orogeny and by the epeirogeny of late Cenozoic times. 

The most interesting of all the positive areas is the well known Cor- 

dilleran Intermontane geanticline (see maps, figures 2 and 16). This 

made its appearance through warping late in the Triassic as a low arch 

throughout the States of Arizona, Nevada, Utah, and Idaho, and then in 

the earlier Jurassic the arching was continued northward into British 

Columbia. It was completed by the Nevadan orogeny of late Jurassic 

time, which established it during the Cretaceous throughout the extent 

of North America. It was a geanticline of the first order, and was a 

vigorously rising mass during the Cretaceous. During its growth it 

blotted out much of the Paleozoic Cordilleran seas, and along its easterm 
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side throughout the whole extent of the geanticline, from Siberia to the 

Caribbean, there developed the vast Rocky Mountain geosyncline. Struc- 

turally, it remade the western portion of the continent into a bilateral 

system of mountains, the mighty Cordillera of North America. 

We will next consider the geosynclines (see map, figure 3). It was 

between the great medial or neutral region and the much smaller border- 

lands that three of the four primary geosynclines were developed, namely, 

the small Arctic Franklinian trough and the better known Appalachian 

and Cordilleran geosynclines. Their greatest subsidence was toward the 

borderlands. Out of the Cordilleran primary geosyncline came the Pa- 

cific and Rocky Mountain sequent geosynclines (see map, figure 16). The 

small Acadian primary geosyncline, on the other hand, lies between the 

borderland Novascotica and the New Brunswick geanticline (see map. 

figure 3). 

The Cordilleran geosyncline is the oldest and has had the greatest 

amount of crustal evolution. A very small western part of it is still seen 

as a marine waterway in the Great Valley of California. This long- 

enduring geosyncline had its origin early in the Proterozoic, and during 

this era its maximum subsidence appears to have been about 30,000 feet. 

Curiously, no orogeny developed within the geosyncline at the close of 

the Proterozoic, but its borderland Cascadia was then reelevated into a 

highland, since the following Cambrian sedimentation alone was as much 

as 15,000 feet. Then there was no striking crustal change until early in 

Pennsylvanian time, when the Mackenzie shoreline was warped some 

hundreds of miles to the west, and the geosyncline consequently took on 

a northwest-southeast trend. We have seen that the Ancestral Rocky 

Mountains geanticline during Permian and Triassic times also pushed 

the eastern shoreline of this geosyncline something like 600 miles to the 

west. After the middle Triassic, the trough was greatly restricted, and 

with the subsequent rising of the Cordilleran geanticline, this great trough 

early in the Lower Cretaceous became the comparatively narrow sequent 

Pacific geosyncline. On the other hand, the rising of this geanticline is 

evidenced in the trough by marked volcanic activity, beginning in the 

late Pennsylvanian and attaining its climax in early and middle Triassic 

times. With the maximal rising of the geanticline late in the Jurassic, 

its area was to a large extent invaded by vast bathyliths and by renewed 

volcanic activity, the extrusive materials being also present in consider- 

able volume in the Lower Cretaceous strata of the Pacific geosyncline. 

Then toward the close of the Cretaceous, the British Columbia part of 

the Pacific geosyncline became land. The Californian trough, however, 
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continued as a marine area, although greatly restricted, not only through- 

out the Mesozoic, but the Cenozoic as well. 

With the rising of the Cordilleran Intermontane geanticline, there 

came into existence the eastern sequent and short-lived but very mobile 
Rocky Mountain geosyncline. ‘This subsidence appeared first in Mexico, 

beginning possibly early in the Permian and certainly in the late Triassic, 

and spread northward into Kansas,by the close of Lower Cretaceous time, 

when the Mackenzie end of the trough also had marine waters as far south 

as central Alberta. Then early in the Upper Cretaceous the whole of the 

geosyncline was one vast inland sea. The western geanticline again began 

to rise late in the Cretaceous, and apparently the whole of the arch from 

southern Mexico north into Alberta was then studded with active volca- 

noes. With this further rising of the arch, the Rocky Mountain seas 

were converted into land during the close of the Cretaceous. The present 

high altitude of the Cordillera, however, came with the vast epeirogeny 

that began in the middle Miocene and was completed toward the close of 

the Pliocene. 

The Appalachian geosyncline made its reappearance south of Virginia 

in earliest Cambrian time, but long before the close of the Lower Cam- 

brian it was in clear evidence from Alabama to Labrador. This is the 

type geosyncline (see map, figure 4). The northern half, or the Saint 

Lawrence trough, was blotted out by the orogeny of late Devonian time, 

and the whole of the Appalachian geosyncline was converted into moun- 

tains during the Permian. Last of the southern half of this geosyncline 
was the borderland Appalachia. Southeast of the Saint Lawrence trough 
and the New Brunswick geanticline was the Acadian geosyncline, and 

both troughs were elevated above sealevel by the Devonian orogeny (see 

maps, figures 7 and 9). Therefore we may say that the northern Appa- 

lachian system of mountains are bilaterally symmetrical structures, while 

the southern Appalachians, even though they are polygenetic mountains, 

are wholly a one-sided system folded and thrusted away from the Atlantic 

Ocean. 

To the northwest of Greenland is the Franklinian geosyncline, bounded 

on its Arctic side by the borderland Pearya, while its deposits thinned 

inland across the Canadian shield (see maps, figures 3 and 5). The 

presence of this geosyncline is clearly evidenced in late Cambrian time, 

and we suspect that it came into existence with the diastrophism of the 

late Proterozoic. During the Paleozoic, the Franklinian trough subsided 

something like 20,000 feet, and appears to have been blotted out by the 

orogeny of Permian times. 
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Of embayments, there are four. (1) With the vanishing of the Saint 

Lawrence and Acadian troughs in Devonian time, there appeared in 

greater Acadia the Northumberland embayment, extending across the 

Maritime Provinces of Canada and Newfoundland (see maps, figures 10 

and 11). It endured during the Mississippian and Pennsylvanian 

periods, the subsidence nowhere exceeding 18,000 feet. The embayment 

ceased with the Permian orogeny. 

(2) Chiefly in Arkansas and Oklahoma, from Upper Cambrian to 

Middle Pennsylvanian time there was developing the Ouachita embay- 

ment, an east-west trough connecting more or less directly with the Appa- 

lachian geosyncline (see maps, figures 8 and 6). It subsided markedly 

during its earliest existence but more especially during the Pennsylva- 

nian, since in Arkansas the maximum of depression appears to have been 

35,000 feet. The trough failed as such with the Pennsylvanian orogeny. 

(3) Another west-east trough was the Sonoran embayment of north- 

western Mexico, which was more or less closely connected with the Cor- 

dilleran geosyncline (see maps, figures 3 and 6). It reappeared in the 

Upper Cambrian and endured into the Pennsylvanian, during which time 
the trough sank something like 15,000 feet. 

(4) The fourth of these basins was the Alexandrian embayment of 

southeastern Alaska, which finally merged with the Pacific geosyncline 

during the Pennsylvanian (see map, figure 3). It came into being at 

least as early as the Lower Ordovician, and during its existence the basin 

sank not less than 12,000 feet. 

It does not follow that when the geosynclines are in flood the neutral » 

areas are at the same time more or less under water. Frequently the 

floodings are restricted to the geosyncline, and at other times the Arctic 

floods cover essentially the neutral areas of the continents. In the same 

way, the Mississippian seas west of the Cincinnati geanticline may be in 

evidence when the Appalachian geosyncline is dry. 

It appears from the irregularity of the continental floodings that their 

presence is primarily due to crustal movements, but it does not at all 

follow that all are so brought about. The widespread and more or less 

cosmopolitan faunas of the Upper Cambrian, Middle Ordovician, Silu- 

rian, Devonian, and late Cretaceous appear to bear out Suess’ hypothesis 

of eustatic (=world wide) higher marine levels, when the continents 

are base-leveled and the oceans most filled with sediments, causing them 
to spill widely over the lands. Clearly, every grain of sand displaces just 

as much water. 

As to the time of origin of the primary geosynclines, we may say that 

all arose in the Proterozoic (see map, figure 1), and that out of the Cor- 
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dilleran one there developed in Mesozoic time two sequent geosynclines 

(see map, figure 16). The amount of sediment in any of these troughs 

appears to have nothing to do with the time when they were folded into 

synclinoria. In places there may be even less than 10,000 feet of sedi- 

ments, on the average the amount of subsidence is between 15,000 and 

35,000 feet, while in the mid-length and width of the combined Cordil- 

leran-Rocky Mountain geosynclines there was about 76,000 feet, or about 

14 miles depth, of strata before the troughs evolved into synclinorial 

mountains. Nor has the length of geologic time anything to do with the 

vanishing of the geosynchnes. Both the Saint Lawrence and the Acadian 

troughs endured only from early Cambrian time to the close of the De- 
vyonian ; the southern Appalachian one was in formation from the early 

Cambrian into the Pennsylvanian; while vast stretches of the Cordilleran 

geosyncline did not foid from early Proterozoic time until the close of 
the Cretaceous, even though other parts of the trough rose into a very 

long and high geanticline during the middle Mesozoic. In all of this, we 

appear to see that the balancing of masses under the law of isostasy con- 

tinues until some other force changes the relations of things deep down 

within the lithosphere. ~ 

So far as North America is concerned, we see that no primary geosyn- 

clines have come into existence after the Cambrian, and that the larger 

ones were clearly established either late or early in the Proterozoic. Se- 

quent geosynclines, of as great importance as any (Rocky Mountain), 

along with vast geanticlines (Cordilleran Intermontane), originated in 

Mesozoic time, but their evolution was out of a very wide and primary 

geosyncline (Cordilleran). We therefore conclude that in North America. 

no new deeply subsiding areas have originated since the early Proterozoic. 

It may be that the present highly elevated condition of the Cordilleran 

Intermontane geanticline will subside some thousands of feet. Should 

this happen, it appears probable that an inland sea will form, extending 

the Gulf of Lower California into the Great Basin country. It will be, 

however, a rift sea lke the present Red Sea, formed through the in- 

breaking of the Cordilleran Intermontane geanticline, and not a new 

geosyncline. 

The narrower and shorter-lived geosynclines (== monogeosynclines) , 

seemingly conditioned by the smaller Atlantic and Arctic oceans, are in 

striking contrast to the far wider, longer-enduring, and immensely more 

diastrophically active geosynclines (= polygeosynclines) conditioned by 

the Pacific. We therefore ask, Has the vastness of the negative areas, the 

oceans, any direct and sympathetic action upon the sides of the positive 

continents? It would seem so. If this surmise is admitted, we must 
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next ask the even more significant question, Why is it that western North 

America, in direct contact with the greatest ocean, exhibits but little 

orogeny until Jurassic time? We have seen that in eastern North Amer- 

ica, mountain-making was very active in late Devonian and again in 

Permian times; in Hurope at the close of the Silurian and several times 

during the Carboniferous. Do these facts, then, mean that the North 

Atlantic (= Poseidon) was an actively sinking ocean during the Paleo-. 

zoic, while the North Pacific was not a markedly subsiding area until 

early Mesozoic time? 

In further elaboration of these surmises, we note the greater volume of 

the sediments of the Appalachian, Acadian, and Franklinian geosynclines,, 

when contrasted for each period with those of the Cordilleran trough, 

which shows that the borderland Cascadia was less often reelevated than 

were the eastern borderlands Appalachia and Acadia. On the other hand,. 

in western North America, from Alberta south to Nevada, the greater 

part of the Ordovician and most of the Silurian are poorly represented 

by sediments, again showing that the Atlantic was diastrophically active: 

earlier than the Pacific. We may therefore speak of Atlantic and Pacific 

types of geosynchnes, since the same relations of parts are also true for 

South America. 

We must also ask ourselves, Why are there periodically rising border- 

lands with geosynclines along their inner sides? They appear to be the 

compensating areas of subcrustal flowage between the subsiding oceans 

and the unmoved or horst-like neutral areas or ““Kratogens” of the posi- 

tive continents. 

We will now consider the mesogeosynclines. It has been shown that 

all of the geosynclines of North America form on the inner sides of bor- 

derlands which are but the diastrophically active margins of the conti- 

nent. Furthermore, that geosynchnes are destined to evolve into moun-- 

tains. This is the American theory of geosynclines, and it is in direct 

opposition to the views of Huropean geologists, especially as formulated 

by Haug in 1900. The fundamental difference between the two theories: 

is that Haug places the geosynclines on the outer sides of the continents: 
in the areas of the continental shelves (figure 18). Huis studies center in 

the history of Tethys, the greater Mediterranean, once extending from 

the Atlantic to the Pacific. This is a very deep and vast basin of the 
oceanic type, situated, however, between close-lying continents. Tethys. 

was not, therefore, a geosyncline in the American sense, but a mediter- 

ranean or mesogeosyncline. 

To extend the meaning of the term geosyncline to all subsiding areas 

of sedimentary accumulation, to mediterranean and even to oceanic 
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basins, as was done, it is true, for the first time by Dana, is to befog the 

brilliant idea of James Hall. Our understanding of geosynclines (both 

monogeosynclines and polygeosynclines) is that they are variably long 

and variably wide, very mobile, sinking areas that always originate within 

a continent; they are more or less long in geologic development, and 

receive great quantities of sediments derived in the main from the border- 

lands. The more rapidly sinking side of a geosyncline is adjacent to the 

inner side of a borderland, while the subsidence of the trough becomes 

less and less toward the neutral area of the continent. Finally, when 

orogenic forces have converted the geosyncline into synclinorial moun- 

tains, these either are the inner portion of the anticlinorial borderlands, 

or they occur on one or both sides of geanticlines. 
Mediterraneans are vastly greater fields of diastrophism, with the long- 

est and most intricate of geologic histories. Of ancient Tethys, the west- 

ern end still persists as the Roman Mediterranean, with depths down to 

14,700 feet. Contrast these ocean-like basins with the shallow-water 

geosynclines, whose average depth is several hundred feet, and it becomes 

plain that the two types of marine waters can not be grouped together 

under one term. 

We have seen that all the geosynclines of North America have become 

dry land and mountainous. Into what are the mediterraneans evolving? 
We know that Tethys, formerly extending from Asia Minor to Burma, 

has been converted during the Cenozoic into dry mountainous land across 

5,000 miles. Seemingly the whole of the Roman Mediterranean is des- 

tined to the same end, but eastern Tethys throughout the length of the 

Dutch East Indies is in the main foundering with its mountains perma- 

nently into the oceanic depths. The American mediterranean is to a 

lesser extent doing the same, since Antillia is breaking down into the 
Caribbean and the Atlantic. 

It appears that once a region is folded through lateral pressure, it 

rarely redevelops a geosyncline. This is most easily seen in the Atlantic 

type of troughs, since neither the Appalachian, Acadian, or Franklinian 

geosyncline has gone through even a partial second cycle of geosynclinal 

formation. On the other hand, the “Kratogens,”’ once the area of the 

most ancient geosynclines, may, after they are peneplained, be widely 

flooded by epeiric seas. This was the case with the Canadian shield, and 

the roots of the Paleozoic Alps of Europe have been widely transgressed 

by Mesozoic seas. ‘These floods are, however, not those of geosynclines. 

Nor do geanticlines or borderlands develop geosynclines. Therefore it 

may be assumed that a region once folded and made positive, becomes 

stiff and resistant, and that, as a rule, it will remain so throughout time. 
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On the other hand, the borderlands and Sino-Australia have foundered 

- more or less into the oceans. In fact, even the Archeozoic and Protero- 

zoic synclinoria of the Canadian shield or kratogen have not undergone 

a second cycle of localized subsidence. However, a region once made 

positive through orogeny will subsequently be arched from time to 

time, and the aggregate of these epeirogenic uplifts may attain several 

thousand feet, as in the Appalachians (2,000) or the Rocky Mountains 

(7,000), or 10,000 feet as in the normally faulted rising masses of the 

Andes. We have also seen that out of the Cordilleran geosyncline there 

arose the Intermontane geanticline, while the sequent geosynclines on 

either side of it are the folded parts of the former greater trough. 

Diastrophism is mainly due to earth shrinkage. My paleogeographic 

~ studies appear to make it clear that there are at least five sets of inter- 

actions bringing on the marine floods over the continent and the making 

of mountains. Three of these are in consequence of earth shrinkage, and 

one is due to crustal or isostatic adjustment. All of them are reflected 

in the marine transgressions and emergences. The sealevel is, in addi- 

tion, altered by the filling of the seas and oceans with the debris of the 
lands, by the subtraction of oceanic water and the piling of it upon the 

lands during glacial times, by the growth of mountains of extrusion, and 

by the movements within the oceanic basins themselves. It is not easy 

for stratigraphers to evaluate properly the significance of these oceanic 

alterations in their relations to continental floodings, and we may 

eventually come to see that their importance is far greater than is now 

believed. 

Taking Le Conte’s views of 1897 and modernizing them, we hold that 

of crustal movements there are four categories, as follows: 

(1) The most primitive, extensive, and longest-enduring progressive 

movements are those of (a) negative or downward direction, resulting in 

the oceanic depressions with the heavier kinds of rocks; and (6) positive 

or upward direction, giving rise to the continental platforms of lighter 

materials. 

(2) The comparatively quick orogenic progressive movements in one 

general direction due to crustal lateral thrusting. They give rise in the 

stratosphere (or tectonosphere, Sonder 1922) to the folded mountains 

(orogeny), and in compensating areas to stretching and rifting (tafro- 

geny). Harth shrinkage is concentrated in the main upon the geosyn- 

clinal areas, the lines of greatest weakness in the crust. 

(3) The slowly forming epeirogenic or more or less wide and high 

arching or vertical movements of an oscillating character, now upward 

and now downward. LEpeirogenesis predicates eventual orogenesis. 
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(4) The isostatic oscillatory movements in compensation for transfer 

‘of load from one place to another; areas of sedimentation tend to sink, 

and eroding ones rise. Isostasy is an important cause of crustal move- 

ment, but is of secondary import to those produced by earth shrinkage. 

If we agree with T. C. Chamberlin that the earth since its growth out 

of planetesimals born of the sun has shrunk 570 miles radially, we see 

here the primal causation for the wonderful cyclic reelevation of the lands 

and sinking of the oceans, and much of the consequent periodic changes 

in climate. 

That the earth, under any theory of earth origin, is a shrinking mass, 

is shown mainly by the periodic folding of the lithosphere into mountain 

ranges, and by the subsidence of the oceanic areas. The crustal shorten- 

ing is further evidenced in the long-continued recurring times of epel- 

rogenic warping movements that culminate in the quicker orogenic ones. 

‘This crustal shortening, due to radial shrinking, follows upon the loss of 

interior heat, magmatic alteration, and extrusion of lavas, ashes, water, 

and gases, and mainly through molecular rearrangement of the centro- 

sphere engendered by the continuous attraction pressure. With Kober, 

we therefore say that “shrinking of the earth is no longer hypothesis nor 

theory, on the contrary it is knowledge built on ascertained facts.” 

This periodicity, moreover, leads to the most extraordinary result of 

all, namely, to times of quickened organic evolution and the pulsing of 

hfe, to the peopling of the lands by the denizens of the oceans, an evolu- 

tion that somewhere and somehow has tended to make it possible for the 

alow of the seas to feed on the air and to clothe the land with verdure; 

the latter in turn yields food for the animals forced to emerge from the 

realm of Neptune, and thus life progresses dominantly upward until it 

results in reasoning man, the controlling organism of the Psychozoic era. 

My labor of love is now finished. I have told you in the main of the 

localized geosynclines and the oceanic floodings of the continent. In the 

following papers of this Symposium you will learn more of how geosyn- 

‘clines are transformed into synclinorial mountain systems, or how vast 

expanses of inland seas become transformed into glorious mountains, 

areas scenically grand, geologically most difficult, and structurally highly 

interesting and significant. From studies in depression I turn you over 

to studies in uplift. 
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Figure 1.—Geosynclines (dotted), Lands (white), and Oceans or Mediterra- 

neans (ruled) during late Proterozoic Time 

Black marks the known outcrops of Animikian, Keweenawan, Beltian, etcetera. 

The Cordilleran trough may have opened into the Arctic Ocean. 



FIGuRE 2.—North America in early Proterozoic Time 

Dotted spaces indicate the lands since foundered into the oceans. The posi- 

tions of four geanticlines of later eras are also shown. 



ILLUSTRATIONS AS: 

Ficure 3.—Borderlands (white), Geosynclines and Embayments (dotted), and 

neutral Areas (the great central Region between Geosynclines) of 

Paleozoic Time 

A= Alexandrian embayment. 

XV—BULL. GEOL. Soc. AM., VoL. 34, 1922 
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Cambrian Time FIGURE 4.—Geosynclines of late Lower 
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FIcurRE 5.—Geosynclines and their Extensions of Upper Cambrian and Cana- 

dian Time 

Intensity of shading indicates areas of greatest subsidence. 
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Ficure 6.—Geosynclines and Embayments (dotted) and Arctic Sea (ruled) of 

Ordovician Time 

Intensity of shading indicates areas of greatest subsidence. 
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FIGURE 7.—Geosynclines and Embayments (dotted) and Arctic Sea (ruled) of 

Silurian Time 

Intensity of shading indicates areas of greatest subsidence. 
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Ficure 8.—Geosynclines, Embayments, and their Extensions during Devonian 

Time 

Intensity of shading indicates areas of greatest subsidence. 
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Vicure 9.—Cordilleran Geosyncline and Mississippian Sea of early Mississip- 

pian Time 

Shading indicates areas of greatest subsidence. 
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Figure 10.—Seas and Embayments of late Mississippian Time 

Shading indicates areas of greatest subsidence. 
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FicureE 11.—Seas and Coal Swamps of early Pennsylwanian Time 

Shading indicates areas of greatest subsidence. 
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FicurE 12.—Cordilleran, Mexican, and Franklinian Geosynclines; Mississip- 

pian Sea and Coal Swamps of late Pennsylvanian Time 

Shading indicates areas of greatest subsidence. 
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Ficure 13.—Pacific Geosyncline, Arctic and Mexican Seas of late Triassic Time 

Areas of fresh-water red deposits in east and southwest. Shading indicates 

areas of greatest subsidence. 
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Figure 14.—Pacific and Mexican Geosynclines and Logan Sea of early Upper 

Jurassic Time 

Shading indicates areas of greatest subsidence. 
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FIGURE 15. Californian, British Columbian, and Mexican Geosynclines of 

Middle Cretaceous (Albian) Time 

Sea over Florida. Shading indicates areas of greatest subsidence. 
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i 

FIGURE 16.—Great Rocky Mountain and narrow Pacific Geosynclines and Gulf 

of Mexico Overlap of early Upper Cretaceous Time 
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FIcurRE 17.—Great Rocky Mountain and narrow Pacific Geosynclines and Gulf 

of Mexico Overlap of late Upper Cretaceous (Pierre) Time 

Shading indicates areas of greatest subsidence. 





BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

VOL. 34, PP. 231-242 JUNE 30, 1923 

KOBER’S THEORY OF OROGENY? 

BY CHESTER R. LONGWELL 

(Presented before the Society December 28, 1922) 

CONTENTS 

Page 

PTA 20h INNES LUCOPYo. <.. . 2 22a. eset elec eee pie ends dened B31 

nr ee MIE TIC COE SUCSS 0)... lec ais ois ohlalee uo. Soe Oe eee abs de da es 2282 

Comparison of views of Suess and Kober on the Mediterranean mountain 

SOUS RETR Soe 2 St I SS eR 

euatacreristics Of the Mediterranean ranges............05e-seceseese ee 200 

Comparison of the Mediterranean orogen with other mountain systems.. 236 

anne MME ATUL Cefn red ee a Ses eins PEs wan see see's wcaaeecéees 200 

BRIEF OUTLINE OF KoBErR’s THEORY 

Professor Kober has attempted to fit all parts of the earth’s crust into 

a broad structural scheme, recognizing major units of two kinds: great 

plates or shields, continental in size, which behave as essentially rigid 

masses; and between them sinuous, comparatively narrow zones, which 

are relatively weak or labile and in which the effects of deformation are 

concentrated. These orogenetic zones are marked first by geosynclines, 

later by great systems of folded mountains. ‘Their positions, as well as 

the outlines of the plates, have changed somewhat through geologic time. 
Thus we find within some of the present rigid masses structure lines 

that mark the sites of mountain zones in the pre-Cambrian or the early 

Paleozoic. These were belts of weakness which have been healed or 

welded with the passage of time, while new labile zones have come into 

existence elsewhere. Therefore details in the structural aspect of the 

crust have varied, but there has been continued repetition of a general 

process. In the contraction of the earth the edges of adjacent plates 

1A review of “Der Bau der Erde,’ by Leopold Kober. Berlin, 1921. 

Manuscript received by the Secretary of the Society March 13, 1923. 

This paper is one of a series composing a “Symposium on the structure and history 

of mountains and the causes of their development.” 

XVI—BULL. GrEoL. Soc. AM., Vou. 34, 1922 (231) 
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have pressed against or toward each other, squeezing the relatively plastic 

orogenetic zones and thus localizing folded mountains. 

THEORY AND WoRK OF SUESS 

In studying the genetic relationships of mountains it is especially 

important that we recognize the largest units of structure. Exactly 

what constitutes a complete orogenetic zone and what does it look like 

in cross-section? Since the time of Suess we have been impressed with 

the asymmetry of folded mountains. It is a common conception that 

they are one-sided, the expression of intense rotational forces. Thus 

we speak of the Appalachians as overturned to the west, the Alps to the 

northwest, the Himalayas to the south, the Andes and northern Rockies 

to the east. This asymmetric cross-section is nowhere more pronounced 

than in the famous “decken” structure of the Alps, revealed in the 

“mountains without roots,’ which are isolated masses of older rocks 

standing on a base of more recent formations. It is clear that these 

anomalous masses are remnants of great overthrust sheets or recumbent 

folds,? which were pushed northward many miles from their original 

positions. Deep erosion has exposed a series of these sheets, or even 

local repetitions of a series, with rocks ranging in age from pre-Cambrian 

to Tertiary lying in various combinations of superposition. ‘The com- 

plex mass has been rolled forward over the foreland, which shows 

depression under the load. 

COMPARISON OF VIEWS OF SUESS AND KOBER ON THE MEDITERRANEAN 

MoUNTAIN SYSTEM 

Suess pointed out that several mountain systems in the Mediterranean 

region may be considered as parts of a much larger unit. The trend- 

lines of the Alps are continued through the Carpathian are into the 

Balkans, forming a sinuous but practically unbroken system, with over- 

turning in the same sense throughout. Suess also saw a westward con- 

tinuation of the Alps through the Apennines, the Atlas, and the Betic 

Cordillera of southern Spain. Thus he pictured the Alpine system as 

a great spiral, with its center near Genoa.* But Kober contends that 

the Pyrenees and not the Apennines are the proper westward continua- 

2 Kober evidently favors the older conception of Swiss geologists, that the great 

“decken” are attenuated recumbent folds rather than overthrust plates. He recognizes 

a difference in structure, however, between certain ‘“‘decken,”” as the Helvetian, 

apparently developed at a shallow depth, and others, as the Pennine, evidently formed 

under great load. 

2 He recognized the reversal in direction of overturning in passing from the Maritime 

Alps to the Apennines. 
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tion of the Alps. Furthermore, following Termier, he considers the 
Betic Cordillera as entirely distinct from the Atlas and probably con- 

nected with the Pyrenees. Proceeding to the east, he projects the Balkan 

trend-lines through the structures of Crimea and the Caucasus. Thus 

the Alpides, as defined by Kober, extend from Gibraltar to the Caspian ; 

and in all subdivisions of this great system overturning toward the 

north is pronounced.* 

CHARACTERISTICS OF THE MEDITERRANEAN RANGES 

The Alpides, considered alone, furnish an excellent example of asym- 

metry in cross-section, corresponding to the conception of Suess. But 

Kober says this is only half of the picture. A remarkable counterpart 

of the Alpine unit may be traced through the Atlas, the Apennines, the 

Dinaric Alps, the structures of Greece and the Grecian Isles, into the 

mountains of Taurus and Iran. Again we are dealing with a tortuous 

but practically continuous line of mountains, with structures overturned 

FIGURE 1.—Schema der Gliederung des alpinen Orogen 

Kober’s figure 26, page 140. 

in the same sense throughout; in this case southward, away from Europe 

and the Alps. It is clear that all of these Mediterranean ranges have 

a close genetic relationship, for they were born of the old sea Tethys 

during Cretaceous and Tertiary time. Considered together, they out- 

line a complete orogenetic zone, or orogen, with the following char- 
acteristics : 

The two parallel systems are overturned away from each other, each 

over its own foreland. Measured from one foreland to the other, the 

average width of the entire unit is about 1,000 kilometers, although 

locally it varies considerably from this figure. Typically, as in the 

Hungarian lowlands and in central Asia Minor, a broad intermontane 

*With regard to the Caucasus, Kober is at variance with several other geologists, 

including Suess, who have reported these mountains as overturned to the south. 
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space—the Zwischengebirge—is relatively little deformed. Elsewhere, 

as north of the Adriatic or west of the Balkan arc, the border ranges are 

pressed back to back, with no intervening space. Due to unequal stresses 

or partly to an original irregular course of the orogen, there are local 

deep embayments where ranges of the same system face each other. The 

most pronounced of these irregularities is represented by the Apennines 

and the Dinaric Alps. 
Kober’s orogen® of the Mediterranean type is represented in section 

as well as in plan by figure 2. The degree of bilateral symmetry shown 

in the diagram is, of course,’ ideal, but with certain modifications we 

may consider that the section is taken on a northeast-southwest line 

through the Carpathians, the plains of Hungary, and the Dinaric Alps. 

Figure 3 represents a section farther west and more nearly in a north- 

TAMIR ih if 
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FIGuRE 2.-—Blockdiagramm eines normalen (erweiterten) Orogen 

KkXober’s figure 30, page 166. 

south direction, crossing the East Alps and the Dinaric Alps. This 

part of the orogen has suffered such extreme deformation, that the rocks 

of the middle zone (Zwischengebirge) are either incorporated in the 

overfolded borders or depressed into the depths. Folds have been 

squeezed into recumbent sheets or “decken,” which are most pronounced 

in the East Alps, but also reach southward into the Dinarides. In con- 

trast with the normal section, the separation between the two systems of 

border ranges is marked by a mere line or cicatrix. The Narben (cica- 

trix) type of structure characterizes the narrow segments of the orogen, 

which alternate with broader segments characterized by the Zwischenge- 

birge type (see figure 1). 

°To afford a complete representation of his type orogen the diagram should also 

include foredeeps outside of and paralleling the border ranges. 



CHARACTERISTICS OF THE 

But the Mediterranean orogen does 

not stop at the Caspian Sea. The 

trend-lines of the Caucasus are taken 

up in the border ranges of Turkestan, 

deflected northward through the arcs 

bounding the Pamir plateau, contin- 

ued eastward through the Kuenlun, 

and turned to the south on the head- 

waters of the Hoang-ho. A long belt 

of chains follows the Mekong, crosses 

Siam, and finally breaks off at the rias 

coast of the Gulf of Siam. In this long 

line of Asiatic chains there appears to 

be universal overturning in the Alpine 

sense—that is, generally northward. 

Typical “decken” structure is reported 

from several localities. The southern 

half of the Mediterranean orogen is 

also traceable through Asia. From the 
Taurus Mountains we pass into the 

ranges of Kurdistan, western Persia, 

and Oman, to the Arabian Sea. In 

Baluchistan there is a northward curve 

to join the great Himalayan arc, and 

in upper Burma the trend-lines are 

again southward, passing into Sunda 

arc, which swings eastward to Timor. 

In this long system of ranges there is 

consistent overturning toward the 

south, over Arabia, India, and the Aus- 

tralian platform. In this entire EKura- 

siatic mountain belt, extending from 

Gibraltar to New Guinea, thousands of 

miles in length and hundreds in width, 

there is a remarkable correspondence 

wn kind and age of sedimentary rocks, 

in kind and age of structure. Evi- 

dently we are dealing with a great 

structural unit, an orogenetic zone 

which has been crushed between rigid 
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plates of the crust. The northern foreland is Eurasia, the southern a 

combination of Africa, Arabia, India, and Australia. Intensity of over- 

turning varies from place to place, as do the width of the orogen as a 

whole and the distance between border ranges. The greatest of the inter- 

montane masses forms the high plateau of Tibet. 

COMPARISON OF THE MEDITERRANEAN OROGEN WITH OTHER MOUNTAIN 

SYSTEMS 

We may say, then, that the Mediterranean orogen exhibits bilateral — 

symmetry in section, and its ranges are grouped systematically in ground 

plan. It will be well to examine other mountain systems for evidence 

of similar relationships. Paleozoic mountains have been eroded, frag- 

mented, buried.under later sediments, and therefore in many cases the 

complete plan of their architecture is not evident. Thus in the Altai 

Figure 4.—Blockdiagramm eines mit einem Vorlande einseitig versenkten Orogen 

Kober’s figure 33, page 167. 

Mountains we see overturning to the north, over the old Siberian table, 

but farther to the south the structures are obscured, due to later 

deformation. In the Urals a partly resurrected Paleozoic system, folds, 

and “decken” reaching both east and west are exposed, conforming to 

Kober’s theory. A still better illustration is found in the post-Silurian 

Caledonian Mountains, represented on one side by the great Scandinavian 

overthrust to the east and on the other by the Scottish overthrusts to 

the west. The middle portion of the orogen has sunk beneath the sea. 

We turn now to the Western Hemisphere. ober has read of struc- 

tures overturned westward along the Pacific coast of North America, 

and of the Rocky Mountain overthrusts to the east. He seeks to join 

these widely separated features to form a single orogenetic zone. Those 

who are familiar with the mountains of western North America will not 

consider this interpretation seriously. It appears, however, that a sug- 

gestion of Kober’s plan exists on a more limited scale in the Jurasside 

structures of California and Nevada, which exhibit overturning to the 
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west in the Sierra Nevada Mountains and thrusting to the east in 

southern Nevada.® In the Appalachians evidence has seemed to indicate 

overturning toward the west only; but Kober reminds us that the old 

land Appalachia has been completely submerged, and he believes the 

eastern half of the Paleozoic orogen has foundered with it. Support of 

this theory would be furnished by finding along the Atlantic coast rem- 

nants of structures with overturning to the east: 

FIGURE 5.—Blockdiagramm eines normalen versenkten Orogen, dessen Vorland 2, T. 

stehen geblieben ist 

Kober’s figure 31, page 166. 

He uses similar argument in the case of the Andes, where dominantly 

eastward overfolding and thrusting have been reported. An old land- 

mass to the west has certainly disappeared, and he believes the western 

limb of a great orogen went down with it, leaving only the eastern border 

ranges exposed. This explanation calls for selective faulting on a 

rather large scale, for it demands quite accurate cleaving of an orogenetic 

Japan 

INnine= pin Wa cam re (| 

| mn 
Yictre 6.—Blockdiagramm des japanischen Orogen 

Kober’s figure 34, page 168. 

zone along its median line throughout the length of a continent. But 

Kober thinks we should expect various modifications of the typical 

orogen. One foreland may be submerged and one entire system of 

®° Evidently Kober is not aware of this relationship, and it appears that he does not 

consider the great discrepancy in age between the folding in the Sierra Nevada and 

the Rocky Mountain thrusting. Other erroneous conceptions are evident in his dis- 

cussion of North American geology. 
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border ranges with it (figure 4). Parts of both forelands may break 

down, carrying the entire orogenetic zone, perhaps leaving the tops of 

border ranges projecting above sealevel as chains of islands (figure 5). 

The island chains east of Asia may represent a combination of these 

two modifications (figure 6). The eastern foreland is covered by the 

Pacific; a typical foredeep borders Japan; the Yellow Sea is a 

shallow, partly filled foredeep, and the western foreland is partly broken 

. 

RY 
FIGURE 7.—Blockdiagramm eines samt dem Vorlande versenkten Orogen 

i} 

Kober’s figure 32, page 167. 

down. Again, both forelands and most of the orogen may be submerged 

figure 7). Perhaps this type is represented by the island chains of New 

Caledonia and the New Hebrides. The suboceanic ridge extending north 

and south in the mid-Atlantic may be an orogen of which no portion 

rises above sealevel. 

MouNTAIN GROWTH 

What forces are involved in the building of a two-sided mountain 

system and how do they operate? The motive power for folding and 

thrusting is probably furnished by contraction of the earth. Compression 

due to contraction is, no doubt, continuous, but in any orogenetic zone 

periods of deformation alternate with periods of quiet, during which 

stresses accumulate. But the requirements of gravity must be satisfied 
in the crust. Tangential movements, with localization of deformation, 

tend to build up an excess of material in an orogenetic zone, which then 

subsides under the overload. If subsidence is sufficient, the zone be- 

comes an area of sedimentation, and is further depressed under the 
weight of detritus. This marks a geosynclinal or negative stage. As 

the zone sinks, the geisotherms are depressed; then slowly rise. The 

increase in temperature and resulting chemical reactions probably do not 

affect the crust of sediments so much as the deeper portion of the lithos- 

phere beneath the geosynclinal area. Energy arising from the reactions 
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and from thermal expansion probably serves chiefly to disturb equi- 

librium, setting in motion the larger forces due to contraction. The 

materials of the orogen become more plastic with heat—perhaps portions 

actually liquefy—and the deeper part of the zone becomes honeycombed 

with magma. Under lateral pressure from the rigid plates the plastic 

mass tends to rise and the overlying sediments are folded. The entire 

orogenetic zone acts as a passive mass between the jaws of a vice, and 

as great folds rise on either side of the geosyncline they are underridden 

by the rigid plates, and so turned back over the forelands. Other folds 

form inside of and parallel to the first, and if compression is intense and 

long continued the entire body of sediments will be crumpled. In a 

wide geosyncline the forces will ordinarily be spent in folding up the 

border ranges, and the sediments of the middle zone will escape intense 

crumpling. This interior (Zwischengebirge) zone occupies the deepest 

and most plastic portion of the orogen. There isostatic compensation 

will be almost completely maintained, even during periods of active 

mountain growth, and very little actual elevation may occur. The rigid 

plates in part support the overfolded border ranges, and thus in some 

degree superior elevation may represent an overload. Yielding to the 

overburden may take the form of sagging or major faulting, either at 

some stage of mountain growth or at a later date, and considerable 

portions of a foreland may be carried down in tlie failure. 

Kober’s ideas of mountain growth as illustrated in the Alps are best 
expressed in his own words, as follows :* . 

“The Alps arise on the site of the Paleozoic mountains. During the 

Mesozoic these were in large part leveled down and sank more and more 

into the geosyncline. But not all parts alike. The pressure from contraction 

allows some parts to sink deeper than others, and thus there are formed more 

or less parallel sea basins on the floor of the geosyncline lying in the area of 

contraction. Major synclines and geanticlines originate, alternating from 

north to south. The great anticlines become embryonic decken; these change 

in the course of mountain-making through the Mesozoic to trunk decken, 

from which secondary decken (Teildecken) later branch off. The decken 

move slowly and steadily on the sea-floor against the foreland, gradually rise 

above sealevel, develop into islands, rows of islands, island chains, and finally 

into connected mountain features (Argand and Staub). It is a ‘mechanics 

of great folding,’ as we may say with Abendanon, a moving of ground folds 

{Penck), which increases in magnitude, develops into geanticlines, between 

which great synclines lie deeply depressed. The geanticlines are finally over- 

turned; their own weight drags them down into the synclines; these are 

concealed (overthrust). A period of quiet follows. Then the next geanti- 

cline is thrust forward. The process is repeated. Then the previously formed 

geanticline revives, is thrust over the one lying before it; both move together 

7 Der Bau der Erde, pp. 92-93. 
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farther on the foreland and cover the area in front with their decken wall, 

or thrust it forward, squeeze it, overturn it. Phases of quiet follow intensified 

mountain-making. This is all plainly expressed in the sediments. The brec- 

cias always originate during the phase of unrest; they define the manner of 

mountain-making as to time and place, and are therefore valuable guide 

horizons in unraveling the genesis of a decken mountain system. The con- 

ditions of sedimentation become increasingly complicated with the evolution 

of decken. Out of the rubbish of the decken, strata may form on the sea- 

floor, which in turn are made into decken. 

“The decken movement is from the inner parts of the geosyncline outward, 

‘and it advances continually against the rigid plates of the foreland. This. 

- also may be included more or less in the powerful movement and drawn into: 

the whirlpool of the orogenic field of force. The more the geosyncline is. 

compressed, the more will it rise as mountains and become terra firma. 

There follows the phase of arching up the decken ranges into lofty mountain 

chains. Steinmann has designated this phase as positive mountain-making. 

According to Heim, this phase is followed by a further one, which is char- 

acterized by the sinking of the mountain chain, immersed like an iceberg in 

(ary mM 

(ll tt 
IiGgtuRE §.—Schena des Graben-Horsttypus 

Mi 
IXober’s figure 1, page 51. 

the sea, aS a consequence of its enormous size and weight. This is a sort of 

closing phase in the making cf a young decken mountain system. Perhaps 

this may be designated as the negative phase. The positive phase is char- 

acterized by the division of the mountain system into blocks (Schollen). The 

mountain chains rising out of the sea remain for a long time near sealevel, 

and undergo there widespread planation, as is seen in the East Alps (pre- 

Miocene, pre-glacial surfaces). The Alps at that time had not the character 

of a high mountain system. They were rather a hill country or mountains of 

moderate height. Only positive mountain-making forced the Alps to great 

heights. It is said that these movements are epeirogenic.. As a matter of fact, 

they are expressed chiefly in fractures and flexures, in arching of the old land 

surface. But these epeirogenic movements, aS was stated previously, are 

disguised orogenic movements, involving fractures which may later become 

overthrusts. In any case they are not movements of an entirely different 

sort, but merely continuations, through a short time interval, of the orogenic 

or decken movements.” 
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Throughout his discussion of diastrophism Kober emphasizes the part 

played by compressive forces, which probably have their origin in con- 

tinued contraction of the earth body. He even conceives that horsts 

and graben in a region of block-faulting are bounded typically by reverse 

rather than normal faults (figure 8). The Rhine Valley and the 

African Rifts are explained by failure at the crests of broad anticlinal 

arches, and so are essentially features due to compression. Unlke many 

exponents of the contraction theory, however, he is alive to the import- 

FIGURE 9.—Schema cines Gebirges mit Massendefekt 

(Dotted line represents theoretical surface of normal gravity.) 

Kober’s figure 21, page 97. 

ance of isostatic control. Rehef features are largely compensated,. 

mountain ranges standing high by virtue of deficiency in density (figure- 

9). When an orogenetic zone is undergoing folding, more material is 

forced into the depths than above the general surface. ‘There is con- 

tinual conflict between tangential and vertical forces. If excessive mat- 

ter is crowded into a zone, sinking will eventually ensue, although a. 

certain degree of overload may be borne for a time. Thus uplift and 

subsidence may occur alternately in essentially the same zone through: 

several geologic periods. 



- 

= pA 

Ps 

- 

3 N ¥ 

= 2 
- a G 

‘ ws al “ ¥ » 

‘ 

& Sat rt tS ati LN, 5 ot, 5 ; tT Re eA ae 

x * ee. b iJ ~ oe C cd = , : 

c 5 

* oF ws —— a 
¥ ‘ . V 

¢ 

Gea a 
eyes 



BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

VOL. 34, PP. 243-252 JUNE 30. 1923 

THE ASIATIC. ARCS? 

BY WILLIAM HERBERT HOBBS 

(Read before the Society December 28, 1923 

CONTENTS | 
Page- 

Reece dennijion Of bilateral SyMMetry ... 6.6 e. esc eee se Sea e seen 243: 

Assymmetrical arrangement of ranges.............-eee eee BER alae 243. 

Wiews Of Kober. 2. wi. oe. ee eee EE Rg as Nee Spier 08 hie ye SO 244 

Suess’ theory as to mountain arcs............ i eee we ammas she i Sree 245 
Be a Oa aes 245- “Author's views and conclusions...........-... Fa ey aint e ata 



“DAA W. H. HOBBS—THE ASIATIC ARCS 

blanketing slide or nappe, there appeared the first volume of Suess’s Das 

Antlitz der Erde, in which the pregnant idea of the unsymmetrical 

mountain arc was shown to have an almost universal application. Over- 

coming the most stubborn opposition, the idea of one-sided (etmsettigen) 

as opposed to two-sided pressure (zweisettigen Druck) at length made 

converts. even of its enemies, notably Lugeon and Heim, who are today 

the foremost expositors of the doctrine of one-sided compression. 

Views oF KoBER 

Ignoring all the evidence derived from the plan of the ares, it has 
remained, strangely enough, for a Viennese student of mountains, Leo- 

‘pold Kober, to revert to the now long-abandoned idea of symmetrical 

bilateral disposition of the compressive mountain-building forces. The 

Alps are by Kober connected up to the Atlas Mountains in Africa as 

though they comprised a single folded area, and the well-known pro- 

files have been so distorted as to make a supposed folded zone, about one 

thousand miles across, extend downward into the earth’s shell a distance 

of some 300 miles, so that horizontal compression might appear to get 

enough “hold” to compress the lens—but what Kober draws as a wedge— 

of sediments, on which the forces are none the less made to act at a very 

acute angle. Such a symmetrical distribution of forces he then by an 

even greater distortion of the known profiles has made to apply to most 

other folded mountain ranges. 
There are four well-known regions, and four only, where by extending 

from one range to another across broad intervening non-mountamous 

areas, as Kober has done, such a bilateral symmetry can be made out. 

Three of these are on the site of the former Sea of Tethys and its exten- 

sions—what Emerson has called the zone of the intercontinental sea? 

and the author the twin zone of the earth.* The fourth example is that 

of the South Shetland Islands, lying between the southern apex of South 

America and the Antarctic Continent. 

It may fairly be claimed that among students of mountain formation 

the idea of “one-sided” as opposed to “two-sided” compression has re- 

ceived general acceptation, though for correct terminology we should say 

that what the idea involves is really an excess of lateral compressive stress 

from one side of the folding range, which results in actual movement of a 

portion of the rock layers from the side of the greater stress toward that 

of the lesser. 

2B. K. Emerson: The tetrahedral earth and the zone of the intercontinental seas 

(presidential adress). Bull. Geol. Soc. Am., vol. 11, 1900, pp. 61-96, pls. 9-14, figs. 1-7. 

2 W. H. Hobbs: Earth evolution and its facial expression. Macmillan, 1922, p. 92. 
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Surss’ THEORY AS TO MouNTAIN ARCS 

To account for the mountain arcs, Suess claimed that the system of 

stresses which produces them has an unbalanced thrust from the rear, 

and this view has since been quite generally accepted. In his Hrin- 

“nerungen, which were published posthumously in 1916, he reveals more 

clearly than anywhere else that he came to adopt this conception because 

of the position of the Bohemian “obstruction” of granite and gneiss in 

Europe opposite the vertex of the Alpine and Carpathian arcs, which 

arcs appeared to him, therefore, to have moved northward at either side 

where not so “obstructed.” Probably also unconsciously the fact that 

viscous substances flow outward to produce convex borders played some 

part in fixing this conception in his mind. 

AutTHOR’s VIEWS AND CONCLUSIONS 

Mountain ares are, however, very numerous, and such obstructions 

along their front as the Bohemian mass are altogether exceptional, the 

only other noteworthy example being that of peninsular India. I have 

therefore examined the question of the mechanics of arcuate mountain 

formation and reached the conclusion that the excess of tangential com- 

pressive stress which is responsible for the evolution of the folded arc 

has come from the front and below instead of from the rear and above.* 

The Asiatic ares taken together comprise by far the most perfect illus- 

tration of the folding process that our planet affords. They represent 
a more or less concentric series of compounded ares which surround the 

ancient continent of Angara, with each series made up of a number of 

arcs linked together. Their study has shown that they have been formed 

in successive periods, and this not alone on the basis of the strata involved 

in the folding process, but quite as certainly by the stage of the erosional 

process which each illustrates. 

It is a generally accepted fact that the effect of close folding is to give 

to the strata affected additional rigidity, and this should have the effect 

of causing the area in process of folding to migrate beyond the already 
formed folds, though such stresses appear to be limited as regards the 

distance to which they are carried forward within the folded layers. 

The well-known experiments of Willis on the folding of strata confirm 

this view. 

The plan of the Asiatic arcs is so extended that it is possible to apply 

a test to determine what has been the sequence of formation of the 

*Harth features and their meaning, 1912, pp. 437. Mechanics of formation of arcuate 

mountains. Jour. Geol., vol. 22, 1914, pp. 71-90, 166-188, 193-208, figs. 39. Earth evo- 

lution and its facial expression. Macmillan, 1921, chapter x. 
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several festoons of arcs—their order of succession in time—and so to 
determine whether the deforming unbalanced stresses have come from 

the front or the rear. These festoons of arcs bear such close relations 

to each other as parts within a system that what has been true of one 

has in a general way been true of the others, as regards the method of 

their formation. In other words, we are here dealing with the large 

problem of the deformation of the continent of Asia under the influence 

of a system of crustal stresses which have acted over a long period of 

time and have involved vast areas. 

As a part of this system of arcs, the festoons of islands which parallel 

the coast are from the relation of their design to that of the ranges upon 

the continent to be included in the system. The striking difference 
between the several arcuate series within the system, both as to the ages of 

the strata involved, the topographic development, the erosional stage, et- 

cetera, indicates that they have been formed at different times; and since 

these differences are in a noteworthy degree graded from the interior 
of the continent toward its margins, they may be assumed to have been 

formed in succession. ‘The question is whether the interior or the ex- 

terior arcuate series is the initial one in the succession, and this will 

obviously depend on whether the surface shell of the hthosphere has 

migrated after the fashion of a glacier in the direction of the surround- 

ing seas or whether a thrust coming from the seas and directed against 

the borders of the continent has in successive stages raised a ruffle along 

its margin. 
The maps and accompanying sections of figure 1 represent an attempt 

to set forth these contrasted views with their necessary corollaries, the 

first (map and section A) setting forth the generally accepted view of 

Suess that the thrust has come from the back of the arc, the second (map 

and section B) the view of the author that this thrust has come from the 

front. Mountain ranges in process of erection are well known to be zones 

of seismicity and to be further accompanied by active volcanoes, and these 

elements have been introduced into the maps. Moreover, inasmuch as 

erosion is always in sensitive adjustment to uplift, the degree of denuda- 

tion which should under each of the views be expected in each series of 

ares is displayed in the sections. 

Especially to be noted is the condition of marked compression from 

opposite sides of the arcs within the southeastern extension of the conti- 

nent in the direction of Australia. In case the outer skin of the continent 

of Asia is conceived to have migrated centrifugally, as imphed by Suess, 

the position of the ancient coign of Australia should have the effect of 

broadening the arcs in proportion as they approach this “obstruction.” 
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On the other hand, if the system of thrusts has gone out from the oceanic 

areas and been directed against the margins of the continent, the coign 

of Australia must be regarded as a protective shield which has warded off 

any thrust from the southeast, while the thrusts on the Malayan region 

‘from its opposite sides (northeast and southwest) should have resulted 

in a much greater compression of these arcs than is elsewhere to be found. 

In a broad way, the map and section B represent the facts so far as they 

are known. 

An obvious cause of the landward thrust from the sea, which is here 

invoked as the cause of formation of mountain arcs, is the still continuing 

subsidence of vast areas in the Pacific and Indian oceans, to which the 

formation of the groups of atolls bear testimony. 

The marked zone of seismicity and the line of active volcanic vents 

which alike follow the course of the festoons of islands off the coast of the 

Asiatic continent seem clearly to reveal them as the very youngest of the 

Asiatic arcs and those which are in the process of erection today on the 

floor of the sea with their summits just emerging from the waves. Be- 

heving that, in geology as in zoology, it is in the embryo that the life 

history is often most clearly revealed, the writer during the summer of 

1921 carried out a reconnaissance of these youngest arcs, in connection 

with which he visited islands of the Bonin, Sulphur, Marianne, Caroline, 

Pelew, and other groups with a view especially to find evidence of con- 

tinuing mountain growth and to check this by observing the stage of the 

erosional process, as well as the nature and comparison of the reef struc- 

tures on the opposite sides of the arc. These latter are of particular value 

in revealing the structure of an anticline, and in practically all earlier 

stages of arc formation proceeding within the tropical seas, wherever 

conditions suitable for reef-making have existed, elevated reef-caps ap- 

pear as terraces on the convex outer side of the arc and barrier reefs 

indicating subsidence on the opposite or concave side. 

In a later stage of arc formation alternating vertical movements of 

great amplitude develop along the medial portion of the convex side of 

the arc, so that here also barrier reefs develop. These central zones off 

the front of an arc in a late stage of its development are regions of special 

unrest of the sea-floor and in this respect surpass anything which is else- 

where known. Here are the special loci of seaquakes which have been 

such a menace to the navigator, while at the same time the arcs are the 

vigias or sign-board warning of the danger. 

The erection of an evolving anticline does not appear to take place at 

a uniform rate throughout, but there first arise a series of domes in 

arcuate arrangement which only later unite to form a uniform crestline 

Ve Born, GEOL. Soc. Am., Vou. 34, 1922 
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for the are. In this respect the writer’s view differs materially from that 

of Brouwer, who sees in the straits which separate the islands of an arc 

the evidence of late tensional movements which he supposes to result 

from a forward migration of the arc by a push from behind.’? The evi- 

‘dence that the arcs of today rise first at special points appears to be con- 

firmed by those older arcs which skirt the eastern flanks of the Rocky 

Mountains.® 

No sooner does an anticline rise to form an arc than an elongated and 

roughly parallel trench—fore-trench—begins to develop along its front, 

and the crucial test to determine whether the arcuate arrangement of a 

eroup of islands may not be fortuitous, and hence without tectonic sig- 

nificance, is exactly the presence or absence of such a fore-trench. Hence 

the great importance of carrying out an elaborate series of soundings in 

the neighborhood of all growing mountain ranges of the oceanic areas. 

There is in the development of the fore-trench opposite a rising are an 

apparent indication that the void which should tend to develop beneath 

a rising arch in the strata is met by a lateral migration of subsurface 

material from in front of the rising anticline—an isostatic adjustment 

which follows as a consequence of mountain erection, but is in no sense 

an initiator of it. The anticline and syncline from this stage appear to 

develop together. In those later stages where arcs have taken on a sharp 

curvature the trench appears at the back instead of the front of the are, 

notably in the examples of the Moluccan and Windward arcs. 

Within coral seas where atolls are to be found, the earliest evidence of 

arc formation may be the elevation of such atolls, and these may be de- 

tected today in very many cases by their deposits of phosphate, such 

islands being far more numerous than is generally supposed.? 

In the study of the young island arcs, examination of each island is 

essential in order to determine its individual character and its relation 

to the arc as a whole. The study of the Marianne arc, which is in an ex- 

tremely youthful stage, has brought out the fact that this arc is made up 

of three distinct zones from front to back, and that it betrays a no less 

marked differentiation when examinted in a direction from end to end. 
At its southern end it is indicated merely by a raised atoll, that of Feys. 

°>H. A. Brouwer: The horizontal movement of geanticlines and the fractures near 

their surface. Jour. Geol., vol. 29, 1921, pp. 560-577. Fractures and faults near the 

surface of moving geanticlines. II. Abnormal strikes near the bending-points of the 
horizontal projection of the geanticlinal axis. Proc. Roy. Acad. Sci. Amsterdam, vol. 
25, 1922, pp. 229-334. 

® Earth evolution and its facial expression. Macmillan, 1921, pp. 139-142. 

“W. H. Hobbs: Les guirlandes insulaires du Pacifique et la formation des montagnes. 

Conférence faite 4 la Sorbonne le 29 avril, 1922. Ann. de Géog., vol. 31, 1922, pp. 
485-495. 
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Within its middle and most mature portion it shows on its outer side 

elevated reef terraces with the islands as a whole sloping toward the 

interior of the arc. On the western margin of this zone are found extinct, 

though recent, volcanoes. Toward the north the arc is continued by a 

line of active volcanoes, but these are aligned on a curve which is interior 

to that of the main lne of islands (figure 2). Thus differentiated, the 

perfection of curvature which characterizes the Marianne arc appears 

quite remarkable, as can be seen from the large scale hydrographic map 

of the region. The contrasted characters of the southern, medial, and 

northern sections of this arc are set forth in figure 3. 



BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

VOL. 34, PP. 253-262 JUNE 30, 1923 

CROSS-SECTION OF THE APPALACHIANS IN SOUTHERN 

NEW ENGLAND? 

BY J. B. WOODWORTH 

(Read before the Society December 28, 1922) 

CONTENTS 

Page 

Maa MRANTNN CAEL OTR eee ee ar TN oul ae ele Brae ey tr Siais Senate are ape iv eters OD 

Western, central, and eastern sections.........-.-.-- 2+. eee e et eee eee 254+ 

MOSM VICS DOT SCCHIOMG TS itster sehen ea Wie Sat ee Wee 6 hue ele ield act ew ede eis os Oe 

MEN ASTON SOClOiie pela cis ke er a gadis eewale Sales SoM le ee OL Dae 

MET CMAN RCC SGT ROMS TICE erste cose anes etal sacred eae eles Aad a ett a} a tehete Re est Boos 

IMME SOS COUN CICA Taner eet None aus ai ete, Guttienaraiis sale a)b) we lade cin Satie & eye ah OOD 

Meme NAlgV AA SOUL OAM. coe Se eee es aie ad cere toys cele ebBl 6 ool cenet sae) eh aD 

One! SCEhONS ASGA WHOLE... a .c.c5 onesie elena sh ode eh eee en elec ae 2OC 

ener ale LEMlen beer spree sace. feleye aes iy ie GAite dic ar. etere masini ive eee es wee OO 

WOstolang: Ofk thE COAST os. wi. ee ee EVEL MENCE: CSRS MONDE waccm a ater NOE 

EMEC Mish leeRe Od Ole estates are ark ciceee chee a acl Sve gas ae 's eel SeES wore ewe co e’s es) BOO 

Mit emtASSTE A MORAL: LA Wlt- WLIOCKS 0 ay. cis webs ka ed a Pach we ee we es 260: 

mea NMGN EEE Pe een Sere Bcc ct vitks spat steus sheets aon viaial’e Bw). aha Ruares wikia tes iblate 261 

INTRODUCTION 

The time has not yet arrived for the construction of a determined geo- 

logical cross-section of southern New England from the Hudson River 

on the west to the sea on the east coast of Massachusetts. Partial sections 

have been published for the western part of Massachusetts, including the 

Triassic area of the Connecticut Valley; detailed local sections have been 

made by Perry about Worcester, Massachusetts, and detached sections 

have been put forth to illustrate the structure of the Boston and Narra- 

gansett areas, in eastern Massachusetts. Pumpelly, Wolff, and Dale have 

given a section of Greylock Mountain. 

Professor Emerson, in his latest map of Massachusetts, refrained from 

publishing a cross-section of the State, probably because of the difficulty 

1 Manuscript received by the Secretary of the Society May 26, 1923. 

This paper is one of a series composing a “‘Symposium on the structure and history 

of mountains and the causes of their development.” 

(253 ) 
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of doing so in the region of schists occupying the middle area between 

Worcester and the Connecticut boundary. Here the question of the geo- 

logical age of the schists regarded by Emerson as mainly Carboniferous 

still provokes an inclination on the part of other geologists to regard the 
low-lying dip of the schistosity as an indication of a Precambrian age. 

What follows in the statements of the present writer must therefore be 

understood as made with full understanding of current opinion regarding 

the age of the rocks in that part of the State. From the point of view of 

this paper, the acceptance of either view affects chiefly the question of 

the amount of erosion and uplift of the rocks in the Worcester area dur- 

ing and since the mountain-building of Paleozoic time. If, as Emerson 

contends, the schists are Carboniferous, the vertical uplift relative to 

sections on the west and east has been less probably by a few thousand 

feet than would be the case if the rocks now at the surface are of Pre- 

cambrian age. Not being prepared to confirm or deny the Carboniferous 

age of the schists in question, the writer can only consider the conse- 

quences of both structural views on the problem here dealt with. 

WESTERN, CENTRAL, AND EASTERN SECTIONS 

THE WESTERN SECTION 

On the west, the section ends rather abruptly against the little or not 

at all folded Paleozoic rocks of eastern New York immediately west of 

the Hudson River. On the east, the folded and faulted structures of 

Massachusetts undoubtedly continue eastward beneath the sea-floor, with- 

out an assignable limit in that direction. In the middle part of Massa- 
chusetts lies a belt of gently inclined crystalline schists, sharply folded at 

intervals, or characterized by a narrow folded belt of Carboniferous sedi- 

ments, as In the Worcester basin on the eastern limit of the flattish belt 

of schistose rocks. ; 

On the extreme west, in the Hudson Valley and at various points, west- 

ward overthrusting ‘of strata as old in age as the Ordovician has long 

been known. This forms a segment of the extended line of Appalachian 

structures displaying the westward overthrust on the western side of that 

mountain system, which has given rise to such explanatory phrases as 

“westward thrust from the Atlantic basin,” implying that the middle and 

eastern parts of the Appalachians participated in the same movement 

and displayed the same westward overturning of folds and shearing 
movements. 

To the east of these westward thrusts, in the Taconic Range, the Grey- 
lock Mountain section, as drawn by Pumpelly, Wolff, and Dale, shows the 
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metamorphosed strata thrown into anticlines and synclines whose axial 

planes display some diversity of dip, often westward, though more pro- 

nouncedly eastward because of a westward overthrust. 

THE EASTERN SECTION 

The Worcester district—To the east of the central tract of little dis- 

turbed schists, eastward overturning becomes pronounced in the Wor- 

cester district, as exhibited in Perry’s local section. The basins of Car- 

boniferous and older rocks occupying the coastal lowland form parts of 

an arcuate system of large folds concave toward a point near the heel 

of Cape Cod, with a consequent turning of the lne of the geological 

cross-sections to the southeast. 

The Boston area.—tIn the Boston area the plan of the folding is com- 

plicated by a fault along the northern border through Medford. The 

sediments in the basin are accordingly turned up and locally overthrown, 

as shown by W. M. Davis, at Maplewood, where the Roxbury conglom- 

erate is cut out by an apparent upthrust, if not overthrust, of the crystal- 

lines and the Lynn volcanics to the north of the fault. 

In the Cambridge argillites of the Mystic River quarries in Somerville, 

overthrusting to the southeast is a pronounced feature in the detailed 

structure of the argillite. Overthrusting in a selective manner on ap- 

parently then unconsolidated clays also set in early, so as to produce a 

zone of overturned and recumbent contortions about 30 feet thick in the 

existing section. This movement was followed, after the intrusion of 

“oray” dikes and sills, by thrust-planes on which the total movement 

probably amounts to several hundred feet in the exposed section, single 

thrusts measuring as much as 140 feet. 

Along the northern flank of the anticline of Roxbury conglomerate in 

Brighton and Chestnut Hill, overthrusts with a southerly, large com- 

ponent of motion have long been well known. Thus the prevailing over- 

thrusting motion in the Boston basin is southward across the strike, 

certainly not “away from the Atlantic basin.” 

The Narragansett area.—The large structural feature of the eastern 

arm of the Narragansett coal basin in Massachusetts is decidedly sym- 

metrical on either side of the central Taunton syncline, but in the north- 

western corner of the basin, about North and South Attleboro, the 

apparent structure about the Hoppin Hill granite block and its inclosing 

Lower Cambrian formation is that of a flattened-down fan structure of 

red Carboniferous beds overthrown southward in a horseshoe-shaped fold 

and overthrust upon the folded Coal Measures on the southern and south- 

eastern border of this tract. In marked contrast with this disturbance, 
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there is, if the structure be understood by the writer, a pronounced west- 

ward overturn of apparent folds, along the western side of Narragansett 

Bay from Providence southward. If, however, one adopt the view that 

this section is not composed of isoclinal folds, then the beds may be re- 

garded as simply dipping eastward into the basin. On the other hand, 

the cross-section of Prudence Island shows a syncline with vertical beds 

on its eastern side and only moderately steep dips on the western side. 

Accordingly, the general structure of the Narragansett area is somewhat 

diverse and exhibits more of local control than of a general widespread 

(irection in the overturning of folds. 

PLAN OF THE SECTIONS AS A WHOLE 

GENERAL-STATEMENT 

The impression one receives on the whole of these folded Carboniferous 

strata of southeastern Massachusetts is against the idea of an overthrust 

from the Atlantic border inward toward the central axis or western 

border of Appalachian structure. The general direction of overturning 

and overthrust 1s toward, rather than away from, the ocean basin on the 

east and south. It is obvious that the Boston-Providence area is not a 

part of the typical Appalachian folded structures along the western mar- 

gin of New England and the States on the south, and from this limitation 

it is inferred that maximum oyerthrust toward the Atlantic would be 

found along the eastern side of this region; hence that somewhere in that 

direction yet more pronounced southeastward overthrusting may have 

taken place. 

The conventionalized view of the geological section across Massachu- 

setts thus presents itself to us as one having a central tract of nearly flat- 

lying crystalline schists, certainly as old as the Carboniferous and thought 

by some to be yet older and probably of Precambrian age, to the east and 

southeast of which there is a region of recognizable overthrusting toward 

the Atlantic, while to the west of the schists overthrusting is to the west 

and is of the Appalachian type. In this view the section presents a cen- 

tral axis of little horizontal motion relative to the margins as they are 

now shown. ‘This central axis of least horizontal compression is highly 

crystalline and must have been at one time under a thick cover of super- 

incumbent rock, whatever be the age of the schists now at the surface. 

It the rocks of this axis are of Carboniferous age, the surface of the Pre- 

cambrian schists is presumably not far below, since the Carboniferous 

here can not be very thick; if, however, the schists now at the surface are 
of Precambrian age, then the former Precambrian surface here rose dur- 
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ing Paleozoic times farther above the present surface than elsewhere in 

the State. In the central part of the Narragansett basin, in the axial 

center of the Taunton syncline, the structure indicates a maximum depth 

of about two miles of sediments, measured to the floor of the Carbon- 

- iferous sediments—involving a deleveling and deformation of the Missis- 

sippian land surface which took place during Pennsylvanian time, and 

the later episode of Appalachian folding. On the west in the Taconic 

Range, where the time of folding is not yet clearly determined, the Pre- 

cambrian surface is probably not at so low a depth below present sealevel. 

The cross-section of the formations from the Hudson, on the west, to 

Cape Cod, on the east, shows (1) on the extreme west the well known: 

Appalachian geosyncline of Cambrian to Devonian time; (2) a central 

tract relatively stable during Paleozoic time and with a minimum of 

compression and folding, made up of schists that are either of Carbon- 

iferous or Precambrian age; and (3) an eastern segment. The last 

named consists of folded patches of Cambrian strata intruded by grano- 

diorites about Boston, and of Devonian at Danvers, Massachusetts. The 

whole segment was probably mountain-built in mid-Devonian time and 

intruded by granitic batholiths, followed by erosion to a low relief. At 

the beginning of Alleghenian time crustal movement and igneous erup- 

tions set in and the area became the seat of a very thick series of fresh- 

water conglomerates and tillite (eastern part of Boston area), and finally 

the entire segment was involved in the Appalachian folding and over- 

thrusting movements about the close of the Paleozoic. The existing 

basins of conglomeratic sediments indicate the breaking up of a land sur- 

face at the close of the Mississippian, accompanied by vulcanism and the 

uplift of adjoining areas of erosion outside of the existing basins of 

deposition. The increased coarseness of the sediments (conglomerates) 

southward in the Narragansett area (toward Newport) and eastward in 

the Boston area shows a derivation of the material from the east and 

south, or in general from a land to the southeast, pointing to steep stream. 

gradients in that direction sloping northwestward from highlands beyond 

but near the present border of the Atlantic coast. Thus the eastern limit 
of the Acadian structure (New England States and the Maritime Prov- 
inces of Canada) is not shown in southeastern Massachusetts. What the 
direction of overturning is in that lost land off the present coast (Schu- 
chert’s Novascotica) is not directly known. 

LOST LAND OFF .THE COAST 

The conglomerates of Pennsylvanian age in the southern parts of the 
NarraganSett area contain pebbles of quartzite or sandstone with an. 
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abundance of late Cambrian brachiopods, and two pebbles have been 

found, one in situ, the other in the drift on Marthas Vineyard, carrying 

a Spirifer like that of the Lower Devonian Chapman sandstone of Maine. 

From this fragmentary evidence it is inferred that strata as old as the 

Lower Devonian were exposed to erosion in Alleghenian time in this lost 

land, now a part of the existing coastal shelf. 

The westwardly dipping schists along the Atlantic coast from southern 

Maine southward across Maryland and North Carolina, as seen beneath 

the cover of Mesozoic and Cenozoic strata along the inner edge of the 

coastal plain, support the view of a widespread overturning of structure 

toward the southeast, or, in other words, toward the present Atlantic 

basin. This is in marked contrast with the general westward overturning 

of structure on the western border of the Appalachian mountain belt, 

whatever difference there may be in the age of the diastrophic movements. 

In the eastern part of the section across Massachusetts, intrusive and 
-extrusive phenomena took on a noticeable development during the later 

Paleozoic phases of deformation. Therefore, during Pennsylvanian time, 

erosion and deposition were introductory to the mountain-building and 

vulcanism in this Acadian field. 

On the Avalon peninsula, at the southeastern extremity of Newfound- 

land and eastward of the line of strike of the folded Carboniferous strata 

of Cape Breton and southeastern Massachusetts, Cambrian strata dip 

gently seaward along the shore of Marys Bay. ‘These beds appear to 

form a remnant of the tilted Paleozoic strata on the eastern border of 

‘the Acadian mountain belt, from southern New England northeastward 

through southern Newfoundland. The New England section of Acadian 

structure, from the mouth of the Hudson River eastward to the head of 

Buzzards Bay, is cut off on the south by the sea. South of this area, the 

southern equivalent of Acadia, the eastern portion of the Appalachian 

mountain belt, lies concealed beneath the Mesozoic and later strata of the 

coastal plain. From Alabama to Newfoundland the curvilinear strikes 

of the geological structure are reflected in the great curving bights of the 

coast and its projecting capes. The Precambrian and all later Paleozoic 

rocks bear one pervading sinuous structure, impressed on them in the 

closing Paleozoic episode of mountain-building, as if the ranges were 

shortened from northeast to southwest by gigantic bendings in a hori- 

zontal plane transverse to their longitudinal extension. These great 

bends in the larger structure of the eastern border of North America, 

alternately northwestward and southeastward, characterize a complex 

Paleozoic mountain system in which the western margin displays quite 

uniformly a westward outflow of rock, while its eastern margin imper- 
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fectly shown because largely concealed beneath the coastal plain on the 

south and beneath the sea on the north—exhibits an eastward overturn-. 

ing, as if toward its eastern border. 

THE CENTRAL REGION 

The central region in New England is not one of engulfment of the 

newer and highest strata in the folded system, but, on the contrary, a 

tract in which the Precambrian is about as high as elsewhere. South of 

New York City, in the area of crystalline rocks of the piedmont region 

lying between the typical Appalachian structures along the western side 

of this mountain system and the place beneath the coastal plain in which 

one would expect to find the extension of the Carboniferous folds of east- 

ern Massachusetts and Nova Scotia, the local structures indicate that the- 

central axial part of the range brought ancient rocks to high levels. Fur- 

thermore, the general plan of the cross-section of the foldings shows, 

along with some shifting of the sites of geanticlines and neighboring 

geosynclines, a central tract of uplift and erosion of older rocks bordered 

on one or both sides by geosynclinal troughs of deposition whose final 

structural expression exhibits outthrust toward the outer borders of the 

compressed region. This fan-shaped structure is, however, not without 

much diversity where igneous intrusions have appeared during or just 

after the episodes of folding. For this reason large tracts of Precambrian 

rocks make the axial areas of the Acadian range, and thick sections of 

Paleozoic strata, including Carboniferous formations, sometimes with. 

coal, now lie here and there on or near the margins of the complex moun- 

tain structure. The greater Appalachian system in eastern North Amer-. 

ica has gained the reputation of being wholly overthrust westward because 

its western border, exhibiting that structure, is everywhere exposed to 

examination, and because its eastern border is largely concealed or has 

not been considered in the description of its broad physiognomy. So far 

as we are permitted to observe the eastern border of the Acadian area, 

strata varying in age from the Carboniferous downwards to the Precam- 

brian are at the present surface above sealevel, and eruptives of Carbon-. 

iferous or immediately post-Carboniferous age play a larger réle in the 

surface exposures than is the case west of the Connecticut Valley. One 

must conclude, therefore, that volcanic phenomena prevailed on the east- 

ern or southern flanks of the mountain system in Pennsylvanian times, 

in contrast with the paucity or absence of eruptives of this date on the 

western overthrust belt of the same system. A like one-sidedness in the 

distribution of igneous intrusions appears to characterize the less well 
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exhibited mountain structures of the Middle or Upper Devonian of the 

Acadian region. The prevailing tendency of volcanoes to break out on 

the coastal slope of the great Tertiary ranges of the globe finds in this 

distribution some analogy and suggests that the North Atlantic basin 

was forming, if not in existence, beyond the present continental border, 

despite the fact that we find no evidence of it as a great north-south 

‘trench on the border of the continent until after the dawn of the Cre- 

taceous period. 

THE TRIASSIC NORMAL FAuLtT BLocks 

The normal faulting, which rose to its maximum displacements after 

the Newark formations of Upper Triassic time, has raised and lowered 

-differentially portions of the Paleozoic strata in Massachusetts. As Bar- 

rell pointed out, the block between the Connecticut and the Hudson rivers 

thas the appearance of having been arched up midway between its de- 

pressed edges on the east and west. This is especially true of the cross- 

section through the State of Connecticut to the western border of the 

Triassic area in southeastern New York and northeastern New Jersey. 

According to conservative estimates of the downthrow of the Triassic 

strata, where greatest, in New Jersey and Connecticut along the western 

-and eastern boundary faults respectively of this block, the relative dis- 

placement appears to be as great as two miles vertically. Some part or 

all of this vertical displacement may be attributed to the relative uplift 

-of the Paleozoic and older rocks on the outer sides of the block in ques- 

tion. What we note is that the region of flat-lying schists in central 

Massachusetts stands relatively higher today than it did in mid-Triassic 

time, when compared with the sedimentary base in Newark time (Upper 

“Triassic ). 

The eastern limit of the wide fault block to the east of the Connecticut 

Valley would seem to be found in the bounding fault of the Triassic area 

of the Bay of Fundy and the New Brunswick shore. Erosion has prob- 

ably very largely removed the Triassic from a former extension south- 

ward over the floor of the Bay of Maine. The southwestward continua- 

tion of the fault along the west side of the Bay of Fundy to Cape Cod 

Bay is a matter of conjecture, supported only by the remarkable depres- 

sion of the bedrock surface off the eastern coast of northeastern Massa- 

-chusetts and by the manner in which the break in the surface is staked 

out by the marked earthquakes of colonial times at Plymouth in 1638, 

Newbury in 1727, and the vicinity of Scituate in 1755—three valid 

symptoms of a fault existing along or off that coast. 
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SUMMARY 

In this generalized view of the cross-section of the Appalachian dias- — 

trophic effects in southern New England, the middle parts exhibit no 

clear signs of engulfment between overturned and outthrust marginal 

folds, such as Holmquist invoked in his ideal sketch of a collapsed geo- 

syncline. On the contrary, the middle portion (New Brunswick geanti- 

cline of Schuchert) stands relatively high in the closing stages of the two 

geosynclines of deposition (Saint Lawrence and Acadian) on either side 

of it and was relatively stable and unyielding during the subsequent 

phase of strong compression and collapse, its movements, if anything, 

being then upward rather than downward. 

As I now see it, the potent factor in mountain-building and vulcanism 

lies in the depths beneath disturbed belts of mountain systems, wherein 

crust and magma move under the control of a vertical force, of which 

ever-present gravity and changes of temperature, however caused, are 

components, having diverse effects at the surface of the earth under the 

secondary influences of deposition and erosion. An upstanding belt of 

old rocks, flanked on one or both sides by detrital troughs of now col- 

lapsed strata more or less overturned from the median region, and here 

and there invaded by metamorphosing igneous intrusions, shown in the 

cross-section of a mountain system of folded and locally overthrust strata 

and basal crystalline schists, strengthens the writer’s confidence in the 

doctrine of isostasy as a statement of the working conditions under which 

mountain-building went forward in the Appalachian region after the 

initial geanticline and geosynclines were produced to set in motion a 

transfer of load by erosion and deposition. Once it is recognized that 

the historical “Appalachian geosyncline” of Dana, first recognized by 

James Hall of Albany, is a lateral affair in a broad mountain-built zone, 

the almost complete lack of igneous intrusives in that portion of the 

section, does not exclude the réle of magmatic movements in the problem 

of Appalachian mountain-building in its broader sense, and viewed in 

its full scope the Appalachians find their counterparts in the great 

Cordilleras of the Pacific region. 
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INTRODUCTION 

Most of the writer’s experience with Rocky Mountain structure has 

been gained in eastern Idaho in connection with the United States Geo- 

logical Survey’s study of the western phosphate field, but some years ago 

he conducted a series of field parties from the Harvard University Sum- 

mer School in southwestern Montana. He therefore feels some measure 

of acquaintance with the structural conditions in that State as well. The 

1 Published by permission of the Director U. S. Geological Survey. 

This paper is one of a series composing a “Symposium on the structure and history 

of mountains and the causes of their development.’ 

Manuscript received by the Secretary of the Society January 29, 1923. 
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remarks that follow are based chiefly on work in Idaho, but some mention 

is made of Montana and of other regions for comparison. 

Detailed or semi-detailed study has been made of three separate dis- 

tricts in eastern Idaho, namely: (1) the Fort Hall Indian Reservation, 

(2) an area comprising 7 quadrangles lying about 15 miles east of the 

Fort Hall Indian Reservation and extending to the southeastern corner 

of the State, and (3) an area lying immediately west and south of the 

Teton basin. Since some of the structural features of these areas have 

already been described elsewhere, only brief reference need be made to 

them here, and the paper will be devoted chiefly to broader aspects of 

mountain structure suggested by the detailed studies. 

Fort Hatut INDIAN RESERVATION 2 

The Fort Hall Indian Reservation comprises an area of about 800 

square miles in Bingham, Bannock, and Power counties and includes 

parts of several mountain ranges. ‘The older sedimentary rocks, of 

Paleozoic and Mesozoic age, which make up these ranges are overlapped 

by Tertiary and Quaternary sediments and by igneous rocks as the ranges 

descend northward to the Snake River plain. 

The chief mountain-building activity in the reservation occurred after 

the deposition of the Jurassic beds, the latest Mesozoic rocks there ex- 

posed, and before the deposition of the Tertiary rocks, which are believed 

to be of Pliocene age, but these last have been affected to a certain extent 

by subsequent movements. The major deformation was undoubtedly a 

part of the great Laramide Revolution. The Paleozoic and Mesozoic 

strata have been folded, locally with considerable intensity, and the folds, 

which have in general a northwesterly trend, have been inclined or even 

overturned northeastward. ‘Transverse folding at right angles to the 

general trend is also present. Many of the folds are broken by thrust- 

faults and one overthrust-fault of considerable magnitude, the Putnam 

overthrust, has been recognized and described. Rock slices or cappings 

in the Portneuf Range, in the southeastern part of the reservation, which 

represent parts of an overthrust block now detached by erosion, are be- 

lieved to be associated in some way with this great overthrust. Similar 

rock slices in the northern part of the Bannock Range, farther west, and 

in the unnamed range east of Bannock Valley, in the southwestern part 

of the reservation, may also be connected with this overthrust, but con- 

2G. R. Mansfield: Geography, geology, and mineral resources of pe Fort Hall Indian 

Reservation, Idaho, with a chapter on water resources by W. B. Heroy. U. S. Geol. 

Survey Bull, 713, 1920. 
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siderable areas which intervene have not yet been mapped, and in the 

mapped areas the older rocks and structures are largely concealed by 

younger sediments and by igneous rock. Tensional faulting of later date 

has also been recognized and described. ‘These structural features are 

all illustrated in the geologic map and structure sections that accompany 

the report cited. 

AREA OF SEVEN QUADRANGLES 

Seven quadrangles in the vicinity of the Wyoming border have been 

studied rather intensively. These include the Montpelier 30-minute 

quadrangle at the south and six 15-minute quadrangles, namely, the Slug 

Creek, Crow Creek, Lanes Creek, Freedom, Henry, and Cranes Flat 

quadrangles. ‘Together they occupy parts of Bingham, Bonneville, Cari- 

bou, and Bear Lake counties and comprise an area of about 2,000 square 

miles. Preliminary accounts of some of the structural features of this 

area have already appeared in connection with official reports or in special 

papers,*® to which the reader is referred for available details. A compre- 

hensive report covering the entire area has been prepared for publication 

as a professional paper of the United States Geological Survey. | 

The area contains a number of mountain ranges, members of the 

Tdaho-Wyoming chain, that have been complexly folded and faulted, and 

the folds show a pronounced curvature in trend from a direction a little 

east of north in the Montpelier quadrangle to northwest in the more 

northerly quadrangles. Some of the folds exceed 50 miles in length and 

3 miles in breadth, the more important being synclinoria with relatively 

narrower intervening anticlines or antichnoria. Usually they are unsym- 

metrical and inclined or even overturned eastward or northeastward. 

The axes for long distances are nearly horizontal or slightly undulatory, 

due to the presence of relatively broad and low transverse folds, and the 

pitch is gentle, generally toward the north or northwest. 

In the last paper cited above the writer has given descriptions of the 

3H. S. Gale and R. W. Richards: Preliminary report on the phosphate deposits in 

southeastern Idaho and adjacent parts of Wyoming and Utah. U. S. Geol. Survey Bull. 

430, 1910, pp. 457-535. 

R. W. Richards and G. R. Mansfield: Preliminary report on a portion of the Idaho 

phosphate reserve. U.S. Geol. Survey Bull. 470, 1911, pp. 371-451. 

R. W. Richards and G. R. Mansfield: Geology of the phosphate deposits northeast 

of Georgetown, Idaho. U.S. Geol. Survey Bull. 577, 1914. 

R. W. Richards and G. R. Mansfield: The Bannock overthrust, a major fault in 

southeastern Idaho and northeastern Utah. Jour. Geol., vol. 20, 1912, pp. 681-707. 

G. R. Mansfield: Igneous geology of southeastern Idaho. Bull. Geol. Soc, America, 

vol. 32, 1921, pp. 249-266. 

G. R, Mansfield: Types of Rocky Mountain structure in southeastern Idaho. Jour. 

Geol., vol. 29, 1921, pp. 444-468. 
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more important structural types of the area. These need not be repeated 

here. Suffice it to say that they include swallowtail folds, drag folds, 

fan folds, both upright and inverted, a transverse fold passing into an 

overthrust fault, an imbricated and folded *overthrust fault, and horst 

and graben structure. 

TETON BASIN 

The Teton Basin area, which les about 40 miles north of the Freedom 

quadrangle, along the Wyoming border, comprises an area of approxi- 

mately 300 square miles in Madison, Teton, and Bonneville counties. 

The eastern side of the basin is formed by the west flank of the Teton 

Range and the western side is bounded by the Big Hole Mountains, which 

include a small coal-bearing area known as the Teton coal field. These 

mountains, like those in the other two areas previously mentioned, have 

a northwesterly trend and show unsymmetrical form with inclination or 

overturning toward the northeast. A number of thrust-faults traverse 

the area. Two of them, the Absaroka and Darby faults, have considerable 

magnitude. An outlying mass of the Darby overthrust block, separated 

from it by erosion, lies in front of the main block and testifies to the 

gentle inclination of the fault-plane, which is elsewhere concealed by 

debris from the overlying block. A general account of this area, includ- 

ing additional structural details, has already been published.* 

IDAHO AND THE NORTHERN ROCKIES 

It has been shown that eastward inclined folds and eastward over- 

thrusts are characteristic of the Rocky Mountains in Idaho. Similar 

structures have been observed by the writer in Montana, and it is believed 

that they are fairly characteristic of the northern Rockies as a whole. 

Certainly, remarkable eastward overthrust faults have been recognized 

at a number of places from Canada as far southward as Utah and Colo- 

rado. These may now be briefly reviewed (see figure 1). 

THRUST-FAULTS OF THE NORTHERN ROCKIES 

The Lewis overthrust, first described by Willis® and later mapped by 

Campbell, has a minimum horizontal displacement of 15 miles. It has 
a sinuous course for many miles along the Rocky Mountain front in 

*G. R. Mansfield: Coal in eastern Idaho. U. 8. Geol. Survey Bull. 716-7, 1920. 

5 Bailey Willis: Stratigraphy and structure, shes and Livingston hei Montana. 

Bull. Geol. Soc. America, vol. 13, 1902, pp. 331-336. 

M. R. Campbell: The Glacier National Park. U. S. Geol. Survey Bull, 600, Pl. 13, 

1914. 
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Mountains, has a length of about 35 miles as mapped by Calvert.$ It 

was not at first considered as an overthrust, but its relationship to zones 

‘of overthrusting farther southeast makes this interpretation highly 

probable. 

The Heart Mountain overthrust, first described by Dake? and later by 

Hewett, has a minimum horizontal displacement of 28 miles and should 

be traceable over the entire eastern edge of the Absaroka Range pera 

for 125 or 150 miles. 

The Darby fault, as mapped by Schultz,’° has a length of about 125 

miles and a horizontal displacement perhaps greater than 15 miles. 

The Absaroka fault, as mapped by Veatch"? and Schultz,’ has a known 

length of approximately 200 miles. Its zone of displacement may exceed 

25 miles in breadth and its throw .(stratigraphic ?), like that of the Darby 

fault, is said to exceed 20,000 feet. 

The Medicine Butte and Crawford faults, as mapped respectively by 

Veatch** and by Gale and Richards,’* in southwestern Wyoming and in 

northeastern Utah, are overthrusts on a smaller scale than most of the 

preceding. 

A thrust-fault some 30 miles in length has been recognized by Schultz 

and Richards'® along Snake River, but little is known of its displacement. 

The Bannock overthrust, as mapped, is about 270 miles long and has 

a maximum displacement perhaps greater than 35 miles. It seems pos- 

sible that the Bannock overthrust and the Putnam overthrust, to which 

reference has already been made, may prove to be connected. 

The Willard overthrust, as described by Blackwelder,*® is about 22 

miles long and has a maximum displacement of at least 4 miles. It is 

exceptional for the Rocky Mountain region, in that the inclination of its 

plane is apparently eastward instead of westward. 

8 W. R. Calvert: Geology of the upper Stillwater basin, Stillwater and Carbon coun- 

ties, Montana. U.S. Geol. Survey Bull. 641, 1917, pp. 199-214. 

°C. L. Dake: The Hart Mountain overthrust and associated structures in Park County, 

Wyoming. Jour. Geol., vol. 26, 1918, pp. 52-53. 

D. F. Hewett: The Heart Mountain overthrust, Wyoming. Jour. Geol., vol. 28, 1920, 

pp. 536-556. 

120A. R. Schultz: Geology and geography of a portion of Lincoln County, Wyoming. 

U. S. Geol. Survey Bull. 543, 1914, pp. 84-85, map. 

11A.C. Veatch: Geography and geology of a portion of southwestern Wyoming. U.S. 

Geol. Survey Prof. Paper 56, 1907, pp. 109-110. 

2JTdem., p. 87, and U. S. Geol. Survey Bull. 680, 1918. 

13 Tdem., pp. 111-113. 

14 Qp, cit., p. 515. 

15 A. R, Schultz and R. W. Richards: A geologic reconnaissance in southeastern Idaho. 

U. S. Geol. Survey Bull. 530, 1913, p. 277 and pl. vi. 

16 Bliot Blackwelder: New light on the geology of the Wasatch Mountains, Utah. 

Bull. Geol, Soc. America, vol. 21, 1910, pp. 517-542. . 
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In the Cottonwood district, Utah, the Alta overthrust has been recog- 

nized by Hintze, Butler, and Loughlin and more recently it has. been 

studied by Calkins. This fault dips eastward but steepens downward and 

probably passes the vertical in places. Calkins’ believes, mainly from 

the relations of drag folds, that the upper block moved eastward and that 

the original dip of the thrust-plane was westward. 

Along the north base of the Uinta Mountains two important zones of 

thrusting have been observed. As described by Schultz,** the more west- 

erly of these zones is exposed for 20 miles and the more easterly, the great 

Uinta fault, first recognized by geologists of the King and Powell sur- 

veys, is 80 miles or more long. In both instances the forces which pro- 

duced the dislocation appear to have acted from the south or southeast. 

The stratigraphic interval produced by these faults is not less than 20,000 

feet. Most of this seems to be vertical, though there may be also a hori- 

zontal displacement of considerable magnitude. 

RELATIVE MAGNITUDE AND IMPORTANCE OF OVERTHRUSTS 

The overthrusts above described vary in length from a few miles to 

nearly 300 miles. The breadth of their respective areas of dislocation 

varies from 2 or 3 miles to nearly 40 miles. They differ also in the strati- 

graphic intervals which they produce. Some of these apparent differences 

are probably due to lack of present knowledge, but without doubt some 

of the faults, such as the Lewis, Bannock, and Absaroka overthrusts, are 

displacements of a larger order than some of the others. 

RELATIVE AGES OF OVERTHRUSTS 

It has not been possible thus far to fix the geologic age of many of the 

overthrusts mentioned above more closely than to state that they are pre- 

Tertiary (Philipsburg quadrangle), late Cretaceous, or early Tertiary, or 

post-Cretaceous. For a few the information is a little more definite. For 

example, Willis, on the basis of both structural and physiographic evi- 

dence, ascribes mid-Tertiary age to the Lewis overthrust. Later, mostly 
unpublished work by geologists of the Federal Survey, in regions east of 
the mountains not visited by Willis, shows that this fault is either of 

late Hocene or early Oligocene age. The Beartooth fault is indicated as 

of post-Fort Union age. Hewett shows that the Heart Mountain over- 

1% Personal communication. 

1 A. R. Schultz: A geological reconnaissance of the Uinta Mountains, northern Utah, 

with special reference to phosphate. U.S. Geol. Survey Bull. 690, 1919, pp. 69-74; see 

also U. S. Geol. Survey Bull. 702, 1920, pp. 43, 46, and pl. i. 
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thrust is of later age than Horizon A of the Bridger formation and is 

therefore not earlier than middle Eocene nor later than Oligocene. 

One fact that appears to be established by reviewing the age relation- 

ships of the various thrust-faults is that these faults were in all proba- 

bilty not synchronous. This fact indicates that the compressive stresses 

that produced the overthrusts were maintained over a considerable period 

and that they ‘found relief at more or less distinct, successive intervals— 

a conclusion to be naturally expected, in view of the greatness of the 

region affected and of the tremendous stresses involved. 

PossIBLE RELATIONSHIPS OF OVERTHRUSTS 

In a valuable paper on structural conditions in central and western 

Montana, Thom'® mentions briefly most of the overthrusts above re- 

viewed. He thinks that the continuity of the mountain ranges, the 

relative topographic position of the terranes involved, and the observed 

magnitude of the horizontal displacements indicate that these faults have 

a common origin and are parts of a continuous major fracture. He de- 

picts central Montana as a region where the simple overthrust seen in the 

Canadian Front Range gives place to more complex structural conditions 

probably because the edge of the overthrust sheet there impinged on older 

east-west uplifts and was disrupted by them. According to Thom’s view, 

waves of deformation and intrusion, which began on the Pacific coast in 

Upper Jurassic time, affected areas progressively farther east, but were 

not vigorously active in the Front Range until the Upper Cretaceous. 

Kober*® regards the eastern ranges of the Rocky Mountains northward 

from the Yellowstone National Park as border chains of a great geosyn- 

cline, which have been thrust forward on a foreland of older and more 

rigid rocks. His idea of the structure of border chains, derived from a 

study of the Alps,”* is that of a highly folded and faulted mass, parts of 

which have been torn from their foundations, piled up on each other to 

a greater or less extent, and moved bodily forward toward or on the fore- 

land. He accounts for the difference in the aspect of the eastern chain 

in Montana and Colorado by assuming that the mountains in Colorado 

east of the Wasatch Range, which he calls the Colorado plateaus and the 

pre-Cordillera, represent earlier folded and eroded mountains, which had 

become incorporated in the foreland and were little, if any, affected by 

2 Ww. T. Thom, Jr.: The relation of deep-seated faults to the surface structural fea- 

tures of central Montana. Manuscript submitted for publication to Am. Assoc. Petrol. 

Geols., November, 1922. 

*° Leopold Kober: Der Bau der Erde. Berlin, 1921, pp. 160-161. 

21QOp. cit., pp. 86-89. 
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the supposedly later orogenic forces which produced the mountains 

farther north. 
In the paper on “Types of Rocky Mountain structure” previously cited 

the writer has shown that certain Alpine characteristics are present in 

’ the mountains of southeastern Idaho. The presence of great overthrusts 

in the Rocky Mountain region points to additional similarities of struc- 

ture, but thus far nothing comparable in complexity with the more 

highly developed Alpine structures—the so-called decke—has there been | 

recognized. 
Thom, in his consideration of conditions in central Montana, seems to 

assume that the movement of the disturbed parts of the outer earth’s 

shell has all been eastward, but that some parts were more retarded than 

others. The evidence presented on figure 1 shows that there were at least 

two well defined directions of movement—an easterly movement, which 

obtained as far south as the southwest corner of Wyoming and parts of 

Utah immediately west, and a northerly movement, represented by the 

zones of thrusting and faulting along the north border of the Uinta 

Mountains. The change of direction of movement is very abrupt, form- 

ing nearly a right angle. The faults of the Cottonwood district, which 

are very complex, appear to occupy a strategic position at the apex of the 

angle. It is possible that the direction of faulting along the Uintas may 

be due merely to the resolution of the generally eastward-acting forces 

which there impinged on an earlier opposing structure. On the other 

hand, it may indicate that the orogenic forces which built the southern 

Rockies were differently oriented from those which built the northern 

division and may have originated under different conditions. 

DEFICIENCY OF KNOWLEDGE 

In figure 1 it is apparent that great gaps interrupt the continuity of 

examined areas. ‘There are thousands of square miles in the northern 

Rocky Mountain region which have either not been studied at all geolog- 

ically or in which geologic observations have been made only in a cursory 

way. This deficiency of knowledge makes it obvious that generalizations 

regarding overthrusts and other crustal disturbances in the northern 

Rocky Mountains should be tentative. Generalizations such as those cited 

above are valuable, however, as working hypotheses. 
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OVERTHRUSTING VERSUS UNDERTHRUSTING 

Current views regarding overthrusts have in recent years been chal- 

lenged. Thus Hobbs?? some years ago and more recently Lawson?? have 

argued that rocks are underturned and underthrust rather than over- 

turned and overthrust. Mathematical studies of such problems as over- 

thrusting, however logical, are not always convincing, since the results 

obtained must depend on the validity, comprehensiveness, and accuracy 

of the assumptions on which the calculations are based. In the Scottish 

Highlands the imbricated structure appears to bear out Lawson’s view 

that a great wedge of the superficial crust will break up under powerful 

tangential pressure into smaller blocks that will stand at high angles with 

regard to the original thrust plane. It shows further, however, that these 

smaller blocks, when in this position, develop resistances that accumulate 

in such manner that the blocks may act as a single unit, which, under 

sufficient tangential pressure, is moved forward with reference to under- 

lying structures. 

In most so-called overthrusts the upper block consists of older rocks, 

more massive and rigid than those that underle them. It is easier to 

think of these older rocks, under tangential pressures such as produce 

these great dislocations, as moving upward and outward toward the sur- 

face, where resistance is less, than to suppose that weak, incompetent 

formations are forced inward and downward into zones of increasing 

resistance. 

With the supposition of underthrusting it is presumed that the greatest 

effects would be felt near the zone of application of the tangential forces 

or, in the case of the northern Rockies, along the eastern border of the 

mountains. If it be presumed further that the zone of application of 

effective forces might migrate inward—that is, westward—it should be 

possible to discover relatively younger dislocations in that direction. So 

far as the facts are known, there seems to be no greater intensity of 

mountain-building along the eastern border of the Rockies than farther 

west. Moreover, the Heart Mountain overthrust and possibly the Lewis 

overthrust, which mark the outer border of the known great overthrusts, 

are of later date than the Bannock overthrust, and this in turn is probably 

somewhat later than the Philipsburg faults. Thus it seems that the zone 

of thrusting has moved progressively eastward rather than westward. 

2 W. H. Hobbs: Mechanics of formation of arcuate mountains. Jour. Geol., vol. 22, 

1914, p. 206. 

234 (€. Lawson: Isostatic compensation considered as a cause of thrusting. Bull. 

Geol. Soc. America, vol. 38, 1922, pp. 337-352. 
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These facts accord better with the idea of overthrusting and a westerly 

source for the tangential pressures than with the reverse supposition. 

In Cadell’s experiments, which were conducted with reference to con- 

_ ditions in the Scottish Highlands,** it was found that the compressed 

mass tends first to seek relief along a series of greatly inclined thrust- 

planes which dip toward the side from which the pressure was exerted. 

After a certain amount of piling up has taken place along these minor 

thrust-planes, the whole heaped up mass tends to rise and ride forward 

bodily upon the major thrust-planes. These results correspond with the 

actual conditions in the Scottish Highlands. The Bannock overthrust, 

in Idaho, is marked at several places along its course by a fault-zone of 

heaped-up rock slices inclined westward and consisting of more or less. 

broken rock folds. 

Thus far the discussion has assumed that one or the other of the two 

blocks in an overthrust remains passive. The probabilities are, since 

gravity plays a predominant part among the forces which produce the 

tangential pressure, that both blocks are subject to movement, and that 

the motion of either block with respect to the other is purely relative. 

This idea has been well expressed by Heim,?° who considers that the 

curvature of lines of folds affords the best means of determining the 

direction of this relative movement. He states that the thrust is always 

directed toward the outside of the arc, in the same manner as an arrow 

is aimed with a bow. 

RESTORATION OF STRUCTURES IN SOUTHEASTERN IDAHO 

In figure 2 an attempt has been made to restore the structure of a 

characteristic portion of the mountains in southeastern Idaho for the 

purpose of determining the amount of circumferential shortening and of 

studying the conditions of deformation. The line selected cuts eastward 

across the northern part of the Aspen Range, in the southeastern part of 

the Henry quadrangle, and then turns northeastward across the Lanes 

Creek and Freedom quadrangles to Star Valley a short distance south of 

the town of Freedom. The methods of restoration and measurem2nt were 

similar to those employed by R. T. Chamberlin® for studies in the Appa- 

24 B. N. Peach, J, Horne, W. Gunn, C. T. Clough, and L. W, Hinxman: The geological 

structure of the northwest Highlands of Scotland. Geol. Survey Great Britain, Mem.,. 

1907, p. 475. 

*> Albert Heim: Geologie der Schweiz, Bd. I, Leipzig, 1921, pp. 647-649. 

26 R. 'T. Chamberlin: The Appalachian folds of central Pennsylvania. Jour. Geol., vol. 

18, 1910, pp. 228-251. 

5 : The building of the Colorado Rockies. Jour. Geol., vol. 27, 1919, pp. 145- 

164, 225-251. 
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lachians of Pennsylvania and in the southern Rockies. All measurements 

were referred to sealevel, 6,000 feet or more below the present surface, 

and for the purposes of the restoration it was assumed that the Cretaceous 

beds present in the northeastern part of the area traversed by the struc- 

ture section had been deposited over the entire area so traversed—an 

assumption that seems reasonable. The beds employed for measurement 

were relatively competent strata that come to the surface at many places. 

Considering first the effects of folding without allowance for the Ban- 

nock overthrust or for minor faults, the west half of the section, corre- 

‘sponding with the upper part of the illustration, has been shortened 3.9 

miles. Similarly the remainder of the section has been shortened 4.5 

miles. Considered as a whole, an area 39 miles long has been compressed 

by folding to 30.6 miles. The actual shortening by this process is 8.4 

amiles, or 21.5 per cent of the original length. If the minimum horizontal 

displacement produced by the Bannock overthrust (12 miles) be added 

to this shortening, the total shortening by both folding and overthrusting, 

disregarding minor breaks, would be 20.4 miles, or 52.3 per cent of the 

original length. 

The average restored height of the top of the Cretaceous beds above 

-sealevel is 6.7 miles for the western half and 5.7 miles for the remainder 

of the section; the average height for the entire section is 6.1 miles. 

Using the formula =, where c represents the amount of linear com- 
e 

pression, ¢ the actual length, h the height of the folded mass above the 

reference plane, and d the depth of the folded mass below the reference 
plane, we have the following equations: 

3 90., Gee 405 Ba S.4e' Gat 
6 = fa 166 oe 0 Or aie 

=A — 21.1 d— 22.2 

These results represent respectively the depths below sealevel of the 

folded mass for the western half, the eastern half, and for the measured 

area as a whole. , 

If the minimum displacement produced by the Bannock overthrust be . 

added to the effect of folding, the value for d for the entire area measured 

would be 9.1 miles instead of 22.2 miles. 

Van Hise** places the maximum depth of the zone of flowage for the 

strongest rocks at 10,000 to 12,000 meters, equivalent to 6.2 to 7.4 miles. 

77C. R. Van Hise: A treatise on metamorphism. U. S. Geol. Survey Mon. 47, 1904, 

pp. 189-190. 
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Willis,?® on the basis of experiments by Adams and Bancroft, thinks that 

this depth may be as great as 40 miles; but the smaller figure seems to 

accord better with geologic evidence. The average altitude of the present 

surface in the western half of the structure section is 1.3 miles, the aver- 

_ age for the eastern half is 1.35 miles, and for the whole section 1.33 miles. 

If these figures are subtracted from the restored heights given above, the 

results are 5.4 miles for the western half, 4.35 miles for the eastern half, 

and 4.8 miles for the whole section. These figures, which represent the 

depth of the present surface below the restored surface, fall well above 

the depth of the zone of flowage as given by Van Hise and indicate that 

the visible structures were developed considerably above that zone. ‘This 

result is in accord with the general absence of regional metamorphism 

throughout the district represented by the section. 

If the average altitude of the present surface be added to the figures 

obtained above for the depth of folding and compression below sealevel, 

the average result will be 23.53 miles if only folding is considered, or 

10.43 miles if both folding and overthrusting are taken into account. In 

either case the lower part of the compressed mass should fall within the 

zone of flowage and the deeper structures should be metamorphosed. On 

the basis of the figures given above, further erosion, amounting to 0.8 

mile or more, will be necessary before the average depth of the meta- 

morphosed portions may be reached. 

The principal folding in southeastern Idaho occurred before the over- 

thrust faulting. According to the computations above, the depth affected, 

when only folding is considered, is greater than the corresponding depth 

when both folding and overthrusting are taken into account. These data 

suggest that in the earlier stages of compression the earth’s crust was more 

deeply affected than at later stages. In other words, the zone of com- 

pression as it became more intense migrated outward toward the surface. 

It has been stated that some of the folds mapped in southeastern Idaho 

exceed 50 miles in length and 3 miles in width. Seen in the field, each 

of these structures appears to be relatively large and independent, though 

many smaller folds are present. The restoration, figure 2, shows that 

the large folds in turn are members of still larger structures, and that 
the region traversed by the structure section contains the greater part of 
two such folds, an anticline and a syncline, each of which is approxi- 
mately 15 miles wide. The size of these larger structures, which may be 
termed major folds, affords a means of comparison of the intensity of 

8 Bailey Willis: Discoidal structure in the lithosphere. Bull. Geol. Soc. America, vol. 
31, 1920, pp. 247-302. 



278 G. R. MANSFIELD—STRUCTURE OF ROCKY MOUNTAINS 

compression in different regions where mountain-building has occurred. 

Thus in the island of Anglesea, whose highly complex geology has been 

studied in great detail by Greenly,?® the accessible part of the Holyhead 

recumbent fold is said to have a real horizontal amplitude of about 60 

miles. Great thrust-faults are also present. It is apparent that in 

Anglesea’ the compressive forces were more intense than in southeastern 

Idaho. 

IsostTATIC FEATURES 

In the Alps, as described by Heim,*° the gravity defect is at a maximum 

under the line where the “decke” folds of relatively hghter rocks were 

originally piled highest. It is normal at the south foot of the Schwarz- 

wald to the north and in excess at the top of the Schwarzwald. Similarly, 

near Locarno, at the south, there is another area where gravity is in 

excess.. This is the belt where the roots of the folds that now form the 

“decke” are supposed to he and where basic eruptives are now heaped up. 

The surface of normal gravity les unsymmetrically beneath the Alps, its 

gentler and longer slope passing upward toward the north. The folded 

complex of the Alps is thus believed to float with its deeper parts con- 

cealed in the earth’s crust, much as an iceberg floats in the sea. This 

attitude is produced by sinking, in consequence of the overload due to the 

compression of the crustal mass. So it happens that the Alps are not 

5 to 10 times higher. 

A different condition seems to obtain in southeastern Idaho. On the 

map of gravity anomalies, published a few years ago in Gilbert’s paper,*? 

southeastern Idaho is shown to possess an excess of gravity, while central 

and northern Idaho and adjacent parts of Montana are deficient. These 

last named regions are areas of batholithic intrusion. Under the isostatic 

theory, batholithic intrusions might normally be expected to occur in 

regions adjacent to areas of intense folding and overthrusting. This is 

apparently the case in the Alps. Since folded sedimentary rocks are 

relatively lighter and intrusives supposedly heavier, the plus anomalies, 

representing excess of gravity, should, under the hypothesis, lie in the 

batholithic areas and the minus anomalies in the sedimentary areas. 

This again is apparently the case in the Alps, but the reverse actually 

happens in southeastern Idaho. The Snake River lava plains lie in the 

area of excess gravity, and the weight of the basalts that underlie these 

°° Edward Greenly: The geology of Anglesea. Geol. Survey Great Britain, Mem., 1919, 

p. 181. 

8° Albert Heim: Geologie der Schweiz, Bd. II, Erster hilfte, Leipzig, 1921, pp. 52-56. 

31 G. K. Gilbert: Interpretation of anomalies of gravity. U. S. Geol, Survey Prof. 

Paper 85, 1914, pp. 29-37. 
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plains may have a bearing on the problem. On the other hand, the 

Columbia River basalts he in-an area in which there is a gravity defect. 

Extensive sedimentary areas occur in Colorado, Utah, Wyoming, Mon- 

tana, and farther eastward. These have plus anomalies which seem to 

indicate that much of the mountain-built area is not fully compensated, 

and that the batholiths of central Idaho and Montana may not have a 

close isostatic relationship to the folded rocks of the northern Rockies. 

In the symposium on isostasy at Amherst last year Reid*? called atten- 

tion to the fact that isostatic sinking tends to offset the effects of folding, 

thereby militating against the elevation of mountains to great heights by 

compression. He raised the question whether folding can actually pro- 

duce high mountains. The present study affords a means of testing this 

question. 

The Snowdrift peneplain, which is the highest recognized erosion sur- 

face in southeastern Idaho, represents the surface to which the mountains 

were there reduced by erosion after the Laramide folding and after the 

sinking of the folded mass under isostatic conditions. This peneplain, 

which now stands 9,000 feet, or 1.7 miles, above sealevel, probably affords 

a maximum measure of the amount of subsequent uplift which the folded 

area has experienced in being elevated to its present position. If this is 

subtracted from the theoretical elevation, 6.1 miles, suggested by the 

restoration of the upper beds of the Cretaceous, figure 2, there still re- 

mains a difference amounting to 4.4 miles. How much of this difference 

to allow for the erosion that prevented the mountains from attaining the 

full height to which the folding might otherwise have raised them it is 

impossible to say from present data. If it be assumed that this erosion 

consumed half or two-thirds of the folded mass, the mountains might 

have reached elevations ranging from 1.5 to 2.2 miles. It appears, there- 

fore, that folding of the strata, with due allowance for isostatic sinking, 

may produce mountains comparable in height to those of today. This is 

without regard for any allowance that might be made for changes in 

density of material within the mountain mass induced by unloading 

through erosion, which would tend to further increase the height of the 

mountains. The later uplifts, which most of the higher ranges have 

experienced, represent separate mountain-building activities of perhaps 

another sort, but it is not necessary to infer from their presence that high 

mountains may not be formed by folding alone. 

3% H. F. Reid: Isostasy and earth movements. Bull. Geol. Soc. America, vol. 33, 1922, 

pp. 323-324. 

XIX—BELL. GEOL. Soc. AM., Vou. 34, 1922 
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HYPoTHESES OF MOUNTAIN-BUILDING 

Kober’s hypothesis, which has been ably outlined by Dr. Longwell in 

a preceding paper, is presented in a very interesting and plausible way. 

The general arrangement of western -and eastern mountain chains with 

intervening plateaus and ranges has a superficial agreement with his plan. 

The Rocky Mountains in Idaho and northward show eastward overturn- 

ing and overthrusting, which accords with Kober’s hypothesis; but the 

case for the Coast ranges, which by hypothesis should be overturned west- 

ward, is not so clear. The structure sections studied by the writer, 

though showing intense folding and faulting, do not indicate a predom- 

inant direction of overturning or overthrusimmg. Moreover, the distribu- 

tion of igneous intrusives in the Coast ranges is not very favorable to the 

hypothesis. It may be questioned, too, how far the mierior plateau and 

ranges accord with the conditions of his plan. 

Professor Hobbs, in the book** to which he referred in his paper, postu- 

lates a two-sided symmetry for the Pacific mountain region, due to east- 

ward underthrusting on the west side, caused by the subsidence of the 

Pacific Ocean, and to westward underthrusting on the east side, caused 

by the subsidence of the “Laramide Ocean.” The subsequent settling of 

the Great Basin and its extension to the north caused further under- 

thrusting on the east and west sides of this area, represented respectively 

by the Wasatch and Sierra Nevada escarpments, and produced bilateral 

symmeiry for the Rocky Mountain group on the east and for the Sierra 

Nevada-Coast Range group on the west. Objections to this hypothesis, 

so far as the Coast ranges are concerned, have been stated in the preced- 

ing paragraph. The view that the Wasatch and Sierra Nevada Moun- 

tains are bounded by thrust faults inclined respectively east and west 

requires further demonstration. The writers views regarding under- 
thrusting in the eastern ranges of the Rocky Mountains have already been 

stated (see page 272). All geologists will agree that the sea extended m 

Cretaceous times along the eastern front of the Rocky Mountains and 

even covered areas that are now included in the mountamous belt. This 

sea, however, was in no sense an ocean, as the term is now understood. 

Tt was rather an epicontinental sea of relatively shallow water. This is 

clearly indicated by the nature of the deposits. 

Professor Willis’s discoidal hypothesis, which has been set forth in an 

earlier paper in this symposium, though based on careful computations 

and plausibly presented, is dependent on the validity of its fundamental 

= W. H. Hobbs: Earth evolution and its facial expression. The Macmillan Co, New 

York, 1921, pp. 119-134. 
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assumptions. These are extrapolations on a large scale from the results 

of experiments which may not be directly applicable to the earth. Al- 

though the preliminary test of this hypothesis with the Sierra Nevada 

Mountains and Coast ranges appears to him to have been successful, it is 

thought that the conditions in the northern Rocky Mountains, where the 

great overthrusts have large horizontal components, will prove less favor- 

able to it, and that it may not be widely applicable. 

Thom’s hypothesis postulates that compressive movements are active 

in the deeper and more rigid parts of the shell beneath the overlying 

sediments, and that the deformation of the latter is directed or controlled 

in part by the deformation of the former. This view appears sound. His 

statement, however, that the intense compression in the outer portions 

of the crust was dissipated by overthrusts, but that the deeper part con- 

tinued to be deformed, suggests that the structures which he describes are 

younger than the overthrusts. It has been shown on page 272 that the 

development of overthrusts was probably progressive, both in space and 

time, and that the easterly overthrusts were the latest formed. It was 

also suggested, on the basis of the apparent depth of the folds, that the 

zone of compression, as it became more intense, may have migrated out- 

ward toward the surface. If these suggestions are well founded, it may 

be that the structures described by Thom, both the deep-seated and the 

more superficial, were formed before the overthrusts occurred, and that 

they may have played an important part in localizing the overthrusts. 

Causes oF MOUNTAIN-BUILDING 

The primary cause of mountain-building is unknown. However, the 

abundant evidence of compression found in most mountain regions im- 

plies a shrinkage of the earth to a smaller volume. Numerous agencies 

have been recognized as contributory to this result, among which are 

cooling, crystallization, progressive condensation under gravitative influ- 

ences, molecular and subatomic changes, redistribution of internal heat, 

and perhaps other causes. Gravitative readjustments take place peri- 

odically, as a result of accumulating stresses, rather than continuously. 

The origin of igneous magmas is closely interwoven with these readjust- 

ments, and the movements or intrusions of these magmas play an im- 

portant part in the distribution of temperatures and in the application 

or localization of stresses within the earth’s crust. The net result of 

these various agencies, so far as mountain-building is concerned, is to 

produce the compressive stresses that in turn produce the folding and 

overthrusting. 
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Two phases of this compressive activity are illustrated in southeastern 

Idaho. The earlier phase was that in which the folded and overthrust 

structures, which form so conspicuous a feature of the mountains, were 

developed. The compression at this time was localized by a deeply loaded 

geosyncline. The mountains formed are believed to have been comparable 

in height to those of today or even higher. They were reduced, however, 

to a peneplain, or were at least greatly worn down. The second phase 

was inaugurated by a renewal of the periodic contractional disturbances 

of the earth. This time the effects were not so definitely localized as 

before, probably because no accumulation of sediments comparable to 

those of the former geosyncline had taken place and the rigid crust was, 

therefore, not weighted down as before. The result was a broad uplift, 

with only gentle foldings or warpings. | 

TENSIONAL FEATURES IN MOUNTAIN STRUCTURE 

Kober in his book, about which this symposium centers, takes exception 

to current views regarding normal faults and undertakes to show that 

these are compressional features. The Rhine Valley graben, which has 

become a classic example of normal faulting, he regards as a summit 

break in a great anticline. He finds overthrust faulting in the vicinity 

of the graben and an actual overriding of the horsts upon the graben. 

Kober ascribes the horst and graben structure, which dominates in Ger- 

many, to the irregular elevation of an old peneplained mountain chain, 

which, by renewed undulation due to contraction of the earth’s crust, has 

been broken into blocks. The height of the blocks is not equal and not 

very great; their borders are broken and overthrust; the higher uprising 

blocks tend to overspring the deeper lying basin and trough portions. 

Kober points out that these structures are very young, that the move- 

ments are still in progress, and that the superficial shoving together of 

the horsts may in time go so far as to lead to the overriding of one by 

another. Thus the intervening graben break might become an overthrust. 

No extended discussion of this view may be undertaken here, but it is 

believed that the studies thus far made in southeastern Idaho have 

brought out definite evidence unfavorable to it. The Meadow Creek 

graben, which has been described elsewhere,** is bounded by horsts that 

contain folded structures, but no tendency of either horst to override the 

graben has been recognized. Both horsts and the intervening graben have 

been cut by transverse faults in such manner that in the area between 

34 G. R. Mansfield: Types of Rocky Mountain structure in southeastern Idaho. Jour. 

Geol., vol. 29, 1921, pp. 460-465. 
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these faults the distance between the horsts has been increased. Had 

these faults and the boundary faults of the horsts been overthrusts, this 

distance should have been diminished rather than increased. 

In general, there seems no good reason for abandoning the idea that 

tension faults do exist and that they may play an important part in 

mountain structure. The current view that tensional faulting serves as 

a method of relief for overstrained or overcompressed structures is be- 

lieved to be well founded. 

SUMMARY 

On the basis of detailed studies in southeastern Idaho and more cur- 

sory observations in Montana and elsewhere, some of the broader struc- 

tural features of the northern Rocky Mountains are discussed. 

A review of the great thrust-faults as described in the lterature shows 

that they vary in length from a few miles to nearly 300 miles, and in 

amount of dislocation from 2 or 3 miles to nearly 40 miles. They vary 

also in age, the later ones lying nearer the eastern front of the mountains. 

Thom regards these faults as parts of a continuous major fracture, along 

which the great overthrust sheet impinged upon older east-west uplifts 

and was disrupted by them. Sober considers the eastern ranges of the 

Rocky Mountains as border chains of a geosyncline thrust forward upon 

a foreland. These views are briefly discussed as working hypotheses. 

The question of underthrusting as opposed to overthrusting is out- 

lined and the conclusion reached that the available geologic evidence 

favors overthrusting, though it is recognized that the direction of move- 

ment may be relative and that both upper and lower blocks may be 

actually involved in the movement. 

On the basis of an attempted restoration of structure in southeastern 

Idaho the following conclusions were reached : 

Crustal shortening by folding alone amounted to 21 per cent, or, con- 

sidering both folding and overthrusting, to 52 per cent of the original 

length of the area studied. 

The depth affected by folding alone was about 22 miles, but if over- 

thrusting and folding are considered together, this depth is reduced to 9 

miles. The lower portions of the folded structures should therefore be 

metamorphosed, but further erosion of at least 0.8 mile will be necessary 
to expose the metamorphosed: portions. 

Since the overthrusting was a relatively late feature of the deforma- 

tion, the earth’s crust was more deeply affected during the early stages 
and the more intensive effects were shallower. 



284 G. R. MANSFIELD—STRUCTURE OF ROCKY MOUNTAINS 

The larger folds actually seen are parts of still larger (major) folds: 

15 miles or more wide. 

Consideration of isostatic conditions in the northern Rockies shows a 

less favorable relationship between the distribution of gravity anomalies 

and mountain structures there than in the Alps. The northern Rockies 

are apparently not fully compensated. The relationship of the Snowdrift 

peneplain to the restored structures seems to indicate that isostatic sink- 

ing does not fully offset the effects of folding’and that high mountains 

may be formed by folding alone. 

Several hypotheses of mountain-building are discussed in their bearing 

on the northern Rockies. It is concluded that compressive stresses, origi- 

nating in gravitative readjustments within the earth and influenced to a 

ereater or less degree by magmatic movements, were localized by the 

heavily loaded geosyncline, which became folded and overthrust, produc- 

ing high mountains that ‘were subsequently peneplained. Later com- 

pressive stresses, originating in a similar manner but not localized by 

sedimentary accumulations, caused broad upwarpings and gentle folds, 

which gave the mountains their present elevations. 

Kober’s view, that horsts and graben are due to compressive agencies, 

is not supported by geologic evidence in southeastern Idaho. Such struc- 

tures are still regarded as of tensional origin and as affording means of 

relief from the overcompression incident to mountain-building. | 
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INTRODUCTION 

This paper concerns the Southern Rocky Mountains, lying chiefly 

in Colorado. Certain recorded observations relative to them are recalled 

and possible causes of their rise discussed. It is shown that the theory 

of lateral compression, frequently advanced as the cause of mountain- 

building and recently applied by R. T. Chamberlin to the Colorado 

Rockies,” is not in harmony with many of the observed facts, and the 

1 Published with permission of the Director of the U. S. Geol. Survey. 

Received by the Secretary of the Society January 7, 1923. 

This paper is one of a series composing a “Symposium on the structure and history 

of mountains and the causes of their development.”’ 

2R. T. Chamberlin: The building of the Colorado Rockies, Jour. Geol., vol. xxvii, 

1919, pp. 145-164, 225-251. 
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question is raised, if changes in temperature, density, mineral constitu- 

tion, etcetera, can explain such elevations and depressions as are known 

to have occurred. The building of the Southern Rockies might be dis- 

cussed from the standpoint of probability and possibility, but when re- 

quested to speak on this subject it seemed to me that the only way in 

which I could contribute to the much-discussed question of mountain- 

building would be to outline a definite problem and to seek for such 

quantitative data as might help in solving it. 

RECITAL OF CERTAIN OUTSTANDING Facts 

In this brief paper minor details must be omitted, as must also many 

references to publications on which statements are based. Some of the 

large outstanding facts which I shall make use of, and which have not 

been seriously challenged, are as follows: In late Carboniferous time 

mountains which have been called the Ancestral Rockies, comparable in 

size to the present Rocky Mountains, occupied the site of the Southern 

Rockies and sediments were shed from them in all directions. East of 

these mountains the sediments accumulated chiefly as upland and 

brackish water deposits to form the gypsiferous red beds of the West. 

West of the mountains the material found its way toward the Pacific 

through shallow seas in Permian and Lower Triassic time and accumu- 

lated as lowland deposits in late Triassic time. Through the succeeding 

ages the Ancestral Rockies were eroded to such an extent that at the 

LEGEND FOR FIGURE I 

A, curvature of the earth's surface along the 39th parallel from the high Sierra in 

California eastward for 1,000 miles, showing the relative position of the Great Basin, the 

high plateaus, the Southern Rocky Mountains, and the Great Plains. At this latitude 

the earth’s radius is 3,968.6 miles. 'The chord of the 1,000-mile are is about 997 miles 

and the maximum distance between chord and arc is nearly 34 miles. The part of the 

are between Wasatch Mountains and central Kansas, about 700 miles, represents the 

Interior Cretaceous Basin. The maximum distance between this are and its chord is 

about 12 miles. The sedimentary rocks which filled this ‘“‘basin’’ are less than 2 miles 

thick ; therefore they form an onion-skin shell laid down on a surface which was always 

convex, although slightly less so than the normal convexity of the earth’s surface. 

The illustrative profiles B-G, representing the same are in successive ages, are drawn 

for convenience with straight line rather than arc representing sealevel, and with exag- 

gerated vertical scale. B represents early Triassic time, when the Ancestral Rockies were 

high and the sea occupied areas west of them; C= late Triassic time, when the moun- 

tains were eroded, the sea filled, and products of erosion accumulating above sealevel to 

form the non-marine Triassic; D—early Jurassic time, after the rise of the Nevada 

continent and the reduction of the Ancestral Rockies to a peneplained condition; BE = 

the beginning of the Upper Cretaceous epoch, when the Ancestral Rockies were base- 

leveled: F=the close of the Cretaceous period, after the Cretaceous Basin was filled 

with sedimentary rock; G=—the present time, showing the Great Basin lower than the 

plateaus whose material was derived from it and the still higher Southern Rockies 

standing in the middle of the area formerly covered by the Cretaceous Sea. 
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opening of the Upper Cretaceous epoch they were worn down to baselevel. 

In the meantime a broad highland of continental proportion seems to 

have arisen in the region of the present Great Basin, cutting off con- 

nection with the Pacific, and detrital matter from this new highland 

spread eastward over the space between this newly formed continent 

and the last survivals of the vanishing Ancestral Rockies. 

As the submergence of the baseleveled Ancestral Rockies is an im- 

portant consideration in this discussion, I pause here to note that some 

still cling to the belief of the earlier workers in this region, that certain 

“islands” persisted in the Southern Rocky Mountain Province throughout 

Cretaceous time. But the announcement years ago that no such 

“islands” could be found, and that there are good reasons for believing 

that the Upper Cretaceous formations once extended uninterruptedly 

over the site of the Southern Rockies, has not been challenged. Until 

this concept is shown to be untenable, | may reasonably assume that the 

Rocky Mountain geosyncline which formed in western North America in 

Cretaceous time included the site of the baseleveled Ancestral Rockies. 

The sea entered the geosyncline and for a long time received and 

distributed the detrital matter from the newly formed uplands to the 

west. It would seem from some writings that the trough is supposed to 

have formed rapidly, and that the interior sea was deep and open 

throughout Upper Cretaceous time. Opposed to this is the radically 

different conception that the geosyncline formed slowly; that the waters 

throughout the epoch were so shallow that fine material was distributed 

somewhat uniformly over the bottom; that the filling practically kept 

pace with the sinking of the bottom, and that several times during the 
Upper Cretaceous epoch sand and silt entering from the west built low 

marginal plains over large areas from which the sea water was tempo- 

rarily excluded. The slow subsidence of the trough, coupled, perhaps, 
with a rise of sealevel, and the conflict between sea and sediments con- 

tinued until several thousands of feet of material, mostly sand and silt, 

had accumulated. 

Then, at the close of the Cretaceous period, the crustal movement was 

reversed. The deeply buried base of the Ancestral Rockies was raised 

and highlands reappeared where the sea had been. Here again a com- 

mon conception seems to be that a radical change occurred and a rapid 

rise of land took place to mountains of such proportion as now exist. 

Opposed to this is the conception that the first uplift—that is, the one 

which closed the Cretaceous period—was relatively mild. The signifi- 

cant fact, however, is the reversal in the direction of movement. The 

rate and extent of uplift are of minor consequence. 
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Only a few outstanding facts relative to the later history of the Rocky 

Mountains need be mentioned in this connection. First, it is beyond 

dispute that since the relatively small uplift at the end of the Cretaceous 

period the Rocky Mountain region has never been submerged, although 

‘parts of the continent at a distance from these mountains subsided 

beneath sealevel in Tertiary time; second, there were periodic uplifts 

during the Tertiary and Quaternary periods, accompanied by warping 

of the surface and extrusion of igneous rock. Much of the evidence of 

the earliest Tertiary movements has been destroyed by erosion, but the 

later uplifts and cycles of erosion are recorded in the old peneplains, one 

of which is now found in northern Colorado at an altitude of about 

12,000 feet, and another at 10,000 feet. Doubtless remnants of other 

persistent plains will be found. These plains are raised somewhat more 

in some places than in others and show some warping, but on the whole 

they suggest vertical uplift. In brief the mountains have been peri- 

odically rising from the close of the Cretaceous period to the present 

time. 
Some of the minor features are important in indicating the manner in 

which this rise occurred. Throughout the mountain region overthrust - 

faults are rare and normal faults are numerous. With few exceptions, 

displacements along the foothills may reasonably be attributed to drag 

in the rise of the mountains, and to such secondary action as sag follow- 

ing a period of uplift, and to local lateral crowding at the edges of the. 

sageing mass. Lest I be misinterpreted, let me reiterate that | am 

speaking of the Southern Rockies alone and not of parts of the Wasatch 

Mountains and other places still farther to the west and north, where: 

great overthrusts have occurred. 
There are few so-called rock folds in the Southern Rockies of such 

character and magnitude as to enter seriously into the problem of moun- 

tain-building. ‘These are the hogbacks, formed by the upturning of the: 

sedimentary formations on all sides of the mountains and the large down- 
warped or less uplifted areas, as one chooses to think of them, in North, 

Middle, and South parks, and other less conspicuous features, commonly 

classed as folds, such as the en echelon folds of the foothill region and 

the less conspicuous undulations of the sedimentary rocks of the plains, 

which, in my opinion, should be expressed as warping rather than as 

folding under lateral compression. It is a common custom to connect 
the upturned beds of the foothills with the isolated remnants of the same: 

beds high in the mountains, in such a manner as to make it appear that 

they once extended in a continuous undulating but unbroken surface 

over the range. This practice may be justifiable for certain purposes,. 
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but such illustrations should not be interpreted as proof of lateral com- 

pression or foreshortening of the crust. The upturning of the foothill 

formations is as readily explained by drag during vertical uplift as by 

wrinkling under lateral compression, and the isolated remnants high in 

the mountains are more readily explained by vertical uplift than 

otherwise. 

In studying the foothill region it becomes strikingly obvious that, 

with few exceptions, the sedimentary formations he nearly horizontal or 

are only gently warped; but at the foot of the mountains they are either 

sharply upturned or broken off at nearly vertical fault planes. There 

is conspicuous absence of minor lateral folds parallel to the main axis. 

It is difficult to understand, if the mountains are due to lateral com- 

pression, why secondary folds are not more numerous. On the other 

hand, the abrupt upturning of the sedimentary rocks in the foothills 

and the breaking along vertical planes seem normal in case the upturn- 

ing is due to drag on the flanks of the rising mass. 

Again allow me to guard these statements with the assurance that I 

am not including areas beyond the limits of the Southern Rocky Moun- 

tain Province, for in areas beyond this province lateral compression, 

to some extent at least, is evidenced by overthrust faults and by folds 

parallel to the axis of uplift. Nor am I thinking of the mountain mass 

as a rigid unit. In my opinion, the anticlines and domes in the rela- 

tively low-lying oil region of southern Wyoming immediately north of 

the Southern Rockies gives a picture of the more highly lifted moun- 

tainous .area as it would have appeared had erosion not removed the 

sediments from the top. Here the strata are thrown into a series of 

domes, anticlines and synclines, of different sizes and shapes, which have 

about as much symmetry as the similar heights and hollows would have 

on a mass of yeast-rising dough. I am inclined to think that if this 

nonmountainous area immediately north of the high mountains had been 

pushed up vertically several thousand feet higher than it is, it would 

now, after erosion, present about the same aspect that the mountains 

have. 

Perhaps one more consideration in this connection may be excusable. 

It is a matter of observation that some of the few minor folds which lie 

parallel to the foothill ridges are asymmetric, with the steeper side 

toward the mountains. On the supposition that the mountain mass was 

squeezed up by lateral pressure, these folds may be regarded as incipient 

overthrusts tending to ride up onto the flanks of the range. On the 

other hand, they may be-explained as readily by local sag or settling of 

parts of the mountain mass following an uplift. Such settling would 
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tend to spread the mountain at its base, raise the surface just beyond. 

the base, and at the same time force the spreading mass under the raised 

part on the mountainward side, simulating the familiar phenomena of 

overthrust. Such sagging may or may not be adequate to explain large: 

lateral thrusts, but I know of no folds of post-Cretaceous age in the 

Southern Rockies which could not be as readily explained in this way as: 

by lateral thrust. 

In brief, I can see no essential difference, except size, between the: 

Southern Rockies, the Black Hills, and certain still smaller groups of 

mountains which are subcircular in outline and which may be compared. 

to raised blisters rather than to wrinkles on the face of the earth. 

THE SOUTHERN ROCKIES AS A QUANTITATIVE TEST 

If it be conceded that the Southern Rockies were formed by vertical 

uplift rather than by lateral pressure, it remains to find adequate causes: 

of the uplift. The processes resulting from the existence and main-. 

tenance of isostatic equilibrium, discussed at the Amherst Meeting of 

this Society a year ago and in recent papers by William Bowie and 

others, considered qualitatively, seem to offer an explanation of the rise 

of the mountains, but a quantitative test is needed. It seems to me that 

the Southern Rockies offer as good an opportunity for making this test 
as 18 likely to be found. 

Considering the great quantity of detrital material derived from the 

Ancestral Rockies, it seems reasonable to assume that the ancient range’ 

was comparable to the present mountains. It was formed at the close 

of the Pennsylvanian epoch, let us say thirty million years ago. It was: 

eroded through succeeding ages and became baseleveled about the middle 

of the Cretaceous period. In the meantime, presumably at the close of 
the Triassic period, the western landmass, which may be called the 
Nevada continent, was raised, and sediments from it spread eastward in 
Jurassic and Lower Cretaceous time. At the beginning of the Upper 
Cretaceous epoch the baseleveled site of the Ancestral Rockies began to 
settle beneath sealevel and was covered by the water of the Interior 
Cretaceous sea. From this time to the end of the Cretaceous period the 
Nevada continent supplied rock debris which lodged in the Cretaceous 
basin, to thicknesses in the vicinity of the present mountains approxi- 
mating 10,000 feet. At the end of the Cretaceous period a reversal of 
movement set in, and from that time to the present the movement has: 
been haltingly upward. 
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EXPLANATION OF THE MOVEMENT 

Thus far the geologist may feel secure in offering the final word; but 

for explanation of the movements he must seek advice. From the 

numerous unsolved problems, I venture to select three and inquire if 

geophysicists can offer solutions. 

First. Was the time—let us say 20,000,000 years—between the close 

of the Pennsylvanian epoch and the opening of the Upper Cretaceous 

epoch, during which the Ancestral Rockies were reduced to baselevel, 

sufficient for the establishment of perfect adjustment of physical con- 

ditions? Had the movement of isogeotherms ceased? Had such re- 

crystallization or metamorphism as was appropriate for the changed tem- 

perature and pressure been accomplished? Had perfect balance between 

‘those forces which make for rise and fall of land surface been attained ? 

Second. Observation establishes the fact that downward movement 

ceased at the close of the Cretaceous period and the deeply buried rocks 

of the mountains began to rise. Are changes in temperature, mineral 

constitution, specific gravity, etcetera, within the rocks of the mountain 

region competent to halt and reverse such a movement, or must some 

external force be called in? 

Third. Observations establish the fact that the rise of the Southern 

Rocky Mountains inaugurated at the close of the Cretaceous period 

‘continued until not only was the old surface, which had been depressed 

10,000 feet, restored to its former position, but was raised in some 

places to more than 15,000 feet above sealevel. ‘This rise took place 

‘periodically during the time, perhaps 5,000,000 years, since the close of 

‘the Cretaceous period. Are the changes in the physical character of 

the rocks of the mountain region competent to produce a rise of 25,000 

feet in post-Cretaceous time, let us say 5,000,000 years, or must we look 

to some other cause for an adequate explanation ? 

The rise of the Rocky Mountains, because of superficial transfer of 
material or lateral thrust of the crust of the earth, seems to be barred 

from consideration by the observed structure. Their rise because of 

injection of large masses of matter or transfer of deep-seated material 

from a distance seems barred by the isostatic equilibrium of the crust 

beneath the mountains, for pendulum observations show no excess of 

‘mass. Highlands and lowlands alike are found to be in essential iso- 

static balance—a condition which could scarcely exist if the mountains 

had been forced up by injection of material. In other words, the high- 

lands are highlands because the material of the mountain block is less 

dense than the material of neighboring blocks. The mountains rise 
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above sealevel for the same reason that a cake of ice rises above the level 

of water in which it floats. 

It remains then to inquire if masses of rock may undergo sufficient 

change in volume from age to age to account for the demonstrated rise 

and fall of the surface in mountainous regions. ‘I’his inquiry involves 

a great number of questions which can not be answered, some for which 

the geologist has a qualitative answer, and a few for which a quantita- 

tive answer may be found. 

It is well known that rock increases in volume with increase in tem- 

perature and diminishes with decreasing temperature. The rate otf 

heat transfer through rock is shown by Van Orstrand in the appended 

notes to be so slow that its effects may lag far behind those of erosion 

a 
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Figure 2.—Diagram illustrating Deformation of isogeothermal Planes and their Relation 

to Erosion 

and deposition. As the Ancestral Rockies were lifted from position a 

to a’ of figure 2, the isogeothermal planes beneath them were bent upward 

from position } to b’. As material was eroded from the top a’ the earth 
block continued to rise and maintain isostatic balance, carrying the 

isogeothermal planes still higher. The lifting of the isogeotherms was 

opposed by cooling, which tends to lower them. But their movement 

seems to have been so slow that the mountains were eroded away to c 

by the time the isogeotherm 6’ was lowered to some such position as c’. 

As the earth block continues to shrink, due to continued lowering of 

isogeotherms, the surface is drawn below sealevel, allowing sediments to 

accumulate on it. This sinking of the Rocky Mountain region began 

about the middle of the Cretaceous period. A picture of the later action 
is given in figure 3. 
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The surface a is depressed with added load to a’, and the isogeothermal 

plane b sinks toward b’. The isogeotherm tends to rise, but its upward 

movement is slow because of low conductivity of rock. When expansion 

under rising temperature reduces the density to that of the neighboring 

rocks, subsidence ceases, but the isogeotherm b’ has not yet returned to 

position b. As rise of temperature proceeds, the density of the material 

in the column decreases because of expansion, and the surface rises to 

position c. This raised part is eroded, and the column, now hghter than 

Sea E /eve/ 

IS0G co7Thermal p plane 

Figure 3.—Relation of Isogeotherms to a sinking Earth Block 

the surrounding material because of decreased density and also because 

of the removal of surface material by erosion, tends to rise or “float” 

upward, as explained below, while material from below is forced into the 

abandoned space. As the column rises, the isogeothermal surface D is 

carried up to b”, a position higher than is normal. The tendency of the 

isogeotherm is now downward, but the lag due to low conductivity allows 
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much rise of the column before the increasing density due to cooling 

halts the downward movement. 

In order to visualize the results of the processes discussed, we may 

compare the column of rock beneath the mountains to a cake of ice be 

floating in water, the surface of which is represented by aa’ of figure 4. 

As the ice melts at the top under heat applied at c, the column floats 

upward, maintaining always the appropriate proportion of the mass above 

water. Thus the bottom of the column 0 must rise to 0’ in order that 

the top c may be maintained at c’. As the melting of the ice from the 

top proceeds, the column of ice continues to rise and the top can be 

reduced to water level d only when the ice is all melted. 

Consider further the material which replaces the rising column of the 

ice. As the bottom of the column 0 rises to b’ the space bb’ is filled with 

material of the same density as that surrounding the ice. When removal 

of material has proceeded to such an extent that the top c is reduced to 

water level at d, the inflow of the denser material has replaced the lighter 

and the column de will have the same mass as the ice cb. 

If the column dc illustrates rock of low density sustained in rock of 

high density, ac may represent mountains rising above sealevel. As the 

mountains are eroded away, the column rises so that much more material 

is removed from them than is represented by their reduction in altitude. 

The mountains may be baseleveled only when the supporting column has 

reached the density of the material surrounding it. 

In applying this illustration several principles must be considered, 

some of which will strengthen and others modify this simple conception. 

As erosion of mountains proceeds, isostatic equilibrium is maintained. 

Therefore, before baselevel is reached, a much greater amount of material 

is removed than that originally above sealevel. Field observation con- 

firms this principle. The amount of material removed in the baseleveling 

process will depend on difference in the density of the eroded material 

and that of the material added to the lower part of the column by the 

isostatic adjustment.? 

The rise of the column of rock of low density and the entrance of heavy 

3 After this paper had left the writer’s hands a volume by Nansen? was received, which 

contains much significant information concerning isostasy. In this volume the claim is 

advanced that a balance, even more delicate than is advocated by the present writer, is 

maintained. Nansen shows (page 305) that under this assumption of delicate balance 

a mass of rock having a density of 2.6 at the surface, with a substratum of density 3.6, 

a thickness of 385 meters must be eroded to lower the surface 100 meters with respect 

to sealevel. If the density of the substratum is 3.0, 770 meters must be eroded to lower 

the surface 100 meters. 

*Fridtjof Nansen: The strandflat and isostasy (Videnskapsselskapets Skrifter. I. Mat. 

naturv. Klasse, 1921, No. 11), Kristiania, 1922. 

XX—BULL. GEOL. Soc. Am., Vou. 34, 1922 
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material beneath it has two important effects: First, the isogeothermal 

planes are raised farther than they would be by the expansion alone of 

the material of the block under increasing temperature, for hot rock is 

raised bodily into a position where its temperature is above normal and 

where its density tends to increase because of lowering temperature; 

second, the material added to the column from below to take the place of 

the material of less density of the rising block may be dense and there- 

fore tend to check the rise. It will be pointed out (page 298) that change 

in density may reverse crustal movement and cause a rise of the surface 

about 1,200 feet under the conditions postulated. The tendency of the 

earth column to “float” when its density is decreased makes possible a 

much greater rise as the top is eroded, and Lambert shows in the accom- 

panying paper that the removal of 10,000 feet of sediments will allow of 

209 to 376 feet more. Probably many times that amount has been eroded, 

and it is probably safe to place the rise of the surface due to relief of 

pressure and lessening density as about 2,000 feet. 

From the appended computation by Van Orstrand it appears that the 

effect caused by changes of temperature due to elevation or depression of 

parts of the earth’s crust lags so far behind these changes that fixity in 

position of isogeotherms is not to be expected at any time in a region of 

repeated crustal oscillation, such as that of the Southern Rocky Moun- 

tain Province. As the rocks of the subsiding Cretaceous Basin, once at 

the surface and therefore cool and correspondingly dense, were buried 

their temperature increased, their density decreased, and in time the 

downward movement was halted; but, on account of slow transfer of 

heat, this halting occurred only after a subsidence of about 10,000 feet. 

Thereafter the increasing heat would tend to still further decrease the 

density of the material in the earth block and cause the surface to rise, 

as shown by Bowie.? 

The effect on volume due to change in temperature may be computed. 

Accepting Bowie’s figure® for cubical expansion of rock as 0.000038 for 

1 degree centigrade, and the principle that the increased volume is ex- 

pressed in linear expansion because the rocks can expand only in an 

upward direction, and accepting further an increment of temperature of 

1 degree centigrade for 100 feet, by a depression of 10,000 feet the earth 

block is lowered to a position where it is 100 degrees centigrade cooler 

than is normal. The return of the temperature to normal produces an 

expansion of about 1,200 feet in the 60-mile block—that is, 0.000038 « 

° William Bowie: The earth's crust and isostasy. Geog. Review, vol. xii, 1922, p. 618. 

® William Bowie: Theory of isostasy. Bull. Geol. Soc. Am., vol. 33, 1922, p. 285. 
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100 & 60 X& 5,280 = 1,203.84. In other words, a rise of the surface of 

1,200 feet may be attributed to expansion of material, leaving the greater 

part of the known rise to be accounted for in some other way. 

As the surface a of the diagram, figure 3, is depressed 10,000 feet to a’, 

the isogeothermal plane b sinks to b’, where the normal temperature is 

100 degrees centigrade higher than at b. The isogeotherm tends to rise, 

‘but this rise is so slow, because of the low conductivity in rocks, that 

reheating takes place after most of the sinking has been accomplished. 

However, when expansion under rising temperature begins, subsidence 

ceases; but, because of the 10,000 feet of new material, this balance is 

reached long before b’ rises to b. As the temperature of the block in- 

creases, the surface a is lifted to position c, the maximum for the 60-mile 

block being 1,200 feet, and erosion still further hghtens the block, allow- 

ing it to float up so that the isogeothermal plane b is raised to b”. Ma- 

terial from the side below the depth of compensation’ enters and forces 

up the hghtened block. The tendency of the isogeotherm is now down- 

ward through the material (but upward relative to any fixed horizontal 

surface), but the lag in effect due to low conductivity allows considerable 

rise before cooling increases the density and reverses the movement. 

The experiment with steel tape reported by Van Orstrand has a sig- 

nificant application to the yielding of solid matter under stress (and 

perhaps also to the change in density of rock under load). He shows that 

elongation of the tape under a load of less than one-twentieth of the 

breaking load and the return on relief of stress is many times greater 

than the change necessary in a column of rock to produce geosynclines 

and mountains. | 

One of the difficulties in explaining the formation of mountains under 

isostatic adjustment has been the apparent necessity of a zone of flow, 

while other lines of evidence call for a high degree of rigidity in the rocks. 

The rearrangement of matter in the steel tape suggests that transfer of 

rock in a solid state may take place readily enough to meet all require- 

ments for the building of the Rocky Mountains without recourse to a zone 

of easily flowing rock. 

Although relatively little is known of the behavior of rocks under con- 

ditions which prevail miles below the surface, other possible causes of 

subsidence of the Cretaceous Basin are elastic deformation of the rocks 

and actual compression of rock material under load. A measure of the 

elastic yielding under the conditions of temperature, rigidity, etcetera, 

prevailing at the surface has been computed by Walter D. Lambert, of 

7 William Bowie: The earth’s crust and isostasy. Geog. Review, vol. xii, 1922, p. 621. 
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the Coast and Geodetic Survey, who shows that only a small percentage 

of the depression could be due to elastic deformation, leaving the greater 

part to be accounted for in some other way. 

There are many other possible processes which might be discussed with 

profit, such as the change in crystal form of rock-forming material under 

varying conditions of heat and pressure and the expulsion under certain 

conditions of such mobile material as water and gas; but, as I have not 

been able to find much quantitative data bearing on these problems, dis- 

cussion of them is omitted. Other significant problems have to do with 

possible fluctuations of sealevel. 

It is well known that sealevel may rise and fall as the capacity of the 

ocean basins changes, and that altitude as reckoned from sealevel may 

change without any. movement of the land whose altitude is measured. 

Doubtless some of the apparent subsidence of the. Cretaceous Basin was 

due to rise in sealevel. It has also been pointed out that material erodea 

from the uplands and transported to distant regions may affect the posi- 

tion of sealevel, under the well-known principle that a landmass tends to 

draw the sea water toward it. If the rocks of the continents and basins 

were of equal density and the landmasses above sealevel be reckoned as 

excess material, the rise of sealevel on the flanks of highlands would be a 

large factor in determining apparent altitude; but under the hypothesis 

of isostatic adjustment, which calls for equal mass beneath highlands and 

basins, the change in sealevel because of land attraction is found to be 

only a few feet. According to computations kindly furnished by Mr. 

Lambert, a continental mass in isostatic adjustment will affect sealevel 

so little that, for purposes of this paper, the effect may be neglected. The 

approximate upwarp of the water surface at the middle of a continental 

mass of average density, 2.83, is as follows: 

Warping of geoid under complete 
Elevation of continent above compensation. Depth, 100 

mean sealeyel, kilometers, or about 
62 miles. 

Feet Feet 

0 33 
5,000 2 

10,000 93 

15,000 ; 123 

CONCLUSION 

In conclusion, two critical considerations may be emphasized: First, 

changes in density due to flow of heat are slow and they usually oppose 

crustal movement, halting and finally reversing it. Second, a column of 

rock made light by increased temperature and decreased density may rise 
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as the top is eroded away, in the manner illustrated by ice, which rises in 

water as the upper part is melted. -Because of the tendency of the column 

of rock to behave as a floating mass, the rise is not restricted to the mere 

expansion of the mass. A-search for cause of the building of the South- 

ern Rockies fails to reveal evidence of lateral thrust of sufficient magn:- 

tude to account for them by crustal shortening. Field observations ind!- 

cate that they were formed chiefly by vertical uphft. Considering avail- 

able sources of information, local forces acting within the crust beneath 

these mountains seem competent to build them without calling on forces. 

originating at a great distance. 

The following “Notes on isostasy,” by C. E. Van Orstrand, of the 

United States Geological Survey, and “The elastic yielding of the earth’s 

crust under a load of sedimentary deposits,” by Walter D. Lambert, of 

the Coast and Geodetic Survey, were prepared for this paper and should 

be considered parts of it. 

Norers on Isostasy; spy C. HE. Van ORSTRAND 

The question as to the movement of isogeotherms can be answered by 

reference to the diagram, which gives the distribution of temperatures 

in a dike and the adjacent rocks for different time intervals. The dike 

is assumed to be of very great depth and length; the thickness is taken 

to be 160 kilometers, or about 100 miles. The entire dike is assumed to 

be at some constant temperature and the whole is suddenly injected be- 

tween rocks whose temperature for convenience is assumed to be 0 degree. 

Points on the curves for given time intervals, say 5,000,000 years, repre- 

sent the temperatures at that point, expressed in percentages of the 

initial temperature of the dike. For example, if the initial temperature 

of the dike was 1,000 degrees, the temperature at a distance of 90 kilo- 

meters from the center of the dike was 0.30 & 1,000 == 300 degrees. 

Twenty million years later the temperature at this point had risen to 

about 410 degrees, as shown on the 25,000,000-year curve. The tem- 

perature at the center of the dike had been lowered only about 60 degrees. 

in this same time interval. At the end of 100,000,000 years the tem- 

perature at the center was about 650 degrees, a reduction of 350 degrees. 

The calculations do not apply rigorously to the elevation and subsidence 

of a mountain range, for the reason that heat flow from the bottom of 

the block has been omitted, and, furthermore, the block is not put in- 

stantly in place, as is here supposed. However, with these corrections, 

there will still be a very considerable lag of the isogeothermal surfaces. 

during elevation and subsidence. 
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It is obvious that without surface changes capable of initiating move- 

ment, such as the changes in load by erosion and deposition, internal 

forces tending toward deformation of the earth’s surface must ultimately 

reach equilibrium. Such a condition of affairs could be reached only 

when erosion and deposition are absent, as on the moon. The height to 

which mountains can rise on a globe lke the moon, on which there is no 

atmosphere, is. dependent on initial temperature, force of gravity, and 

plastic properties of the materials constituting the isostatic shell; they 

should, therefore, be capable of determination by the methods of mathe- 

matical analysis. 

Prof. R. S. Woodward® has solved a problem which gives a measure 

of the effect of change in surface temperature on the earth. He assumes 

that the mean annual temperature over the Bonneville Basin was raised 

10 degrees Fahrenheit. The change in elevation of the basin due to the 

change of only 10 degrees Fahrenheit in the mean annual temperature 

for different time intervals is as follows: 

Time interval. Changes in elevation. 

Years Feet 

10,000 0.41 

100,000 1.26 

1,000,000 4.06 

50,000,000 20.7 

100,000,000 41. 

These figures show that even moderate fluctuations in temperature on 

the surface of the earth, covering long intervals of time, produce forces 

which tend to check subsidence and initiate elevation, or, conversely, they 

may check elevation and initiate subsidence. 

A rise of 25,000 feet in 5,000,000 years, as shown by Lee for the Rocky 

Mountains, is equivalent to a uniform rise of 0.005 foot per year, or an 

extension, 

e=— Whe x 10a 

in a column of rock 60 miles in height. That is, 

60° 5280 & 1578 > 20 5 0.00 a t008 

or a little less than 1/16 of an inch in one year. 

The rocks in the crust of the earth are always in a state of strain; 

consequently we are not concerned with initial strain, but a subsequent 

strain or flow in the rocks due to carrying loads for long intervals of 

SR. S. Woodward: On the elevation of the Bonneville Basin by expansion due to 

change of climate. U. S. Geol. Survey, Mon. I (Lake Bonneville, Gilbert), 1890, pp. 

425-6. 
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time. Some indication of the behavior of rock material under continuous 

load is given by an experiment conducted a few years ago by Mr. H. D. 

Ayres in collaboration with the late Dr. George F. Becker and myself. 

A steel tape—cross-section, 0.0162 0.6365 centimeter; length, 27.906 

centimeters—was subjected to a load of 10 kilograms (less than one- 

twentieth of the breaking load) for a period of 126 days and then re- 

leased. On account of certain defects beyond our control, we were unable 

to decide whether or not the tape returned to its original length, but the 

following results on the increment in length of the tape with time, due 

to the load of 10 kilograms, show that substances like steel do not neces- 

sarily reach equilibrium when subjected to continuous stresses well within 

the so-called elastic limit. The results are contained in the following 

table and platted in figure 6: 

Load, UD SUG SENS: No load, following load of 10 kilograms. 

| a a ae ae aa ae a er a SG SN 

Time Total increment, Time Total increment,, 
ixterval. wave lengths. interval. wave lengths. 

Ey, MINUS ates Mies Paoteuco eee eels 439 .82 Dy SAU Seeees ee 4.31 
TY OURS Bede © orate 440.12 th “ROWE, C5 eae, cok ee 
g Bae 12 ts A ope oma opt ae nee leo ck 440.89 LOPES os Saal a dere ee ee 

LO: GRUYISE-okc..8 J Busieree crete 441.99 10. daysvad os «s sistte coeur 2.63 
WG ss ARV Sis is sda ecg are renee 442.42 TO: Gays reece hata gntiet th Se toy oS 1.32 

SO Gla Sewer. acy aeicanths eet mre 442 .69 SO CAN Si2 as ests Be rr ey nt 1.08 

BO (GAISEHe RS eas oe Ete aco enene 442.88 AQ NA BYS Societe kee a eee 1.00 

AD" AV SReae ike, aie dhe erates arene 443 .04 BO), aaySi.ai Zetia. vogtnerese eee 0.87 
GO: “aye oae is. © Seat ee: 443 .23 60 "aysSs Aisa se ee eee 0.85 
SO; Cay Sere eee EN Te 2» 4437-58 TOAGAYSEE SY CS nee eee 0.61 

LOW. dialiy Sey eseeccters passes ore nies 443.68 LOO ays eer See 0.46 
DIA: (AVS ache eee neha 443 .82 LOS. GAYS. cass henge Eee eee 0.44 
P2G GAY Sacto sack Ge Sr eioes 443.93 NAD. AVS aie oli Soe onctepe sais eee 0.50 

Curve A of figure 6, which represents the data in the first two columns 

of the. table, shows that the tape would have continued to stretch for a 

much longer interval of time. On the other hand, the data in the last 

two columns of the table, represented by B in the diagram, shows that 

the tape had almost returned to its original length at the end of 112 days. 

The temperature of the tape during these tests was 27.1 degree centigrade 

(80.8 degrees Fahrenheit). 

It was found by means of a least square solution, using 12 observations 

between the 101st and the 126th days, inclusive, that the tape lengthened 

during that time at the rate of 0.00944 wave lengths per day. Consid- 

ered as an extension, we have, 

,__ 0.00944 & 5876 x 107 
es eee NN = ope reals cee 
: 27.906 Sees } ; 
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Reducing the extension in the column of rock, 60 miles in height, to a 

daily basis, we have for the ratio of the two extensions, 

Cr pyrene Xe LOr = 

Cogent 10 
in other words, the tape increased in length by a process of flow (elastic 

after-effect): during the interval, 110-126 days, at a rate which was 460 

times the elongation in a column of rock 60 miles in height, necessary to 

produce a mountain range 25,000 feet in height in 5,000,000 years by the 

flow of material into the base of the column. 

A load of 10 kilograms on the tape produced a stress of about 13,800 

pounds per square inch, which is the same as the pressure at the bottom 

of a column of water 31,800 feet (6.0 miles), or a column of rock 12,700 

feet (2.4 miles) in height. Considered as a mechanical property of 

matter, therefore, there would seem to be nothing exceptional in the de- 

velopment or erosion of a mountain range by the process of isostatic 

adjustment. The mechanism is due to the conduction of heat and the 

redistribution of weight on the crust of the earth brought about by evap- 

oration, changes in mean annual temperature, deposition of sediments, 

redistribution of large bodies of water, etcetera. The rocks within the 

isostatic shell are always under the influence of a system of forces which 

is never in equilibrium, and the resultant of this system of forces tends 

always to cause the rocks to flow very slowly, in the direction of least 

resistance. 

ELAstice YIELDING OF THE HARTH’S CRUST UNDER A LOAD OF 

SEDIMENTARY DeEposits; By WALTER D. LAMBERT 

The strata principally concerned in the elastic yielding of the earth’s 

crust are doubtless chiefly composed of material similar to the basic in- 

trusive rocks. The ranges of the elastic constants of the four specimens 

of such rock tested by Adams and Coker® were 

jw == modulus of rigidity from 2670 C1010 4:380 >< 10** 

CG. So units 

«==modulus of cubic compressi- from 4.650 * 10 to 7.829 « 101+ 

bility C.G. 8. units 

Hf = Young’s modulus promo. cia < 0" tocl0l80" <1 07* 

C2 G..5. units 

°F. D. Adams and E. G. Coker: An investigation into the elastic constants of rocks, 

more especially with reference to cubic compressibility. Washington (Carnegie Institu- 

tion), 1906, p. 69. 
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For an average value we may take in round numbers 

p= 36 x 107 CG. Sumit, 

K== 6 KH Ce Ge Seimits, 

Be=9 oC 10226 GS waite: 

The ratio between the adopted values of », x, and # imphes that Poisson’s 

ratio, o, is equal to 14. The average value of o was in fact very nearly 

14 for the specimens tested. 

Let us consider a section of the earth’s crust extending down to the 

zone of flow, say 100 kilometers (62.1 miles), and suppose that on this is 

placed a load of sediment 10,000 feet (3,048 meters) thick and of density 

2.3, about that of sandstone. There are three limiting cases which may 

be readily computed and which may throw hght on the elastic yielding 

of the crust. . 

(1) Suppose the rock to be compressed as a fluid, with no rigidity or 

resistance to shear—that is, » == 0—but having a resistance to change of 

volume measured by «x = 6 X 10" C. G. S. units; and suppose further 

that this fluid rock is confined by unyielding walls at the bottom and 

sides, so that the only yielding is in the vertical direction and the pressure 

is, of course, uniform in all directions. The relative decrease in length, e, 

is given by the formula 

c=, Le 

where p is the pressure per unit area. This case, while probably the most 

artificial of the three as regards what would happen within a short time 

after the sudden application of the pressure, may yet give a fair approxi- 

mation to what would happen if time were allowed for the rock to flow— 

that is, we know that under the long-continued application of force the 

rock may lose its rigidity and » become equal to zero. 

(2) Suppose the section of crust to be supported at the bottom, but to 

be unconfined at the sides, the pressure being applied at the surface as 

before. The problem is then one of compression under the usual experi- 

mental conditions, and we have i 

ctl ale age (2) 

(3) Suppose the section of crust to be supported at the bottom, and 

that just enough pressure is applied at the sides to keep them from bulg- 

ing out. This condition is one not usually contemplated in the theory 

of elasticity, but the formula for it may be deduced from the fundamental : 

equations, 
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Dea 6 (Ps 1 Ps)» | 
Hee=P.—o (Di + Ps), (A) 
Be, =p,—o (Pi +P»). J 

In these equations # and o have the meanings previously given; p,, 

p> and p, denote the stresses (positive for tension, negative for com- 

pression) per unit area in three mutually perpendicular directions; «,, 

e, and e, denote the relative changes of length (positive for elongation, 

negative for contraction) in the same respective directions. Let —«,—e 

and — p,—p be the relative change of length and the pressure in the 

vertical direction. By hypothesis e, =e, , sl 

yielding. The second and third of equations (A) then give 

no lateral . 

Dire Bem ven ker 

which, substituted in the first of (A), o, 

—) (3) 

sinceo = 4. 

The 10,000 feet of sediment exert a pressure of 6.88 X 10° dynes per 

square centimeter. The value of « found from formulas (1), (2), and 

(3) are to be multiplied by the assumed thickness of the crust in order 

to obtain the yielding in linear units. The numerical results are then 

Depression of 100-kilometer Crust by Sediments 10,000 Feet thick 

Case (1) Case (2) Case (3) 

Formula (1) Formula (2) Formula (3) 

115 meters 76 meters 64 meters 

376 feet 251 feet 209 feet 

These results are based on the assumption that the elastic moduli remain 

constant. The velocities of earthquake waves indicate that the moduli in- 

crease,’° and that at a depth of 100 kilometers we have «x equal to 9 & 10%, 

or 10 X 10** C. G. S. units, with the other moduli in proportion. The 

figures given above for the depression of the crust should, therefore, be 

diminished, perhaps, 20 per cent. 

Furthermore, these formulas suppose the section of crust considered to 

1 C,. G. Knott: The propagation of earthquake waves through the earth, and connected 

problems. Proceedings Royal Society of Edinburgh, vol. 39, pt. ii (1918-19), p. 169. 
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be cut off from its surroundings, deriving no support from them. Uni- 

form pressure over the surface then gives the same yielding at all points 

of the section and for sections of all sizes. For any small section con- 

nected with the surrounding crust, the yielding computed by formulas 

(1), (2), or (3) is much too great. | 
If, however, we consider a section having a very large area and con- 

nected, as in nature, with its surroundings, these formulas, particularly 

case (2) formula (2), give an indication of the approximate yielding to 

be expected in the center of the area; for the outer portions of the area 

are so pressed down by the load on them that they afford little support 

to the central portion, and the latter yields almost as much as if it were 

severed from its surroundings. The extent of the area that may be con- 

sidered “large” must evidently increase with the rigidity of the crust. 

For extremely large areas, the curvature of the earth’s surface must also s 

be considered, and its effect is to diminish the yielding somewhat. 
<& 
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INTRODUCTION 

The subject of Appalachian structure is one of the most interesting 

in geology in that it affords the greatest example of mountain structure 

in the world. All stages of deformation from undisturbed rocks to beds 

folded, overturned, broken, mashed, and metamorphosed are seen 

throughout the entire length of the system, 2,000 miles from Alabama 

to Newfoundland. The connecting links between the types of structure 

are finely exposed and the chain is complete. The rocks exposed range 

from earliest Precambrian to Tertiary, and the depths of the earth are 

laid bare in the heart of the range in a manner nowhere equaled. 

The beginning of the study of the Appalachians practically coincides 

with the beginning of American geology about 100 years ago. The prin- 

cipal structures of the folded sediments were made known by the work 

of the Rogers brothers in Pennsylvania and Virginia about 80 years ago. 

Substantial contributions were made by many of the early geologists on 

the various State surveys, such as Hall, Emmons, Safford, Lesley, Smith, 

White, and Stevenson. Such leaders as Dana, Logan, Dawson, Selwyn, 

and Hitchcock added to Appalachian knowledge in important ways. 
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Systematic, detailed work was begun for the United States Geological 

Survey in 1885 by Pumpelly, Russell, Willis, Darton, Dale, and Hobbs; 

in 1887 by Hayes and Keith; and in 1889 by Campbell; and it has been 

carried on since that time by the Survey and by many individuals. In 

- recent years many of the State surveys have done their shares of the de- 

tailed work. The present author has continued his work in the Appa- 

lachians each year since 1887, though with many interruptions of late, 

the first 20 years in the south, and in later years mainly in the north. 

In the following discussion the attempt will not be made to present 

details, but only to state the general features and typical groups of facts 

which have controlled the local facies of the deformation. Next will be 

given the generalizations of the phenomena according to time and space. 

Following these, inferences will be drawn as to the direction, application, 

and method of transmission of the deforming forces. This will be fol- 

lowed by a brief statement of various theories of mountain structure and 

their application to the Appalachians. Finally, a theory will be pre- 

sented as to the immediate nature of the deforming force and as to its 

ultimate source. ‘The substance of the generalizations as to the strong 

deformation of the Appalachians and its cause was presented by the 

author in 1914 in his presidential address to the Geological Society of 

Washington. In the present discussion the surroundings of the folded 

belt are also analyzed, and the.cause of the folding is more definitely 

set forth. 

DEFINITION 

The Appalachian folded belt is continuous from central Alabama to 

New Brunswick, in Canada, a distance of 1,500 miles. Its southern ex- 

tension is covered by the Cretaceous and Tertiary deposits along the 

Gulf of Mexico, while at the north it passes beneath the Gulf of Saint 

Lawrence and crosses the island of Newfoundland, making a total length 

for the system in North America of 2,000 miles. If the general line of 

the Appalachians is extended across the North Atlantic it crosses the 

southern portions of the British Isles and thence passes into central 

Europe. It thus appears to be part of a great system of folding called 

the Armorican system by Suess, which has the same features and the 

same age as the Appalachian system. The extension of the Appalachians 

southwest of Alabama is problematical. Some geologists consider the 

Ouachita Mountains of Arkansas and Oklahoma to be the western exten- 

sion of the Appalachians, in which case the latter would be bent nearly 

at a right angle. It seems to the author, however, that the Ouachita 

folds, while developed at the same time, rose on one of the cross-axes 

XXI—BULL. GEOL. Soc. AM., Vou. 34, 1922 
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which characterized the earth movements at the end of the Paleozoic. 

In Central America there seems as yet to be no mountain-building which 

can safely be connected with that of the Appalachians. 

There has been little description or discussion by geologists in general 

of the width of the Appalachian system as a structural unit. It has 

commonly been considered to include the gentle folds of the great Car- 

boniferous synclinorium lying just west of the strongly deformed belt 

and extending westward to the Cincinnati arch. No eastern hmit has 

been assigned except tacitly by the discussion of the Paleozoic folded 

sediments but not of older rocks on the east. This has been due in the 

past to the lack of information concerning the pre-Paleozoic rocks and 

to the labor and difficulties involved in securing that information. The 

author has spent many years in the examination of the Precambrian 

rocks of the Appalachians with full realization of the important part 

which they have played in Appalachian deformation, and has in all his 

descriptions treated the eastern and older rocks as part of the Appa-. 

lachians. The Appalachian system, in his estimation, is limited on the 

southeast by the Cretaceous cover of the Coastal Plain as far north as 

Hudson River, and in New England and Canada by the Atlantic Ocean. 

The Appalachian folds are strong where they pass beneath the sediments 

of the Coastal Plain or the Atlantic, and there is no indication that the 

original eastern limit of the system is visible. | 

A northwestern limit is very difficult to set, since the gentle folds pro- 

duced at the end of the Paleozoic form a system integral with the Appa- 

lachians which extends across the Mississippi Valley to the Cretaceous 

rocks of the great Central Plains. Nowhere is it possible to draw a line 

which will separate great groups of rocks of unlike structure or even of 

unlike stratigraphy. The fold systems of that time are shown in plate 
4. In Alabama and Tennessee at the south and in New York and Can- 

ada at the north the intensity of the folding diminishes rapidly north- 

westward at the margin of the Cumberland Plateau of the south and of 

the Adirondack and Laurentian mountains of the north. In those areas 

there would be the best opportunity for setting a western limit for the 

Appalachians. Folds of Appalachian type appear west of this line, how- 

ever, even where it is most pronounced, while in the central Appalachians 

of Virginia and Pennsylvania strong Appalachian folds are found far to 

the west of it, and there is a gradual transition from the strong folds of 

the east to the gentle basins of the great Carboniferous synclinorium. 

The strongly folded belt in Tennessee, Georgia, and the Carolinas has 

an exposed width across the strike of 270 miles; its width in Quebec, 

Maine, and New Brunswick is practically the same, and across New- 
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foundland it is about 280 miles. Between these maxima at the north 

and south the Cretaceous transgression reduces the visible width of the 

belt to about 80 miles near the Hudson. Over the entire width of the 

- folded belt overturned folds and thrust faults prevail. In New Bruns- 

wick and New England Carboniferous sediments are involved in the 

eastern half of the folded belt. In Georgia and the Carolinas Carbon- 

iferous granites occupy great areas at the east. In Virginia and Penn- 

sylvania no rocks later than Middle Ordovician are now visible east of 

the Blue Ridge. The distribution of the Carboniferous sediments and 

granites is shown in plate 4. The great width of the intensely folded 

belt is of enormous importance, as will be seen when the Appalachian 

deformation is considered in later pages in a quantitative way. 

DESCRIPTION 

FOLDS 

The folds of the Appalachians are very long and straight. Many single 

folds are more than 100 miles long, and even this figure is far exceeded 

by some structures, such as the anticlines of the Blue Ridge in Virginia 
and the Green Mountains of Vermont. The folds are rarely symmetrical, 

but one side, usually the northwestern, has steeper dips than the other. 

In many cases the beds are pushed past the vertical until they are upside 

down, and both sides of the fold dip in the same direction. Out of these 

unsymmetrical or overturned anticlines develop breaks in the sequence, 

or thrust faults, which, asa rule, dip to the southeast, like the axial 

planes. Little brecciation or crushing attends these faults, and the strata 

both above and below the fault plane tend to have similar dips. Faults 

of another class, called overthrusts, have no clear relation to individual 

anticlines but cut across great thicknesses of strata. They are charac- 

terized by great horizontal motion and by the low dip of their planes. 

Locally, these faults have been folded and cut through by later faults. 

SALIENTS AND RECESSES 

The folds are close together and for great distances run almost exactly 

parallel. To the traveler through the country the strata upturned along 

the folds seem to run perfectly straight for mile after mile, but in reality 

they sweep in long parallel curves as if drawn with a radius around a 

common center. In four districts, about 400 miles apart, the sweep of 

the axes carries the folds around four great westward salients or projec- 

tions from the ayerage course of the system, which is from southwest to 

northeast. ‘These are (1) near the junction of North Carolina and 
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Georgia; (2) in southeastern Pennsylvania; (3) northern Vermont and 

near-by Canada; and (4) the extreme eastern part of Quebec near Gaspé. 

A fifth salient is probably submerged in the Atlantic Ocean not far north 

of Newfoundland, and a sixth may be buried by the Cretaceous sediments 

of southern Alabama and Mississippi. Between the salients are corre- 

sponding recesses around which the folds curve in the opposite direction 

to the curves on the salients. The southernmost recess is partly shown 

in central Alabama, where the Appalachian rocks pass under the Cre- 

taceous cover; a second recess shows about midway in the course of the 

Appalachians through Virginia; and the third appears in northern New 

Jersey and southern New York, these two being the best defined recesses 

on the mainland. The fourth and weakest recess les in northern Maine 

and Canada about midway between Lake Champlain and Gaspe. The 

fifth recess is located under the Gulf of Sait Lawrence, probably about 

midway between Gaspé and the west end of Newfoundland; this is the 

deepest recess of all and also, of course, the least known. There appears 

to be a rhythm in these sahents and recesses in that they are somewhat 

evenly spaced. They have a very important bearing on the question of 

the direction and application of the thrust which deformed the Appa- 

lachians. 

SOUTHEASTWARD INTENSITY 

The Appalachian folds appear at the northwest in low, symmetrical 

anticlines and synclines. Toward the southeast the folds become higher, 

their beds dip more steeply, and their axial planes are more and more 

overturned toward the northwest. Many of the anticlines are broken by 

faults which dip to the southeast, and the upthrust portions are shoved 

from the southeast over on the synclines at the northwest. Locally this 

process was carried to excess, as, for instance, in northern New York and 

Vermont and adjacent Canada, and also at the opposite end of the sys- 

tem in Tennessee, Georgia, and Alabama. In both of these regions few, 

if any, of the anticlines have escaped being heavily faulted. Many of 

these faults exhibit great horizontal motion and low, eastward dips. 

These are especially numerous along the junction of the Appalachian 

Valley and the Appalachian Mountains which extend southeast of the 

valley. Viewed in a very broad way, the folds and faults have so raised 
the Appalachian rocks that, beginning with the nearly flat strata of the 
Appalachian plateaus, successively lower and older rocks appear toward 
the southeast until the very roots of the range are laid bare in the Green 
Mountains of the north and the Blue Ridge of the south and in the adja- 
cent plateaus lying east of those mountains. 
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METAMORPHISM 

In addition to the visible bending and fracturing of the Appalachian 

strata, deformation has also taken the form of metamorphism in which 

new minerals have partly replaced the old ones. This form of yielding 

to pressure has one large feature which is common to the other forms of 

yielding—that is, it grows more intense toward the southeast. There 

are no traces of this result in the horizontal rocks of the plateau, but the 

new minerals begin to appéar along the southeastern portion of the Appa- 

lachian Valley and increase rapidly until east of the Blue Ridge and in 

similar situations at the north scarcely any of the minerals of the rocks 

retain their original forms. By this process limestones were transformed 

to marble; shales to slates and schists; sandstone to quartzites; and 

granites and igneous rocks to gneisses and schists. Sediments that con- 

tained clay, feldspar, or calcite were more readily altered than other 

strata, and basic igneous rocks formed schists more freely than rocks like 

granite. Most of this metamorphism took place in direct connection 

with the formation of shear planes during deformation, but an appre- 

ciable amount was due to the heat and solutions from batholiths, and 

still a third variety was the static result of pressure with no differential 

motion. 

COMPETENCY OF BEDS 

The individual rocks of the Appalachian vary enormously in the man- 

ner of their yielding to pressure. The geologist in the field soon perceives 

that thin-bedded rocks, like shales, slates, and schists, yield readily in 

small folds with dimensions from a few feet down to minute wrinkles. 

Heavy beds of solid quartzite, sandstone, or dolomite are bent in broad 

folds measured by hundreds of feet or by miles. The arch of Powell’s 

Valley in Tennessee, for instance, is 6 miles across and is maintained by 

massive dolomite capped by massive limestone, conglomerate, and sand- 

stone. Similar folds are found in the Cambrian quartzites of Iron 

Mountain in Tennessee and the Silurian sandstones of eastern Pennsyl- 
vania. The contrast in manner of yielding between shales and sand- 

stones can frequently be seen in a single hand specimen. This relation 

is summed up in the statement that the thick massive beds are competent 
to resist pressure, while the thin beds are not. 

Accordant with the foregoing principle are the variations in degree of 
metamorphism shown by the different rocks. Rocks containing argilla- 
ceous matter, whether in large deposits of shale or in thin seams between 
other rocks, were readily deformed and also readily metamorphosed. 
Thus, in a series of interbedded sandstones and shales, the shale may 
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have been well metamorphosed to phyllite or schist, while the sandstone 

was only silicified. Not only were some, like pure lmstone, readily 

metamorphosed to marble, but in that process their strength was over- 

come and they flowed freely into the cracks and openings of more rigid 

and massive beds like quartzite or dolomite. This result is strikingly 

shown in some of the older marbles of western New England. In many 

of the quarries it is clear that a given marble has been in the zone of 

flowage for calcite marble, while the included dolomite layers were still 

in their zone of fracture. These features of rupture and flowage are so 

beautifully shown in many of the Vermont quarries that the region will 

become classic. 
EFFECT OF LOAD 

Another generalization relates to the effect of load in determining the 

kind of folding. Thin-bedded rocks like shale, as has been stated, fold 

readily—so freely, in fact, that the mere removal of a score or two of 

feet of overlying rock in a ledge will cause the underlying beds to buckle 

and lift. This fact shows that the rocks of the earth’s crust, even close 

- to the surface, are under a compression which is sufficient to condense 

them materially. The well known expansion of blocks when loosened in 

granite and marble quarries shows the same thing. It is, therefore, 

obvious that a load of thousands of feet of overlying rocks will condense 

and restrain the lower layers; their freedom of movement upward into 

folds when laterally compressed grows less as the overlying rocks are 

thicker. The pressure due to the weight of the upper rocks is added to 

the pressure of the mountain-building forces, and together they may be 

sufficient to overcome the strength of the rocks (as in the Vermont mar- 

bles) where neither force alone would be sufficient. Thus, a rigid bed 

when held down by a great thickness of shale above may be forced into 

broad folds, while the same rigid bed without much load above it may 

be so free as to be broken by faults rather than to be folded. The Knox 

dolomite of Tennessee exhibits both of these conditions and results. The 

maximum thickness of sediments is about 30,000 feet, and all, from top 

to bottom, are folded. 

BEDDING SLIP 

The importance of bedding planes in rocks is twofold. As was stated 

above, thin-bedded rocks with numerous planes are less rigid and conse- 

quently fold freely. In addition the bedding planes form natural sur- 

faces of parting, and along these the layers slip in adjustment to folding. 

Inspection of any set of folded beds shows clearly a large amount of 

sliding of one layer over another. This is theoretically necessary in 
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folding and it is abundantly visible in fact. In igneous rocks, however, 

there are no such initial parting planes, and on this account igneous 

rocks as a class are more rigid and less deformed than sedimentary rocks. 

When the load and the lateral pressure are sufficient, however, the 

strength of even these rocks is overcome. ‘They develop countless shear 

planes and motion ensues on them; the original crystals of the rocks are 

crushed and drawn out; new minerals are formed and schists and gneisses 

are thus produced. 

EFFECT IN KIND OF YIELDING 

If the foregoing generalizations are summed up and tested by the gen- 

eral character of Appalachian folding it is seen that there is complete 

accord. In Alabama, Georgia, and the adjoining part of Tennessee the 

chief component part of the stratigraphic column is the Knox dolomite. 

It is there underlain by thick shales and overlain by comparatively thin 

Ordovician, Silurian, Devonian, and Carboniferous strata. Consequently, 

there is an enormous development of thrust-faulting and comparatively 

httle folding. Similar relations are found in northern Vermont and 

Canada, with the same result of tremendous overthrusting. In Pennsyl- 

vania, Maryland, Virginia, and northeastern Tennessee the general pro- 

portions of the stratigraphic column are reversed; the lower part of the 

section consists of various heavy quartzites, dolomites, and limestones 

overlain by great thicknesses of shale and sandstone. In this portion of 

the Appalachians, therefore, deformation is almost wholly by folding, 

and there are few faults except near the mountain border. 

BORDER FAULTS 

The narrow zone of faulting along the northwest border of the moun- 

tains is one of the most constant features of the Appalachians. Out of 

the entire extent of the range (1,500 miles on the mainland) only two 

regions are known where there is little or no faulting in that situation. 

These are in central Virginia and in southeastern New York. It is to be 

noted that these correspond precisely with the two major recesses in the 

Appalachian trend. <A third place where the border fault may be absent 

is in northwest Georgia, also coincident with a smaller recess. The fact 

of minimum thrusting at these recesses contrasts most strongly with the 

maximum thrusting which is the fact at the three intervening salients. 
The conclusion can hardly be avoided ‘that the forward advance on the 
thrust planes is the direct cause of the salient and that the lag where 
thrust is absent is the cause of the recesses. 
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HEIGHT AND DEPTH OF FOLDS 

The faults of the mountain border zone are situated on the northwest- 

ern flank of the great anticline of the system, which manifests itself in 

the Sutton Mountains of Canada and their analogue in the Green Moun- 

tains of Vermont and Massachusetts, the Highlands of southern New — 

York and New Jersey, the Reading Hills and South Mountain of Penn- 

sylvania and Maryland, the Blue Ridge and Catoctin Mountain of Vir- 

ginia, and the mountain belt between the Blue Ridge and the Iron, Great 

Smoky, and Frog Mountains of North Carolina and Georgia, and the 

extension of the belt into Alabama. This is the strongest known anticline 

of the Appalachians and is compounded of numerous lesser and local 

anticlines; it is perhaps no greater, but it is better known than the belt 

of uplift which hes still farther southeast. Equally continuous anticlines 

parallel the Blue Ridge-Green Mountain fold on the northwest, but they 

are lower and less intense and on them younger rocks form the surface. 

The major synclines are also parallel to the anticlines but display 

much less variety. They are slightly deeper with reference to sealevel 

and contain younger rocks at the southeast, but they held a similar posi- 

tion at the beginning of the Appalachian revolution. The major syncline 

in the closely folded belt is much sharper but nearly as deep as the prin- 

cipal synchnes farther northwest. The principal syncline southeast of 

the Blue Ridge anticline is sharply folded but is also very deep. In New 

England and Canada it carries Devonian beds down to sealevel and is 

deeper than any other syncline lying northwest of it. The syncline in 

Virginia, the Carolinas, and Georgia which has a similar position 

carries the Cambrian sediment to and below sealevel. 

A series of cross-sections, therefore, brings out two facts, that the 

synclines differ only moderately in depth, while the anticlines are enor- 

mously different. From this it is necessary to conclude that the anticline 

is the constructively important feature of Appalachian structure, and 

that the syncline is merely the part left behind with the least change. 

This is precisely what should be expected from a theoretical consideration 

of a mass relieving itself from strain. The motion which affords the 

relief must necessarily be in the direction of least resistance, which is 

mainly upward. The same conclusion must be drawn from all experi- 

ments in the folding of artificial beds or in the laboratory deformation 

of actual rocks. In all of them, where there is any shortening, the relief 

is given by upward or outward motion; in other words, anticlines are 

always raised but synclines are not deepened. 

When this conclusion is applied to the case of geosynclines it is seen 
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that their formation can not be due wholly to the ordinary processes seen 

in mountains caused by tangential shortening ; the depression of the geo- 

_synclinal area and the uplift of the corresponding geanticline, of course, 

actually took place. The amount of departure of the beds from the hori- 

zontal is very much less, however, than in the folds due to lateral com- 

pression, and the kind of uplift is precisely that seen in the gentle 

doming of the Cretaceous and Tertiary beds around the Appalachians 

and the similar, though still slighter, doming of the later peneplains 

throughout the Appalachians. In these there is no evidence whatever of 

lateral compression, and a cause for them must be sought in which ver- 

tical movements or oscillations are the important feature. With this 

point in view it would perhaps be better to separate anticlines and syn- 

clines, due clearly to horizontal compression, from the low domes and 

basins which form geosynclines and geanticlines and which are, in the 

main, due to vertical movements. 

FAN STRUCTURE 

In many areas east of the Blue Ridge uplift variations are seen from 

the rule of Appalachian structures. In practically all Appalachian folds 

the axial planes are either upright or overturned toward the northwest, 

-but folds overturned toward the southeast are found in a fairly well 

defined belt from Alabama to Massachusetts. Evidence of this is rather 

scarce and usually is obtainable only where sediments are involved with 

the gneisses and granites; it consists of folds closed and overturned to 

the southeast and of thrust faults dipping to the northwest. Near Wash- 

ington secondary structures in gneisses exhibit the same features. These 

structures, taken in connection with the usual southeastward dips, form 

a great fan structure. 

The fan structure is well defined at the following distances from the 

structural line of the border of the Appalachian Valley: Alabama-Geor- 

gia boundary, 75 miles; South Carolina-North Carolina boundary, 95 

miles; North Carolna-Virginia boundary, 40 miles; Maryland, 40 miles; 

and Massachusetts, 90 miles. A second belt parallel to the above and 

about 50 miles to the southeast is seen in North Carolina. where the 

Appalachians are widest. Between Maryland and Rhode Island these 

structures are covered by the Cretaceous sediments or the Atlantic waters, 

and they reach the ocean again in the Boston basin. Their position in 

central Maine is not well known, for lack of detailed work, but they lie 

near the mouth of Penobscot River. 

The belt of fan structures thus defined has an important relation to 

the large groups of granite batholiths. Where a considerable area is ex- 
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posed to the east of the fans, they are seen to lie between the batholiths. 

The detailed structure in the cases now known is that of a narrow syn- 

clinorium with marginal faults on which the anticlinal masses were 

thrust over the synclinorium from both sides. Compression and motion 

from both sides are clear, and the association of this fact with the neigh- 

boring batholiths strongly supports the theory that batholiths have caused 

mountain structures. 

PRECAMBRIAN DIVERGENCE 

A feature of importance in Appalachian folding is the divergence of 

structural trend exhibited in the folds invelving Precambrian rocks. 

These folds, and the alhed faults and metamorphism, locally contain 

included bodies of Paleozoic rocks. They also characterize the Precam- 

brian in areas worn down far beneath the Paleozoic beds. Some of the 

structures plainly antedate intrusive masses of Precambrian age and are 

thus themselves Precambrian. It is probable, therefore, that where 

Paleozoic rocks have structures parallel to these the post-Paleozoic 

structures are posthumous, and that the Paleozoic deformation was con- 

trolled by the Precambrian structure lines. The trend of the Precam- 

brian structures departs materially from those of the Paleozoic in most 

of the Appalachian range. There is an approach to parallelism along the 

border of the general Paleozoic mass, but southeastward in the interior 

of the Precambrian area differences of 10 or 20 degrees in trend are 

common. The Precambrian trend is more nearly north and south than 

the Paleozoic trend and in western New England, where the latter is 

nearly north and south, the Precambrian trend is distinctly west of north. 

In western Massachusetts the serrate outline of the Paleozoic and the 

northwest trend of the Precambrian units are strongly brought out. 

Similar relations hold in southern Pennsylvania, Maryland and Virginia, 

and the Carolinas, and wherever Paleozoic rocks are involved the control 

of the structures of the Precambrian over the Paleozoic structures is 

obvious. 

TRIASSIC TREND LINES 

Although the structures of the Triassic are not classed with those of 

the Appalachians, they have features in common, namely, the trend of 

the structures and the control of the structures by the Precambrian. 

The very preservation of the Triassic beds is due to the faults and the 

tilting forced on them by the Precambrian rocks. This is well brought 

out in Massachusetts, New York, and Pennsylvania, and is especially 

clear in Maryland just north of the Potomac. The trend of the Triassic 
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basins parallels that of the Paleozoic folds in a striking manner as far 

as the Triassic beds are known, and the Triassic faults extend far beyond 

the Triassic sediments with trends parallel to the Appalachian structure. 

The Triassic trends plainly show the Virginia and New York: recesses 

- and the Pennsylvania salient, but the Triassic beds do not reach, far 

enough to exhibit the northern Vermont or northern Georgia salients. 

As far as they at present extend, however, the correspondence of the 

Triassic and Paleozoic trends is so complete that they must have a cause 

or a factor in common. Inasmuch as the Triassic basins and structures 

are directly controlled by the trends and vertical movements of the base- 

ment (mainly Precambrian rocks), we can hardly escape the conclusion 

that this same control was exercised on the Paleozoic movements by the 

Precambrian basement. Thus the three factors, (1); divergence of Pre- 

cambrian structures, (2) control of Triassic structure by Precambrian, 

(3) parallel trends of Paleozoic and Triassic structures, combine to show 

the dominant influence of the Precambrian basement on all the struc- 

tures of the Appalachian region. Even in the Tertiary and Pleistocene 

deformations the general axis of uplift is roughly the same as for the 

Precambrian, Paleozoic, and Triassic. This is precisely what should 

have been expected; if the Precambrian rocks were so distributed or of 

such a nature as to exercise a control during one epoch, the same factors 

would tend to produce it at later epochs. 

SYSTEM OF BATHOLITHS 

A matter of prime importance in the distribution of the various facts 

of the Appalachians is that of the intrusive masses, or batholiths. A 

generalized mapping of these for the southern Appalachians was given 

by the author on the geologic map of North America,” and large numbers 

of them have been mapped by various geologists in New England and 

the eastern provinces of Canada. In the southern Appalachians the 

batholiths, mainly granites, extend across Georgia, North Carolina, and 

South Carolina. They are found for the most part in the Piedmont, and ° 

only in North Carolina and northern Georgia do they occur west of the 

Blue Ridge. There is a decided predominance of the batholiths in South 

Carolina, behind the North Carolina salient, and they barely reach the 

Alabama-Georgia recess. They are of late Carboniferous age, since they 

are deformed little or not at all by the Carboniferous deformation. On 

the Pennsylvania salient the Piedmont belt is very narrow, but a few 

batholiths of Carboniferous age appear. Northward from the New York 

2U. S. Geol. Survey, Prof. Paper No. 71. 
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recess Carboniferous batholiths are numerous. Im Massachusetts, New 

Hampshire, and southern Mame they cat Carboniferous rocks, and there 

"is a considerable concentration of them m southern Mame and the White 

Mountains of New Hampshire back of the northern Vermont salient. 

In eastern Maine and New Brunswick similar batholiths are numerous 
and have been assigned to the Devonian because they eut Devonian roeks 

and are overlain by Carboniferous. These are situated behind the north- 
ern or Gaspé salient. The chief pomts of distribution of these batholiths 
are their concentration behind the great salients and their chief develop- 

Ment im the northern and southern parts of the Appalachian chain, where 

deformation by shortening is demonstrably the greatest. The meanme 

of this will be discussed om later pages. 

PRECAWBRIAWV PLATEAU 

The broad belt of little folded rocks which underlies the Appalachian 

plateaus and the Samt Lawrence Valley is a distinet unit of the Appa- 

lachian system. As has already been stated, the eastern boundary of the 

little folded belt is distimet as a whole m the southwestern and north- 

eastern parts of the system, but is less so m Pennsylvania and West Vir- 

ginia. Outside of these States the boundary is so sharp as to challenge 

explanation. In New York and Canada the answer is not hard to find. 
The closely folded belt is occupied by a thick section of Lower Cambrian 

and Algonkian beds, while m the gently folded belt they are absent and 

the section shows mainly a thim development of Ordovician. In the Samt 
Lawrence Valley im southern Ontario and Quebee these sediments are 

nearly iat. They rise to the south and from beneath them emerges the 

plateau developed on Precambrian granites and gneisses. The rise of 
the Precambrian im this Adirondack dome is caused by one of the major 

eToss-anticlines, and on its south side im the same way the Precambrian 

rocks of the Adirondacks pass beneath the Ordovician. North of the 

Saint Lawrence Valley the same general Precambrian plateau exists, 

and on it overlap the Lower Ordovician strata. This plateau at the base 

of the Paleozoic was reduced to a very even surface and doubtless was of 

correspondingly broad extent. The extension southward of this relation 

is thus more than probable through southern New York into Pennsyl- 

vania. In fact, the boundary between the sharply folded and little folded 

rocks is very plain in the lower Mohawk Valley and connects the eastern 
margin of the Catskills. 

Viewing the little folded and the much folded sections of the valley 

with respect to the rigidity of their respective strata, it is particularly 

clear that the thin Ordovician section supported by massive Precambrian 
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rocks yielded little, while the thick section of the strata bore the brunt 
of the shoriening. Ii is, therefore, to the presence of the massive base- 
ment that the ears, areas oi Canada and New York owe their char- 
acter, and the basement acting as a buttress received the thrust, protected 

’ the overlyimg sedimenis, and compelled condensation by folding im the 

narrow zone of thick sediments just to the east of it. 

Applying this criterion m Pennsylvania, Maryland, and West Vir- 

ginia, the stratigraphic seciion is scen io consist ait the base maimly of 

rigid rocks. while the weak rocks form the top of the section. These 
lower massive rocks would unite with the Precambrian basement in form- 

ing an efficient buttress. 

- From central Virginia down to the end of the Appalachians the closely 

folded rocks of the valley mclude beds from the Pennsylvanian to the 

top of the Lower Cambrian. These Lower and Middle Cambrian beds 
(Rome formation ai the northwest and Watauga shale ai the southeast) 

present many facis which indicaie a derivation from the northwest, just 
as was the case for the Lower Cambrian beds m New York and Vermont. 

- Doubiless the same explanation holds both at the north and south—thait 

is, that the Precambrian fioor rose rather rapidly westward—-so that the 

lower sedimenis overlapped on ii until only those of Ordovician and 

Upper Cambrian age remain resting on ithe Precambrian. A reasonable 

reconsiruction of the Ozark dome brings iis southeast margin along the 

Mississippi River, about 200 miles from the close folds of the Appa- 

lachians. In the Ozark dome only Upper Cambrian is present, so that 

somewhere in central Tennessee lies the west edge of the Lower Cambrian 

beds and the probable margin of the Precambrian rocks of the land. 

While no more than a probability can be established im ithe southern 

Appalachians of a connection between the Precambrian basement and 

the hitle folded areas, that relation can be asseried as definite for the 

northern hali of the system. The correspondence of types of folding at 

the north and south is so close as io warrant adopting the same explana- 

ton—that is, a continuous Precambrian plateau underlying the present 

Appalachian Plateau and formimg a great butiress which confined the 

extreme folding mito a narrow trough on ithe southeast wherein lay the 
heavy Cambrian deposiis. 

PALEOZOIC GHOSYNCLINES 

Ti is to be noted that this Lower Cambrian irough with iis excessively 

folded beds does not coincide with the deep part of the Appalachian syn- 

clmorium under the plateaus. The latier has generally been taken as 

roughly the situation of the Appalachian geosyncline, if the Paleozoic 
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section is taken as a whole. Not much is known of the northern exten- 

sion of the geosyncline. As far as higher beds are concerned, it appears 

to pass through the heavy Devonian sediments of the Catskills and along 
the Ordovician of the Hudson Valley. This synclinorium is not as deep 

as that which hes east of the Green Mountains, however, which contains 

Silurian and Devonian strata as well as Ordovician and Cambrian. In 

Tennessee the thick Paleozoic sections of the east side of the Appalachian 

Valley include a full section as high as the Mississippian. The Penn- 

sylvanian beds only come to the west side of the valley, so that the posi- 

tion of the Paleozoic geosyncline is probably in the closely folded valley. 

In Alabama the thickest Mississippian and Pennsylvanian sections are 

extended well toward the east side of the close folds of the valley. Mid- 

way of the system the thick sections of Pennsylvania and Virginia he in 

the middle of the closely folded belt. Thus, to sum up, in the system 

as a whole the Paleozoic geosynchnes and the closely folded belt of strata 

correspond closely, although in the central Appalachians the geosyncline 

appears to he farther west than it does either at the north or south. 

When the geosynclines are separated according to geologic systems, 

important relations appear which the generalized Paleozoic section does 

not bring out. These may best be described in terms of the major Blue 

Ridge-Green Mountain anticlinorium. The Algonkian geosyncline lies 

almost wholly to the east of that uplift, on which are exposed older and 

deeper rocks. In northern Vermont and Canada the geosyncline also 

extended somewhat to the west of the Green Mountain axis. The Lower 

Cambrian geosyncline had the same general position as that of Algonkian 

time, but its western margin lay farther west, from 20 to 80 miles beyond 

the Blue Ridge arch. In Upper Cambrian time this plan was reversed, 

and the geosyncline extended far to the west of the folded zone, its east- 

ern border being near the Blue Ridge arch. This general arrangement 

held for the later Paleozoic sediments, with the eastern border of the 

seas only occasionally extending east of the Blue Ridge line. After the 

Paleozoic, deposition began again east of the Blue Ridge and has there 

remained. 

It is of dominant interest in these relations that the heavy deposits of 

the Algonkian and Paleozoic geosynclines overlap each other and form 

a maximum total section where now are situated the Blue Ridge arch and 

the Appalachian Valley. Thus, in general, the highest piling up on folds 

and faults coincides with the thickest masses of strata. This fact, to- 

gether with the double reversal in position of land and sea, is of crucial 
importance to the theory of isostasy. 
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MAJOR LINEAR FOLDS 

As has been already stated, previous discussions of the Appalachians 

have been confined to the closely folded belt; little was said of the gently 

folded rocks except that the Appalachian folds die out northwestward ; 

~ only cursory mention has been given to the rocks underlying the Paleo- 

zoic. In order to know the Appalachians in full, however, it is necessary 

to consider all the territory from the Atlantic Coastal Plain to and even 

beyond the Mississippi. A brief presentation was made in 1914 by the 

author of the results of such analysis for the folded belt and the older 

rocks lying southeast of it: The results of a similar analysis, not only 

of the folded rocks but of the gently flexed area of the Mississippi Valley 

and Great Lakes district, are presented herewith in plate 4. The syn- 

clinal and anticlinal axes shown thereon are, of course, generalized and 

locally compounded of a number of minor folds. The simple process was 

followed of plotting on the map the highest part of each anticline and 

the lowest part of each syncline, which was in fact the only thing to do. 

In this work there were used an enormous number of maps and reports, 

in the preparation of which most American geologists have had a hand 

at some place. 

Some of the major structural features were described long ago, such, 

for instance, as the Cincinnati arch, Nashville dome, the Ozark uplift, 

the Wisconsin dome, the West Virginia coal basin, and the Michigan and 

Illinois coal basins. The Cincinnati arch has: been assigned a variety of 

directions, usually trending between the east and southeast. This states 

part of the truth, but omits the intersecting anticline which parallels the 

Appalachian folds. This connects the Nashville dome in Tennessee with 

the Cincinnati arch, separates the Appalachian coal basin from that of 

western Kentucky and Illinois, separates the Michigan from the Appa- 

Jachian coal basin, and thence runs northward into the Ontario projec- 

tion of the Precambrian of the Canadian shield. The Appalachian coal 

basin is well known from Alabama to New York and often described. 

The northern extension of the fold through New York is equally clear, 

and it parallels with great closeness the anticline of the Blue Ridge and 

Green Mountains, which is the chief anticline of the Appalachians. It 

also parallels the major anticline of the closely folded belt west of the 
Blue Ridge. This great anticline formed one element of the Adirondack 
dome and raised a belt of Cambrian across the Saint Lawrence Valley. 
Southward it brought the Adirondacks close to the Catskills and has 
shown an excess of uplift through most of the Paleozoic. It is traceable 
always as a major fold practically to the end of the Appalachians in 
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Alabama. The anticline which passes through the Ozark and Wisconsin | 

domes almost severs the [lhnois coal basin from the great basin of Lowa, 

Missouri, and Kansas. 

CROSS-STRUCTURES 

The structures heretofore considered are those which run for great 

distances parallel to the trend of the range and which are so strongly 

dominant that they have received practically all of the attention given 

to Appalachian structure. These by no means, however, include all of 

the Appalachian structures. Folds rise and pitch along their axes, form- 

ing saddles and peaks; they curve and they die down. Such structures 

were well brought out by the early surveys of Pennsylvania and Virginia, 

where the phenomena are most striking. These were regarded as purely 

local, however, and no special significance was attached to them. No 

attention seems to have been paid to the numerous diversions from 

the normal structural trend. Some years ago the author read a paper 

before the Philosophical Society of Washington which showed by dia- 

grams that there was a system in these structures and that there were 

certain lines across the general trend on which anticlines tended to be 

higher or synclines lower. These were called cross-folds. Certain other 

lines or narrow zones called cross-warps were characterized by the swery- 

ing of many axial lines out of the normal in the same direction. The 

author was advised not to publish this, however, because it seemed too 

revolutionary. At later dates, in various folios of the United States 

Geological Survey, the author has described instances of these structures, 

and a general affirmation of them as a system was made in 1914 in the 

writer’s presidential address to the Geological Society of Washington. 

These cross-warps are exhibited on a very large scale, and in this dis- 

cussion are called salients and recesses. Cross-warps on a much smaller 

scale are numerous and decided. A particular striking one crosses East 

Tennessee just north of Knoxville and passes into North Carolina. Its 

effects are plainly visible in all of the rocks from Kentucky into North 

Carolina, including the gently folded strata of the coal basin, the highly 

tilted beds of the Ordovician and Cambrian of the Appalachian Valley 

and Mountains, and the schists and gneisses of the Precambrian. This 

local cross-warp springs from the North Carolina salient and is associated 

with a great block of the earth’s crust, 70 miles long, which has been 

visibly thrust northwest 8 or 10 miles on the Pine Mountain fault of 

Kentucky and Tennessee. This fault has the usual northeast trend ex- 

cept at its ends, where it swerves abruptly to the southeast. The south- 

western swerve was mapped and described in the author’s Briceville folio, | 



CROSS-STRUCTURES Epa 

United States Geological Survey, and the northeastern swerve has re- 

cently been described by Wentworth as the Cumberland thrust block. 

Northwest of this thrust block the main axis of the Carboniferous syn- 

cline is pushed northwestward out of the usual trend. Along the north- 

_ east margin of this thrust block various structures swerve out of the 

usual trend into nearly east-west courses, although the swerving is not 

as prominent at this end of the block as it is at the southwest end. The 

facts summed up show that this excess northwestward motion was shared 

by all of the rocks from the Pennsylvanian down into the Archean. 

A similar local cross-warp is seen in northern Vermont, north of the 

latitude of Rutland, where all of the structures run decidedly west of 

north. The Appalachian Valley is here at its highest and narrowest 

point, so that the youngest known beds to be involved are Middle Ordo- 

vician. These beds, the Cambrian strata, and the gneisses and schists 

of the Precambrian are alike turned aside from their normal courses. 

This cross-warping runs a little north of west and is part of the general 

Vermont sahent. 

In addition to the cross-warps and cross-folds of the Appalachians 

there are cross-zones along which the pitch of most structures is in- 

creased. ‘These are of similar nature with the cross-folds, but the pitch 

is continuous in the same direction instead of being in two directions as 

in the folds. A notable example of this feature crosses the Appalachians 

in New York along the Mohawk River and causes the rise of the Pre- 

cambrian Adirondack mass from the Paleozoic beds of the Catskills and 

Allegheny Plateau. The same zone of cross-dip causes a sharp deepening 

of the Appalachian troughs east of Albany and in northwestern Massa- 

chusetts ; it also brings down the Devonian beds at Bernardston, Massa- 

chusetts, on the Connecticut, and in northeastern Massachusetts it 

deepens several synclines of Carboniferous phyllite. In the areas between 

these synclines beds of Ordovician, Cambrian, and Precambrian age are 

affected. 

A similar zone of cross-dips is seen in northern Alabama, extending 

nearly east and west across the State. These dips, which with reference 

to the general system constitute a pitch of the folds, are readily visible 

to the eye in many places. The pitch causes a westward extension and 

general deepening of the Pennsylvanian coal measures in Alabama, and 

it is exhibited in the pitch of the entire Paleozoic folded series southward 

beneath the Cambrian along the Rome fault in Alabama and adjoining 
northwest Georgia. 

XXII—BULL. Grou. Soc. AmM., Vou. 34, 1922 
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CROSS-FOLD SYSTEM 

On those folds which distinctly parallel the sharp Appalachian folds 

and show plainly the same salients and recesses, there are high places 

and low places. For instance, the low place between Cincinnati and 

Nashville domes is the direct continuation eastward of the Illinois coal 

basin and joins a very deep portion of the Appalachian coal basin. 

Similarly the sag in northern Ohio between the Cincinnati dome and the 

Ordovician uplift at the west end of Lake Ontario hes directly between 

the Appalachian coal basin in its deepest part in West Virginia and the 

Michigan coal basin; thence northwestward it passes through the Cam- 

brian depression of Lake Superior. Where this axis crosses the strong 

folds of the Appalachians it coincides with the Virginia recess and with 

a major depression of the Appalachian axis. 

The cross-anticline of the Adirondacks is very plain as far east as 

Connecticut River; westward it forms a barrier between the Saint Law- 

rence Valley and the Great Lakes and passes northwestward into the 

area of uplift immediately north of the Great Lakes. Parallel to this a 

similar major syncline crosses the Appalachian folds of northern Ver- 

mont and New Hampshire and forms the upper Saint Lawrence Valley 

between Montreal and Ottawa. Northwestward it extends up the valley 

of Ottawa River, marked by numerous inliers of Paleozoic rocks in the 

Precambrian, and passes into the great basin of Hudson Bay. A part 

of this system of great cross-folds is the uplift connecting the Ozark 

dome of Missouri with the Nashville dome of Tennessee. The influence 

of this cross-fold is readily seen in the general altitude of the close 

Appalachian folds in northwest Georgia. West of the culmination of 

the Ozark dome the arch appears to divide, the principal portion running 

nearly west through Missouri and into eastern Kansas. 

The most southerly of the cross-synclines is much concealed by the 

young deposits of the Mississippi embayment. It causes the great deep- 

ening and expansion of Pennsylvanian rocks in central Alabama near 

the Cretaceous cover and is exhibited in the great Pennsylvanian syn- 

clinorium of Arkansas River in Arkansas and Oklahoma. Parallel to 

and south of this a belt of major uplift in Arkansas and Oklahoma con- 

nects the Ouachita, Arbuckle, and the Wichita Mountains. South of 

this belt other folds, probably of the same system, are exhibited in Texas 

and Louisiana. Detailed information about these is scanty, however, 

and is derived mainly from drill records. 
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SOUTHWARD CONVERGENCE 

Attention has already been called to the parallelism of the close Appa- 

lachian folds and of the major syncline of the Appalachian coal field. 

This parallelism is so phenomenal as to deserve strong emphasis. Not 

only do the major folds rise and fall in unison, but they swerve from the 

general trend in the same way and along the same cross-lines. The paral- 

lelism is not perfect, however, and the axis of the Appalachian coal basin 

converges in Kentucky and Tennessee with the stronger eastern folds. 

This was the result of the excess advance of the Cumberland thrust 

block in front of the North Carolina salient. West of the coal basin 

synclinorium the other major axes also converge southward; these in- 

clude the Nashville-Cincinnati anticline, the Michigan-Illinois syncline, 

and the Ozark-Wisconsin anticline. 

NORTHWARD THRUST FROM LLANORIA 

This convergence of axes appears to be the result of two factors: (1) 

the excess northwestward advance before the North Carolina salient, and 

(2) a similar but slight northeastward advance of the Ozark mass. The 

latter advance seems to have been the result of pressure delivered by the 

landmass of Llanoria northward through the Ouachita uplift and the 

Arkansas synchnorium against the borders of the Ozarks. Evidence of 

this northward shoving is seen in the overturning of the folds toward 

the north in Arkansas and eastern Oklahoma and in a similar though 

slight overturning with faulting around the north of the Ozark dome. 

The latter zone of steeper northward dips extends eastward into Ken- 

tucky, where it is complicated by an east-west zone of faulting. 

The northward compression evidenced in the Ouachita and Ozark 

region might be equally plain in the Appalachians were it not masked 

by the greater thrust from the southeast. The general pressure and 

northward motion of the crust, so plain in the Ouachitas, is part of the 

general system underlying similar structures throughout eastern North 

America. It is even traceable dimly under the Cretaceous cover by 

means of drill records. It is a curious fact that a section running east 

of north from the Ouachita Mountains through the Ozark uplift to north- 

ern Illinois is almost a duplicate of a section running at right angles to 

it from northwest Georgia through the Nashville dome to northern IIli- 

nois. The chief structural difference is that the Ozark dome is slightly 

higher than the Nashville dome, so that the Precambrian is exposed. 
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RELATION OF CROSS-FOLDS TO SALIENTS 

The general plan of the axes of eastern North America clearly exhibits 

two systems—one due to folding in the major Appalachian direction 

with trends from southwest to northeast, and the other substantially at 

right angles to this trend. The plan of the axes-further exhibits a major 

relation to the deforming force of the Appalachians, in that the principal 

cross-anticlines extend northwest from the principal salients in Vermont 

and North Carolina, where the horizontal pressure and motion have been 

the greatest. Thus, from the Vermont salient the cross-anticline extends 

northwestward through the Adirondack uplift, cuts off the Ontario 

trough from the Saint Lawrence trough, and goes to and through the 

uplift between the basins of Lake Superior and Hudson Bay. From the 

North Carolina salient (the greatest of all) there extend the Nashville- 

Ozark cross-anticline and the Cincinnati-Wisconsin cross-anticline. Be- 

tween these major cross-anticlines lies the great synclinorium of-the Ili- 

nois coal basin, which passes southeastward into a minor recess in the 

North Carolina salient. Similarly, the Arkansas synclinorium and the 

central Alabama coal basin line uo with the recess of central Alabama. 

Also, the cross-syncline through the Lake Superior basin, the Michigan 

basin, and the deep West Virginia coal basin passes directly into the Vir- 

ginia recess. A considerable syncline extends northwestward from the 

New York recess through Pennsylvania, but dies out in western New 

_ York. The great recess of the Gulf of Saint Lawrence is occupied. so 

far as can be determined, largely by Carboniferous beds in a great syn- 

‘cline. It is thus seen that the major salients and recesses of the folded 

Appalachians, which are the expression of greater or less horizontal ad- 

vance, are directly connected with the major cross-folds of the plateaus 

and the Mississippi Valley. Their community of nature is shown by the 

fact that the salients of maximum thrust are continued in the cross- 

anticlines, where uplift is most, while the recesses of minimum advance 

are continued in the cross-synclines, where uplift is least. From such 

relations the conclusion can hardly be avoided that one cause is to be 

assigned to them all. These relations are shown on the map, plate 4. 

AGH OF AXES SHOWN 

In tracing the numerous axes shown on the map the endeavor has been 

made to show only those which were formed at the close of the Carbon- 

iferous. Axes of other ages have been determined, but this has usually 

been possible only where they diverge considerably from the axes of 

Carboniferous age. The Adirondack axis, for instance, existed to some 
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extent from the Precambrian up to the Devonian. In the northern 

Ozarks there were Devonian axes in considerably different position from 

those of Carboniferous age. In northern Illinois there is considerable 

discordance between axes of the two ages; the principal north-south 

Devonian uplift passes directly into the synchnorium of the Llinois coal 

field. It is to be observed in connection with these discrepancies that 

they involve no great difference of dip and little shortening. 

It is not always possible to determine the precise age of individual 

folds where Carboniferous rocks are not involved in them. In making 

such determinations this principle has been followed; if a fold in the 

Carboniferous rocks extends directly into a similar fold of the under- 

lying rocks so that both form consistent parts of a whole, it is considered 

that the fold in the older rocks also is of Carboniferous age. While this 

method may occasionally lead to mistakes, it is beleved to be sound on 

the whole. The fact that the axes worked out in this way form a con- 

sistent plan is the best proof that the procedure is correct. 

PERIODS OF FOLDING 

The subject of this discussion is naturally the deformation at the end 

of the Paleozoic which produced the special characters of the Appalachian 

system. Deformation of the Appalachian rocks was by no means limited 

to that period, however, but took place at various times before, during, 

and after the Paleozoic. None of these upheavals, however, compare in 

intensity and geographic range with that which ended the Paleozoic ex- 

cept the movements which closed the Triassic. The latter deformation 

was of a totally different kind from that of the Appalachian revolution. 

The various earth movements fall into two classes whose results differ 

enormously. First, because most common, are the broad epeirogenic 

uplifts which caused oscillations of the crust with slight domes and 

basins. These movements are recorded by overlap and hiatus in deposits, 

without noticeable differences of dip. Such movements took place at a 

great number of epochs recorded in the strata of the Paleozoic, Triassic, 

Cretaceous, Tertiary, and Quaternary periods, and are doubtless going 

on at the present day. 

The second class consists of the horizontal movements of the crust, 

which folded the rocks laterally and pushed them up into long, high 

arches separated by narrow troughs. The chief of these movements 

closed the Paleozoic and is called the Appalachian revolution; it con- 

sisted of a double movement in Carboniferous time, the second being far 

the greater of the two. A similar movement took place in eastern New 
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England and Canada in the late Devonian and early Carboniferous, but 

it was much weaker and limited in area. 

Between these two major kinds of deformation there are many of 

intermediate nature. A few of the vertical movements were concentrated 

here and there enough to produce actual and visible folds. Such move- 

ments took place in the Lower Ordovician of Tennessee, Georgia, and 

Alabama, and at a similar period in Pennsylvania, New York, Vermont, 

and eastern Canada. Between the Ordovician and Silurian a slight 

movement of this nature took place in a small part of southeastern New 

York and in southeastern Maine. This has been called the Taconic 

revolution, but it is too unimportant for such a designation, and it is 

not exhibited in the Taconic Range. In these there was a small element 

of horizontal movement. In many of the other vertical movements it is 

difficult to determine whether or not the crust moved laterally. In addi- 

tion to general upward movements there were those of tilting, during 

which erosion quickened and the seas and their sediments expanded enor- 

mously. A major movement of this kind took place late in the Cam-. 

brian, spread Paleozoic sediments for the first time over the interior of 

the continent, and raised Appalachia east of the interior sea. -This was 

the real beginning of the Appalachian system. All of these kinds of 

deformation have acted on the Appalachian region and have united in a 

record of great complexity. 

The Appalachian region has been affected by strong deformation since 

the Appalachian revolution. Mention has already been made of. the 

Triassic dislocations and their general accordance with those of the 

Appalachian system. As has been stated, the trends of the Triassic 

structures exhibit just such broad curves as are so plain in the Appa- 

lachian folds. The Triassic structures, however, strike somewhat more 

nearly north and south than the Appalachian structure, in common with 

similar trends in the Precambrian structures. In North Carolina the 

Triassic structures are only seen in the eastern part of the Appalachian 

area where it is broadest. Passing northward through Virginia the 

Triassic basins transgress slowly westward on the Appalachian folds until 

in southeastern Pennsylvania they have crossed the Blue Ridge axis into 

the Great Valley. Thence northeastward they recede somewhat from 

the valley belt of folded rocks, but continue in or just east of it in the 

Hudson and Champlain valleys of New York. East of these valleys the 

Triassic structures are well developed in Connecticut and Massachusetts 

and continue up the Connecticut Valley in Vermont. 

The broad structural units of that time consist of three great blocks of 

the crust, the central one 80 or more miles wide from east to west. This 

‘ 
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central block was itself gently arched and faulted at many places, espe- 

cially at its borders, where it was relatively lowered one or two miles by 

marginal faults. The Triassic deformation shown in normal faults and 

tilted blocks involved a slight extension of the earth’s crust, thus indi- 

- eating that the great compression of the Appalachian movement was 

entirely satisfied and its causes removed. The visible movements of this 

deformation were almost wholly vertical, and in explaining them it is 

most reasonable to postulate a simple vertical force. 

While it is not intended to discuss here the Triassic deformation, it 1s 

important to state that Triassic normal faults have caused serious errors 

in interpreting the structure where they have cut the older rocks at a 

distance from the Triassic basins. This is particularly the case in west- 

ern New England and eastern New York and is one of the factors which 

entered into the Taconic controversy. The normal faults produced rela- 

tions just the opposite of the Appalachian thrust faults, and the result 

of a failure to observe them can be readily understood. Little or no 

attention has been paid by geologists to these faults in the Appalachians, 

probably for the reason that few of them are found northwest of the 

Blue Ridge, where studies of the Appalachians were focused. 

The Appalachian region as a whole was also deformed slightly by 

Cretaceous, Tertiary, and later uplifts. These have taken the form of a 

general bowing up of two great areas—one coinciding in general with 

the most folded part of the Appalachians and another roughly parallel 

area running through Texas, Oklahoma, Missouri, and the upper Missis- 

sippi basin. Between these uplifted areas les the Mississippian embay- 

ment, in which the Tertiary and Cretaceous rocks are only partly raised 

above sealevel. The changes of attitude caused by these folds are very 

slight and only visible when large areas are considered. Exceptions to 

this statement are seen in certain definite belts of faulting in Texas and 

Arkansas, where there are normal faults of considerable throw. As a 

rule, however, the Cretaceous and later displacements are very gentle 

warps and are of the same character as the many warps which affected 

the Appalachian region in Paleozoic time. There appears to be no ele- 
ment of compression associated with them, a fact which puts them into a 
class quite distinct from the Appalachian structures. 

One great fact stands out from the distribution of these movements’ in 
time and space, and that is that the Appalachian system, and especially 
its most folded part, represents a weak belt of the earth’s crust in strong 
contrast with the Canadian shield and the plateau region of the Missis- 
sippi Valley. It has been deformed again and again from Precambrian 
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time down to the present. The principal movements are given in the 

following list: i 

Archean: Intrusion of batholiths; folding. 

Late Algonkian: Intrusion of batholiths; lava extrusions; eastward tilt- 

ing in Appalachian region. 

Lower Cambrian: Deposition in Appalachian region. 

Upper Cambrian: Westward tilting; submergence of eastern United 

| States. 

Early Ordovician: Westward tilting; shght local folding in New Eng- 

land, Tennessee, and Alabama. Uphft of Llanoria; Ouachita geo- 

syncline deepened. 

Late Ordovician: Westward tilting of Appalachian region; slight local 

folding in southeastern New York, New Jersey, Maine, and New 

Brunswick. 

Late Devonian: Intrusion of granite batholiths in New England and 

New Brunswick; lava extrusions and folding in Maine and New 

Brunswick. Slight folding and tilting in Illinois; uplift of south 

part of Ozark dome. 

Mississippian (late): Uplift of Ozark dome. Strong tilting, perhaps 

folding, in Llanoria with voleanic activity. 

Late Pennsylvanian: Strong folding in Arkansas and Oklahoma. 

Permian: Appalachian revolution; intrusion of granite batholiths. 

AMOUNT OF FOLDING 

The characters in which the Appalachian system differs most from the 

rest of North America are its linear aspect and the intensity with which 

the rocks of the crust have been folded and piled up on themselves. The 

amount of compression and shortening of the earth’s crust thus made 

evident is very great and has always been recognized as of great impor- 

tance in the consideration of mountain-building. Many estimates have 

been made of the total amount of this shortening in a northwest-south- 

east direction. All of them have been seriously underestimated because 

only the folded Paleozoic strata were considered; some of the estimates 

have been insufficient even for these rocks, because they have been made 

in regions where the shortening was least and was satisfied by open folds 

with few or no faults. 

Estimates made by the author show a shortening of 30 to 60 per cent 

of the original width of the folded belt. In all these estimates a geo- 

metrical restoration was made, the folds being given the minimum possi- 

ble height and the faults the least possible throw. For the Paleozoic 
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strata the problem was comparatively simple, but for the Precambrian 1s 

far more difficult. Folds in the sedimentary gneisses and schists can be 

determined fairly well, but in the granites and other plutonic or massive 

rocks dislocation took place only slightly by folding and mainly by a 

~ multitude of shear planes on which slipping was possible. The amount 

of motion on such planes can be determined only here and there where 

the alteration of original forms, such as pebbles and phenocrysts, could 

be observed. Wherever these measures were possible the deformation 

was found to be uniformly great, and original pebbles, etcetera, were 

drawn out to lengths from two to ten times the original. Furthermore, 

the general mashing and sheeting of plutonic rocks is abundant evidence 

that they have suffered enormous compression and shortening. In the 

sedimentary rocks a shortening of 50 per cent is common in folds of all 

sizes from those of microscopic dimensions up to those a mile across. 

In fact, the general order of magnitude of the shortening wherever de- 

terminable seems to be in the vicinity of 50 per cent. The shortening 

diminishes northwestward and is greater in the north and south portions 

of the system where faulting is more prominent. Taken as a whole, 

therefore, an estimate of 40 per cent as the. average shortening of the 

Appalachians seems conservative. 

The visible width of the strongly folded belt is now 270 miles in the 

‘Tennessee-Carolina cross-section and in the Maine-New Brunswick cross- 

section. In the Carolina section Paleozoic beds are now found in a belt 

125 miles wide; in Virginia the belt is of the same width. In the Massa- 

chusetts-New York section it is a little wider, while in the Maine section 

the Paleozoics are found in the whole 270-mile width of the system. 

This figure does not take into account the southeastward extensions of 

the Paleozoic into Nova Scotia. It is hkely that further detailed infor- 

mation in Georgia and the Carolinas will extend the width of the known 

Paleozoic belt still farther southeastward. 

If, therefore, the Appalachians as a whole were shortened 40 per cent 

in a northwest-southeast direction, it is evident that the present visible 

width of 270 miles, plus 30 miles for probable extension under the Cre- 

taceous, represents an original width of 500 miles and that the amount 

of shortening of the crust is thus 200 miles. This amount is more than 

three times as great as any previously stated, but it is believed by the 

author to be a conservative measure. Previous estimates of 40 to 60 

miles of shortening for the Appalachians, of 40 miles for the Rocky 

Mountains, and of 75 miles for the Alps indicate clearly the magnitude 

of the movements in the Appalachians. It is obvious that this great 

amount of shortening makes heavy demands on certain theories of 
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mountain-building which were rather severely strained by the previous 

much smaller figures. Consideration of such matters will be taken up 

on later pages. 

INFERENCES 

DIRECTION OF THE DEFORMING FORCE 

From the foregoing analysis of the Appalachians it is clear, as has 

always been understood, that the narrowing of the folded belt was in the 

northwest-southeast direction. While it has been generally accepted that 

the portion of the crust which moved actually went in a northwesterly 

direction, there is by no means agreement on this point. It is, of course, 

agreed that the mass southeast of the Appalachian Valley moved north- 

westward relatively to the little folded area of the plateaus. It is urged, 

however, by some geologists that while this is true in a relative way it is. 

because the great mass of the crust underlying the plateaus moved south- 

eastward and under the closely folded area, pushing up the folds. 

From the standpoint of physics, there is no question but that when 

there is shortening under strain the part which moves rides outward and 

upward on the part which is passive. In other words, relief from 

pressure is not inward toward the center of the mass but outward toward 

its exterior. It is for this very reason that folded mountain ranges stand 

high. That this is not only theoretically true but actually so, all experi- 

ments which have been performed to simulate mountain folding give 

perfectly clear evidence. As early as 1860 the Enghsh geologists Hall 

and Lyell made experiments which showed this. In a more elaborate 

way Willis in 1887 experimented with models intended to copy Appa- 

lachian conditions rather closely. In each of Willis’ models anticlines 

rose, lifted a heavy load, then overturned and produced faults, but in no 

case were synclines deepened. The experiments performed by Adams 

in 1905 produced similar results. The cylinders of marble which he 

compressed endwise within steel jackets expanded outward on planes of 

shear, forming around each cylinder a bulge which was in reality an 

anticline. 

The relations which were deduced from theory and corroborated by 

experiments are readily to be seen in the finished facts of nature. The 

principle is, as has already been noted, that the folds and thrusts are 

largely supported and controlled by competent or rigid beds. Thousands 

of instances of this are observable on every possible scale. It can not be 

gainsaid that a rigid bed will thrust itself into weak, pliable strata; but 

how can the reverse be done? One instance may be given which makes 

the pot clear. In northeastern Tennessee and adjoining parts of North 
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Carolina there is a great overthrust fault whose horizontal movement is 

visibly from 10 to 20 miles. The plane itself can be followed beginning 

at the west in the Middle Ordovician and passing eastward and down- 

ward through thousands of feet of Ordovician and Cambrian deep into 

’ the Precambrian granites. In places the overthrust mass composed of — 

massive Cambrian quartzites rests on weak Ordovician shales; in other 

places massive Precambrian granite, mashed into horizontal layers by 

shear planes, rests on the edges of vertical Cambrian shales and lime- 

stones. The weak beds are scarcely even slaty, while the massive granites 

have been mashed and sheared. Having in view the relative behavior of 

the pliable and the massive beds, which follows a universal rule in the 

Appalachians, it seems impossible that the weak Ordovician shales should 

have forced themselves downward into regions of greater strain and 

pushed aside the massive Cambrian quartzites. It is even more incred- 

ible that the weak Cambrian shales should have thrust aside the massive 

granite and burrowed beneath it. Even if such an attempt should be 

made the enormous difference in relative strength of the two rocks would 

have prohibited any downward motion on the part of the shales. 

An instance of this on a large ‘scale is the great Cumberland thrust 

block already alluded to, in which the massive Carboniferous Lee con- 

olomerate, 1,200 feet thick, has been pushed far northwestward up and 

over the shales and sandstones of the Pennsylvanian and Silurian for at 

least 10 miles. On a still larger scale the excess compression and uplift 

at each of the three great salients of the Appalachian gives testimony to 

the same thing. It is not mechanically possible that the shales and sand- 

stones of the Carboniferous should have underthrust the older, massive 

_ sediments and granites and raised masses of them covering thousands 

of square miles. 

Another line of evidence on this point is the depth of the major syn- 

clines. If the folds were raised by underthrusting, then the synclines 

were the active factors while the anticlines were passive. As already 

explained, the principal synclines are roughly of the same depth with 

reference to sealevel. Departures from this, however, are in the opposite 

direction from what would be expected if the plateau masss were under- 

thrust against the folded mass. The eastern of the great synclines are 

higher in relation to sealevel than the western ones, instead of being 

lower, as the underthrusting theory would require. This general ar- 

rangement of depths, however, is precisely in accord with the idea of 

overthrust from the southeast. 

The general distribution of intensities of deformation furnishes strong 

evidence on the direction of the movcment. Folds, faults, and meta- 
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morphism increase in number and strength toward the southeast. If 

the plateau mass were underthrust against the faulted mass, the reverse 

should be true, and the greatest intensity of all these structures should 

be along the southeast margin of the plateaus, where the advancing mass 

under the plateaus was thrust against the belt of sharp folds. In this 

situation, as has been described, the Paleozoic sea-floor slopes upward 

toward the west. The scene was therefore set for a maximum localiza- 

tion of strain and therefore of its effects along this line. Southeastward 

the effects of the pressure should be distributed and diminished, if 

underthrusting were the real process. As has already been stated, there 

is a sharp change in the amount of deformation in that situation, but 

there is by no means a maximum there. Metamorphism, an evidence of 

maximum pressure, is not exhibited there at all. It is not noticeable 

for 30 or more miles to the southeast, and in increases definitely away 

from the plateaus. Nor do the folds and faults decrease eastward. The 

few exceptions to this rule are due to local changes in the stratigraphic 

column and hardly form one per cent of the whole. Therefore, on the 

principle that where the maximum pressure is applied there the maxi- 

mum results should be found and should diminish at a distance, the case 

is plainly against the theory of underthrust on the northwest and for the 

theory of overthrust from the southeast. 

HOW THE DEFORMING FORCE WAS TRANSMITTED 

Deformation of the strata has proceeded to various degrees of comple- 

tion in the Appalachians. In the slightly deformed beds it is possible 

to assign a variety of modes of operation of the folding. In the deforma-. 

tion of moderate intensity, such as the open folds of the Great Valley, it 

is obvious that the massive strata, like dolomite and quartzite, have car- 
ried the brunt of the load and transmitted the strain from one area to 

another, while the weak shales and thin limestones have failed. In the 

areas of maximum deformation at the southeast of the range only those 

rocks of the greatest strength have preserved their form to any extent, 

‘and in many places even these have been sheared and mashed by the 

strain until they can scarcely be recognized, as, for instance, a fine mus- 

covite schist derived from the granite. In all of the phenomena one 

fact stands out—that is, that the weak beds have had little part in trans- 
mitting the deforming force and that the rigid beds transmitted the 
most of it until they were overcome in succession by the eastward in- 
crease of the forces. Each mass, whatever its rigidity, had to be sufficient 
unto itself or it failed. This was on account of the lack of cohesion 
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between the layers through the original sedimentary partings. Free. 

movement of one layer on another is clear in any section of closely folded 

rocks, and indeed there could have been no other result unless the layers 

were stretched apart or piled together. Theoretical considerations, ex- 

- perimental results, and observation establish this principle beyond ques- 

tion. In fact, no one with a natural section of closely folded rocks before 

him would raise the question. 

When this principle is applied to the larger groupings of facts which 

cannot be taken in with a sweep of the eye, one large feature of distribu- 

tion is highly important. With respect to rigidity the rocks have sub- 

stantially the following order: shale, thin limestone, massive limestone, 

dolomite, sandstone, quartzite, gneiss, granite and other plutonic rocks. 

In applying this order of strength to the various areas in the Appa- 

lachians, it is seen that only in certain areas are large thicknesses of 

one kind of rock combined in one unit. Instances of such units are the 

Middle Cambrian shales of East Tennessee and northwest Georgia, a 

thousand feet thick; the Knox dolomite of East Tennessee and southwest 

Virginia, over 3,000 feet thick; the Kittatinny hmestone of New Jersey 

and Pennsylvania, 4,000 feet thick; the Lower Cambrian quartzite group: 

of East Tennessee and North Carolina, 2,000 feet thick; the Carbonif-. 

erous Lee conglomerate of Hast Tennessee, Kentucky, and Virginia, over 

1,000 feet thick; the Lower Cambrian Great Smoky conglomerate of 

North Carolina and Tennessee, 10,000 feet thick, and the Precambrian 

granites, diorites, and gneisses of the Appalachian Mountains and the 

Piedmont. Groups of mixed rocks of alternating hardness, such as shales. 

and sandstones, are seen in the Devonian of New York, Pennsylvania, 

and Ohio and the Pennsylvanian rocks of all the coal measure basins. 

Viewed in a broad way, the stratigraphic column of the Paleozoic beds 

is strongest at the base in Vermont and Canada and also in East Ten- 

nessee and Georgia. It is also almost equally strong at the top of the 

section of Tennessee and southwest Virginia. Elsewhere in the Appa- 

lachians the rigidity of the column is greatest near the base, although 

less so than in Tennessee and Vermont, while the upper part of the 

column is markedly weaker. By far the most rigid mass of rocks which: 

is visible, however, is the Precambrian. The resistance of granite to- 

_ compression is well known both in scientific tests and in natural phe- 

nomena. The strength of diorite and other plutonic rocks approaches: 

that of granite, and the Precambrian gneisses also have a relatively high. 
degree of resistance to deformation, their minerals being the same as 
those of granite and the individual grains being interlocked with each 
other. The thin seams of mica in the gneisses, and to a greater degree 
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in the schists, introduce some ease of motion, although not to the same 

extent as in sedimentary layers because of the interlocking of the min- 

eral grains. The fact that they did yield is obvious wherever the gneisses 

and granite were brought together in the Appalachian deformation. 

Yielding is equally obvious in the Triassic deformation where faults 

cutting 20,000 feet of strata or more were imposed on the Triassic sedi- 

ments by the Precambrian granites. Furthermore, it is shown in the 

numerous synclines of Paleozoic rocks infolded in the Precambrian. On 

all of these the trend of the Precambrian was imposed, as has been al- 

ready described. The overwhelming power of the thrust by the Pre- 

cambrian granites is shown by the fact that the greatest known over- 

thrust in the Appalachians extends visibly down into the granites which 

formed the overriding mass. Summing up, therefore, it seems clear from 

theory, from detailed observation, and from a variety of generalizations 

that the Precambrian granites were the rocks which transmitted the 

pressure to the Appalachians; that the more massive groups of the Lower 

Paleozoic sediments transmitted the forces upward and northwestward, 

and that the weaker beds which constitute the Middle and Upper Paleo- 

zolc were comparatively passive. 

The conclusions stated in the preceding paragraph appear to account 

completely for the phenomena of the closely folded belt of the Appa- 

lachians. In this belt the element of lateral shortening overshadows that 

of vertical uplift. The latter, however, is by no means inconsiderable 

but is to be measured in miles. The uplift as measured by reconstruct- 

ing the folds is from 5 to 10 miles or more, according to the region 

selected and to the principles followed in restoring the folds. This 

amount is to be compared with the 200 miles of lateral shortening already 

deduced. In view of this great shortening and the piling up which it 

must have caused, it is seen that from 5 to 10 miles is a conservative 

estimate of the heights to which the folds would have extended unless 

eroded. 

The proportion of vertical to horizontal motion changes rapidly north- 

westward and is reversed in the plateau region. In fact, the amount of 

lateral shortening on the various great domes like the Cincinnati, Nash- 

ville, Ozark, and Wisconsin uplifts is measured in thousands of feet. 

The Cincinnati dome, though often called an arch, has in reality such a 

sheht curvature (one or two degrees from the horizontal) that no known 

rocks could support themselves on this arch by their own strength. They 

must, therefore, in this arch and in similar ones, some gentler and some 

more pronounced, be supported by pressure from below. It is equally 

clear that horizontal pressure alone could not raise such an arch because 
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the beds are not competent to stand the strain. Furthermore, no ar- 

rangement of pressures can be determined which would focus on a single 

area from all sides so as to raise a symmetrical dome like the Cincinnati 

and other domes. | 

Still less is this possible when several domes are considered—for in- 

stance, the Cincinnati, Nashville, and Ozark domes. How is the pressure 

northward to the Cincinnati dome and southward to the Nashville dome 

to be derived from the narrow saddle between them? Similarly, how 

is an eastward pressure against the Cincinnati dome and a southwestward 

pressure against the Ozarks to be derived from the gentle basin of the 

Illinois coal measures? It seems necessary to conclude, therefore, that 

a considerable amount of vertical pressure was applied to raise these 

domes which could not raise themselves by horizontal pressure, yet these 

domes and their connecting basins fall so plainly into a system with the 

Appalachian major structures that we must conclude a community of 

origin for the respective forces. Where free, however, to assign different 

proportions to the two major elements of the forces, lateral and vertical, 

the only requirement in connecting the two kinds of deformation is a 

suitable means for transmitting the pressure and a suitable cause for 

localizing it under the respective domes. The medium is attained in the 

granitic rocks of the Precambrian. Three of the great domes, the Wis- 

consin, Ozark, and Adirondack domes, exhibit the Precambrian at their 

cores. The Cincinnati and Nashville domes do not, but there are no 

other differences, and this one appears to be due to their lesser height 

and thicker sediments, so that erosion has not yet exposed the granite. 

The cause of the vertical pressure will be discussed on later pages in 

connection with that of the horizontal pressure. 

The sum total of the Precambrian strength is so vastly greater than 

that of the Paleozoic beds that the Paleozoics inevitably had to yield 

when the pressure was applied. 'The effectiveness of the Precambrian 

rocks, moreover, was enormously amplified by their great mass which far 

exceeds that of any rigid unit in the Paleozoic section. 

THEORIES AS TO CAUSE OF DEFORMING ForcEs 

EARLY THEORIES 

The beginning of structural geology was made when it was recognized 
that beds now high above the sea were originally deposited on the sea- 
floor. A corrollary of that concept was that each stratum when deposited 
approached a horizontal position, just as do the beds now being formed. 
The departure of the beds from such a position was seen to require the 
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application of force. The first attempts to explain the great upheaval 

and tilting of the rocks were simply to call into being for each case a 

special convlusion of the earth. The various upheavals or systems of 

folded mountains were seen on closer knowledge to possess many features 

in common. The recognition of this led to the belief that there was an 

orderly system in the matter and that all folded mountain ranges and 

the larger deformations were produced in much the same way, although 

at different periods. With the introduction of this element of order the 

acquirement of knowledge of mountain-building became better directed 

and less speculative. Causes whose nature are unknown were in the main 

set aside and attention was chiefly focused on connecting with the prob- 

lem causes which were within the experience of man or could be justly 

deduced from the facts of observaticn. 

In recent years there are indications of a return to advocacy of causes 

which can not be determined to exist and which are outside of the realm 

of human experience. Speculation of this order has its merits, but its 

drawbacks are also obvious and may become an obstruction rather than 

a help to progress. The final test of all theories lies in the facts of the 

field, and any theory fails which does not satisfy that test. The number 

of theories proposed to explain mountain ranges is large; indeed, it is a 

tribute to the intelligence or ingenuity of man that so many different 

conclusions as to cause can be drawn from a given set of facts which 

appear at the outset to be simple. No attempt can be made to test the 

theories exhaustively in these pages, and only their major points will be 

discussed. The wide divergence between the theories shows that the 

field need not be considered closed to new ones. 

The first theory as to the cause of the Appalachian folds was set forth 

by Rogers, who hkened the folds to a set of huge waves, with the impli- 

cation that they were produced in succession and in a similar manner. 

This theory really did no more than to call on a special convulsion for 

them. Later theories were based in part at least on known physical 

principles and had their merits. They are of two general classes—first, 

those which depend on forces coming from outside of the earth and, 

second, those which rest on forces derived from the earth itself. 

The theories of the astronomical class have been repeatedly analyzed 

by mathematicians and astronomers and have been found to possess de- 

fects which are serious if not destructive. Such, for instance, is the 

theory that the moon was originally part of the earth, but parted com- 

pany from it as a result of a higher rate of revolution than now exists. 

The other conditions and results of such a separation are such that no 

credence is given to the theory in connection with mountain-building. 
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A modification of this theory of higher speed of rotation calls for the 

slowing down of the speed with a consequent approach to more nearly 

spherical form. Direct results of this process would be a vast series of 

folded ranges trending north and south across the equator and also a 

tremendous stretching of the crust in the vicinity of the poles. Since 

the crust of the earth shows no such plan, the theory fails to meet the 

test of facts in geography. Furthermore, it fails to meet the facts in 

point of time, for such a slowing cown of the earth’s revolution must 

have been gradual and its effects to a considerable extent rhythmical. 

No such rhythm is observable, however, for the. greatest deformations of 

the earth, those of Precambrian, Paleozoic, and Tertiary time, are sepa- 

rated by enormously different intervals. | 

Another cause assigned is that of variation of the attitude of the 

earth’s axis, with attendant changes in the crust of the spheroid. While 

variations appear to exist, they are not known to be large, and there is 

no demonstration, or perhaps even indication, that they affect mountain 

structure. In short, none of the theories of mountain-building which 

depend for their causes on factors of an astronomical nature satisfy the 

facts of geology and the calculations of physicists and astronomers. 

Among the various theories which depend in part on facts of observa- 

tion, the oldest is that of radial contraction of the earth due to cooling. 

Others are the theory of a tetrahedral form as a result of contraction: 

the theory of isostatic adjustment between crustal masses of unequal 

density; the theory of suboceanic spread, in which the suboceanic por- 

tions of the crust are thought to be denser than those beneath the conti- 

nents, which relation causes a flow of the suboceanic mass toward the 

continents so as to equalize the masses. All of these theories depend on 

gravity as the moving force. 

CONTRACTION 

The hypothesis that mountain-folding was caused by shrinkage of the 
earth on account of loss of heat has been discussed and supported by 
many eminent geologists. It is based on the fact that the earth radiates 
heat faster than it receives it from the sun, and on the supposition that 
there is no other appreciable source of heat. It is in addition based on 
the theory that the earth has been derived from a nebulous mass through 
various stages of condensation. The actual attractions of the nebulous 
particles for each other were finally combined in the solid earth into an 
effective force called gravity. Since the earth actually loses heat by 
radiation, it must slowly condense and contract. This change of volum2 
is most rapid at high temperatures, so that the cool outside or cruct of 

XXITI—BULL. GEOL. Soc. AM., Vou. 34, 1922 
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the earth is relatively more fixed in condition than the interior and is 

wrinkled on the more rapidly condensing interior. 

If the continuing loss of heat of the earth without replenishment is 

granted, there must be condensation and wrinkling of the crust. Grave 

doubt has been thrown on the fundamental assumption as to loss of heat 

by the planetesimal hypothesis of Chamberlin, which calls for a steady, 

though small, accession of meteoric matter that gives on impact some 

accession of heat. A further serious blow has been dealt to this assump- 

tion by the recent discoveries in radioactivity. Long before the theory 

had to meet these modern doubts, it encountered several major difficul- 

ties which were necessary consequences of the theory. 

Important among these obstacles is that of periodicity, whe has 

been a stumbling block to many other theories of mountain-building. 

If mountains were raised by contraction due solely or mainly to loss of 

heat, then the strains began and increased regularly. Since their relief 

by deformation was determined by the strength of the rocks, and since 

this strength can not be considered to have. varied from age to age, it 

follows that the stress should have increased rapidly to a certain point 

controlled by the rocks themselves and then been satisfied by deforma- 

tion. Then the process would have begun over again, and a notable 

periodicity in mountain-building would have certainly followed. There 

are those who advocate periodicity and rhythm in movements of the earth 

which were sufficient to produce important changes in the distribution 

of the sea and its animals, now recognizable in terms of era and system. 

There is no demonstration, however, that the various eras are of equal 

length or separated by equal movements. Far less is it the fact that the 

great mountain-building movements like that of the Appalachians are 

separated by equal periods or were of equal intensity. The tremendous 

difference in intervals and energy between the Devonian and Permian 

movements in the Appalachians is proof that they were not equal. In 

this general respect the theory fails. 

A deficiency of this theory, which is perhaps the principal one, is of a 

quantitative nature. In order that the folded mountain ranges may 

have been produced as the result of contraction, the radial movements 

must have been translated into horizontal movements of the crust. Many 

mathematical calculations have been made as to the time needed for con- 

traction through loss of heat to produce the observed horizontal move- 

ments in a given mountain range. These calculations have been based 

on such estimates of horizontal shortening as 40 miles for the Appa- 

lachians and 75 miles for the Alps. Even on the basis of such shorten- 

ing it has been recognized by geologists that the strain put on the theory 
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to satisfy such motion was very great, if not too great. Since, however, 

as has been shown on previous pages, single thrusts of 20 miles throw 

are known in the Appalachians, and thrusts are probable which on a 

single plane exceed the total contraction previously assigned to the 

Appalachians, it is evident that the theory has not been fairly tested in 

a quantitative way. When the theory is confronted with a probable 

shortening of 200 miles in the Appalachians, a situation results which is 

certainly serious for the theory. Geometry points out to us very simply 

that one mile of shrinkage toward the center of the earth will produce 

3.14 miles of horizontal shortening, if all the shortening is concentrated 

into one belt. Thus the shortening visible in the Appalachians requires 

that the crust shall have shrunk radially 63 miles. No calculations by 

physicists permit a shrinkage during the Paleozoic that even faintly 

resembles this, and studies by geologists have found reasonable perma- 

nence in the earth, instead of the vast changes that would ensue from 

such a shrinkage. 

While this process may have operated to a shght extent, it clearly is 

not the principal factor in Appalachian deformation. It should be borne 

in mind that this test of the theory applies to the deformation at the end 

of the Paleozoic. The principal detormation preceding that was in the 

Precambrian, so that only that shrinkage which accumulated during the 

Paleozoic was concerned in the Appalachian revolution. He would be a 

bold man indeed who would assert that during Paleozoic time the earth 

has shrunk 63 miles radially, or even a small fraction of that amount. 

On the contrary, the dynamic history of the earth during the Paleozoic, 

as interpreted by a great number of geologists and from many angles, is 

one of moderate movement, with two exceptions, and only slight modifi- 

cation of the landmasses. The general shape of the continents and the 

seas remain roughly the same. In meeting the test of Appalachian 

structure, therefore, the theory of radial shrinkage as a major cause of 

folding is seen to fail completely. 

SUBOCEANIC SPREAD 

The theory of suboceanic spread makes the fundamental requirement 

that beneath the oceans the density is greater than elsewhere, a relation 

that appears to be supported by a good basis of fact. The test of the 

validity of the theory is the arrangement of its results with reference to 

the oceans and the particular nature of the results from place to place. 

The general arrangement is in accord with the theory, in that great 

deformations have been and are marginal to the oceans. The detailed 

facts, however, are not so in accord. The Appalachians, for instance, 
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under this theory would have been thrust northwestward by spread of 

the sub-Atlantic crust. As a matter of fact, an important landmass lay 

to the east of them during the late Paleozoic. On the Pacific border of 

North America, while the mountain ranges border the ocean in accord- 

ance with the theory, their thrust is toward the ocean. Another require- 

ment of this theory is the permanence of the ocean basins, for if the 

density was originally sufficient under the Atlantic, for instance, to have 

caused the northwestward thrust of the Appalachians, such density would 

be expected to continue and could not be shown to have discontinued. 

A further deficiency in this theory is a quantitative one. Even if the 

utmost known differences in density of the crust are granted, a very 

hmited expansion landward in terms of miles is provided. This utterly 

fails to meet the requirement of 200 miles of horizontal motion in the 

Appalachians, for the distance from the center of the Atlantic to the 

Appalachians is not much more than 1,000 miles. The density differ- 

ences no doubt develop an enormous downward pressure, but the down- 

ward motion (and also the lateral motion) is limited by the compressi- 

bility of the rocks, which is of an order far different from 200 miles in 

1,000. Finally, if this suboceanic spread is to become especially active at 

the sea margin, the entire mass of the crust must be moved and its 

strength and its friction overpowered. 

Furthermore, this difference of density under the Atlantic must be 

assumed to have been pre-Paleozoic. Therefore, if deformation were 

simply a matter of suboceanic weight of solid rock, why did it wait for 

its action until the end of the Paleozoic era; or, if it were satisfied in the 

Precambrian deformations, what was left for the Paleozoic revolution ? 

In short, this theory as an explanation of the Appalachians fails to meet 

the quantitative test of the known distances, times, and physical constants 

unless another factor is introduced, as in the theory of batholiths. 

ISOSTASY 

Another theory of the production of mountain ranges has been strongly 
held by many geologists in recent years. This theory, proposed by Bab- 
bage and Herschel more than a century ago, was definitely put forward 
in 1892 by Dutton, and was supported by many geologists of note. This 
theory—that of isostasy—supposed that the lands rose because they were 
made lighter by erosion and that the sea-bottom was depressed by the 
growing load of sediments. In order that this process should be a con- 
tinuing and potent cause, Dutton postulated some sort of transfer of the 
underlying portions of the crust from beneath the oceans to a new place 
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beneath the land. In his view this lateral transfer was a complete cause 

for laterally folded mountains. | 

That such a tendency to lateral transfer exists can not be doubted, but 

the question arises as to the amount of this transfer. Is it sufficient to 

~ cause the great lateral shortening observed in folded mountain ranges? 

Dutton’s theory was deduced largely from his observations in the high 

plateaus of the west, in which the element of lateral shortening was so 

sheght that the lateral motion due to isostatic adjustment might perhaps 

have caused the observed geologic relations. The situation, however, is 

far otherwise in the case of the Appalachians and even of the eastern 

folded ranges of the Rocky Mountains. In fact, the difficulty of deriving 

sufficient motion from the differences in gravity due to unloading some 

thousands of feet from the land have been recognized by most students 

of the matter as very grave. This is so decidedly the case that most 

students have considered that, while isostasy may account for the broad, 

continental, or epeirogenic upswellings, it is inadequate to explain the 

ereat folded chains. Dutton’s view was exactly the opposite, however, 

for he concluded that isostasy did account for laterally folded mountains 

but not for continental uphfts. For the latter movements he found it 

necessary to postulate an unknown cause, perhaps expansion or contrac- 

tion of deep-seated bodies of magma. It is important to note that he 

considered some other factor to be operative in addition to isostasy. 

In very recent years there is a revival of this theory and even a decided _ 

expansion of it. Bowie in 1920 goes so far as to say that the theory of 

tangential thrust must be given up in favor of one more modern and 

more in accord with the facts, and that the mountains resulted from 

vertical movements due to expansion. He also accepts the existence of 

other means of deformation than isostasy. The most recent advocates 

of isostasy claim that its action is complete and that the earth densities 

are perfectly and continuously compensated. It is not possible to discuss 

in this paper the mathematical and physical basis of the theory; it has 

its strong points, but also its weaknesses. It must, however, meet various 

conditions established by the visible data of geology, and by them must 

be gauged its success in explaining mountain structures. 

Looking at the process of isostasy from the theoretical standpoint, one 

is led to question whether actual movement did result from these 

pressures due to differences in load, and, also, if such motion took place, 

in what part of the crust it would be—in its upper portions or very 

deeply buried. The probability of actual movement is affected funda- 

mentally by the nature of the materials themselves. If the crust had 

the fluidity of water, adjustments would be almost instantaneous, and 
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the high and low spots of the crust would cease to exist. If, however, the 

rocks had the elasticity of a steel spring, an enormous amount of pressure 

might be stored up to be later released under favorable conditions. Such 

movements, however, would be strictly limited by the capacity of rocks 

to be condensed and later to expand when free. That rocks can be con- 

densed and do expand when free from pressure is well known, and the 

process has been observed many times in quarries and engineering works. 

The amount of these motions, however, is very small and is doubtless 

much less than one per cent of the linear dimensions of the body con- 

cerned. The 200 miles of shortening in the Appalachians would thus 

require more than 20,000 miles of background, if this alone were the 

cause. It is therefore seen that this process of compression and release 

does not even begin to account quantitatively for the great lateral move- 

ments of the crust. . 
Another cause appealed to as an agent in support of isostatic adjust- 

ment is the increase of heat due to the blanketing of the ocean bottom 

by the strata and the consequent rise of the isogeotherms and expansion 

of the bottom. This cause, however, can hardly be considered to favor 

the process because it diminishes the density of the rock where it oper- 

ates. Similarly, erosion of the land lowers the surface and is considered 

to bring the underlying heated beds nearer the surface, thus facilitating 

expansion and uplift. In this case, too, the rise of isogeotherms would 

be counteracted by increased loss through radiation. The lowering of | 

the surface might even be so slow that the radiation loss would be suffi- 

cient to maintain the position of the isogeotherms. Here, too, the 

amount of expansion due to increase of heat is a very small matter, even 

at the surface where expansion is not checked. At depths beneath the 

surface, however, how can it be said that there will be any expansion 

due merely to a few degrees of increased temperature? It is more likely 

that the expansion is potential and is absolutely stopped by the infinitely 

greater force of gravity. Actual expansion is also definitely limited, for 

no rock can expand if in so doing it must move other rocks and exert a 

pressure greater than its own crushing strength. 

As was stated above, there can be no doubt of the tendency of the ocean 

bed to sink under load and of the denuded land to rise. The theory 

requires that the flow from sea to land be deep-seated, and it obviously 

does not occur near the surface. Deep-seated flows must, however, en- 

counter the obstacles of friction and rigidity, which inevitably increase 

downward. The deeper the flow, therefore, the greater is the demand 

made on the original slight differences of gravity in order that they may 

really function as a cause. It would seem as though it would require a 
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very large piling up of sediment before the gravity differences would be 

great enough to overcome the friction and the strength of the rocks and 

thus to operate. The actual piles of strata known to us are from 20,000 

to 30,000 feet thick at the most. These masses are found only in narrow 

‘belts 50 to 100 miles wide near the sea margins. Away from the maxima 

the totals diminish rapidly and a thickness of one mile might be con- 

sidered a fair average for the general area of deposition. It must be 

admitted that this is a small agent for producing the enormous disloca- 

tions and transfers of the crust in folded mountains. 

It has often been pointed out that the crust is capable of supporting 

ereat loads, and it can not be denied that it is strong enough to support 

large groups of high mountains above the general level. There are two 

such areas in the Appalachians, each containing about 2,000 cubic miles 

of matter above the adjoining valleys. The rocks concerned are Pre- 

cambrian granites, diorites, and gneisses of very high specific gravity, 

and they pass without change from the mountains down into the adjoin- 

ing lowland. It is obvidus that the earth’s crust there sustains large 

overloads of heavy rock, yet the mountains have not only been carried 

but have risen no less than 4,000 feet since the Mesozoic. This rise was 

accomplished in five distinct stages, which indicates that the crust could 

not only raise and support the load but that it could hold it through 

five long periods of rest shown by as many successive peneplains. The 

rigidity of the crust thus shown indicates clearly the order of resistance 

that must be overcome by the weight of a mile-thick layer of sediment 

before isostasy can act. 

Granted, for the sake of argument, that the initial gravities do differ 

sufficiently to start the isostatic process, what, then, is to stop it? As 

the deficiency of mass under the land was supplied by the underflow the 

Jand would continue to rise, continue to be worn, sediments would con- 

tinue to be deposited, and the sea-bottom would continue to descend. 

This appears to be a process which is necessarily continuous if once 
started, and it has the advantage of requiring only transfer of and no 

final loss of matter, of heat, or of any force. 

This continuing process, however attractive it may seem, is easily sub- 
jected to the test of observed geologic facts. Do the oceans continue to 
deepen and the land continue to rise or not? The facts of geology em- 
phatically say that they do not. Not only is this process not continuous 
but it has been repeatedly reversed. Great areas of sea-bottom in the 
Appalachians and elsewhere have been laid bare and their sedimnts worn 
away, even after deposition had been long established. Again and again 
during the Paleozoic this has occurred. A case of it followed the Silu- 
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rian, wherein the deep basin filled with Cambrian and Ordovician sedi- 

ments was raised above the sea and there remained until the latter part 

of the Devonian. While erosion was going on at the south deposits were 

still formed in the basin at the north. A similar event took place, but in 

the opposite direction, when the sediments of the Mississippian were ex- 

posed by the rising sea-floor at the north and worn away, only to be again . 

depressed and receive another load of sediments. The maxima of uplift 

are opposite in the two cases. 

The bearing of these movements is this: While the sedimentary basin 

was actually above land, what started it again on its downward course ? 

Surely not any fresh deposition of sediment, because there was no such 

deposition until after the depression began. Further, while it was be- 

neath the sea and being loaded more, why should it rise in spite of the 

added load? During the Pennsylvanian the deposits of the coal measures 

were laid down in a basin deepening with great steadiness and slowness, 

as evidenced by the successive beds of coal and their land flora. Why, - 

indeed, should the land have been depressed at all, if isostasy was the 

eause of uplift of the land? How could deposition have started unless 

some force had provided a basin? 

The most striking case of all was at the beginning of the Upper Cam- 

brian. For untold ages the Precambrian granites and gneisses of half 

the continent had been eroded from the land and their waste carried 

eastward into the sea. Then, half of this region sank beneath the sea 

and a new land, Appalachia, rose from the waves of the east. If isostasy 

ruled, why did the land and sea reverse their positions? What depressed 

the land when it had suffered a maximum of erosion, and why did the 

sea-floor rise in spite of an ever-increasing load? Obviously, not on ac- 

count of isostasy but in spite of it, for the results are the opposite of 

these of isostasy. It remains for us to conclude that another cause more 

potent than isostasy lay at the root of these movements and that its 

major effects were at times hindered and at times helped by the action 

of isostasy. 

To sum up, there are eight chief obstacles to acceptance of the theory 

that isostasy caused the folded mountain range: First, isostasy is not in 

itself an initiating cause, but requires some other force to start its oper- 

ation. Second, isostasy is a continuing process; therefore it requires 

some outside force to stop its action; such stoppage is known to have 

occurred repeatedly. Third, the factors which are appealed to as main- 

taining isostasy are differences of density and gravity so slight that they 

can be readily overpowered by other causes; that they were so over- 

powered is clear from the repeated and vigorous reversals of isostasy 
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shown by uplift and depression of the crust. Fourth, the existence of 

peneplains, or surfaces of erosion produced during a long period of quiet 

on the land, disproves the idea that the land is continually in flux and 

completely responsive to isostasy. Fifth, the mechanism appealed to for 

a shift of the vertical force of gravity into horizontal motion is a very 

deep-seated underflow of rock from sea to land. This is a wholly hypo- 

thetical arrangement and must remain so. All that our observation tells 

us is that lateral folding is most pronounced in the great piles of sedi- 

ment, which are seldom more than five miles deep and in a few miles of 

closely underlying granite and gneiss. Sixth, the differences in density 

brought out by pendulum and plumb-line observations have yet to 

undergo careful and detailed comparison with the facts of geology. 

Seventh, the sediments whose transfer initiates isostasy are only thick 

near the sea margin; their maximum thickness is rarely over five miles 

and their average is a mile or less for the area of deposition concerned. 

This load is supposed to overpower the crust and to cause huge transfers 

of material; in the case of the Appalachians this transfer is of the order 

of 4,000,000 cubic miles. Highth, the thick sediments whose weight is 

supposed to depress the sea-floor and cause the underflow are the very 

masses which are folded and raised the highest; this is truly an achieve- 

ment in dynamics. 

_ In the matters just mentioned there is a serious lack of agreement be- 

tween theory and observation. It is therefore logical to conclude that 

isostasy is not the cause of folded mountain structure. That conclusion 

does not, however, deny or even cast doubt on its action in a minor way 

to reduce and perhaps remove inequalities produced by the action of 

major forces. 

GHOSYNCLINES 

It has been said by some writers that the accumulation of sediment in 

geosynclines was the cause of folded mountain structure. This, how- 

ever, 1n so far as the association of folding and geosynclines is true, is 

merely one step in the line of causation. The thick deposits in the syn- 

cles merely serve by their easy folding to localize the deformation. 

Far back of that hes another cause which produced the geosynclines 

themselves. 

As has been shown, the geosynclines and the strongly folded belt are 

only coincident in a general way in the Appalachians, and the result in 

the location of the folded belt would have been practically the same, 

even if the great mass of Carboniferous deposits in the geosynclines had 

not been laid down. The geosyncline as shown in the Carboniferous 
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deposits lies west of the main folded belt, although the latter is com- 

monly understood as the position of the main geosyncline. There is 

considerable complexity, however, in the position of the geosyncline and 

it was not the same at all periods. In Algonkian time it lay to the east 

of the present main uphft of the Appalachians; in Lower Cambrian time 

it lay slightly farther west, about the middle of the folded belt. In the 

Upper Cambrian and Ordovician it was still farther west, but it was 

still in the folded belt. The Silurian, Devonian, and Mississippian geo- 

synchnes had about the same position, as stated above, mainly outside of 

the strongly folded belt. 
Thus, the position of the geosyncline progressed westward from Algon- 

kian to late Carboniferous time. After the Appalachian revolution the 

reverse is true, the Triassic geosyncline lying, for the most part, east of 

the strongest Appalachian deformation, while the Cretaceous and Ter- 

tiary geosynclines were entirely outside of it to the east. Where the 

thickest deposits of the various geosynclines overlapped and piled up on 

each other, or, in other words, about where the great Appalachian Valley 

joins the Appalachian Mountains, there was presented the greatest op- 

portunity for deformation, both in the amount of the sediments and in 

the position of the rigid Precambrian floor. It is hardly necessary to 

say that in that position is found the greatest deformation, including the 

principal anticline of the Appalachians, the great border thrust faults, 

and the metamorphism of the rocks. 

In Algonkian and early Cambrian time the sea lay to the east and 

land to the west. This was reversed in the Upper Cambrian and was 

continued through the Lower Paleozoic. In the Upper Cambrian, there- 

fore, there began the rise of land on the east, which was the real beginning 

of the movements culminating in the Appalachian revolution. <A similar 

but reverse movement took place in the Mesozoic and Tertiary times and 

appears to be still going on. These major movements—that is, the uplift 

of the Lower Cambrian geosyncline and the depression of the Lower 

Cambrian land on the west—have already been mentioned as directly 

the opposite of the results which would follow from isostasy if that were 

the only cause. The same is true of the great reverse movement of the 

Mesozoic and later times which submerged the old land of Appalachia — 

and raised the geosynclines, which had been receiving sediment during 
most of the Paleozoic. 

To sum up, the geosynclines and geanticlines were begun, were in- 
creased, and then were reversed in their relative positions, not once but 
again and again. Thus we are led to nearly the same conclusion for 
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geosynclines as for isostasy—that is, some greater force caused them and 

ended them. 

The same general relations militate with almost equal force against 

the theory that geosynclines caused mountain folding, for it is clear that 

‘the establishment of a geosyncline in one region was no bar to the shift-. 

ing of it in later times into different and even distant regions. Nor was 

it a bar to transformation of a geosyncline of deposition into a landmass. 

There were, therefore, other forces at work which produced geosynclines, 

shifted them, and even reversed them. These forces were the ones that: 

finally caused the great folding; their early manifestations were the geo- 

synclines and their associated geanticlines. .The geosynclines played 

their part in mountain-building, however, for their thick deposits gave 

opportunity for and character to the folding. The depressions of the 

rigid crust in the geosynclines helped to determine the position of fold-. 

ing, but they were themselves the expression of an already active force. 

CONTINUITY RELATIONS 

The relations of the various hypotheses to the element of time is most. 

important. The facts of geology determine the relative position in the 

time scale of the great movements of the crust. These are not continuous 

but are periodic and separated by unequal intervals; they are not of equal 

force but they differ as 100 to 1. Presumably, therefore, their causes 

differ in nature or amount. The forces appealed to for diastrophism are 

continuous, however, the sole exception being the partition of the moon: 

from the earth, as suggested by some writers. The possibility of parti- 

tion, as worked out by mathematicians, puts it far back of the Paleozoic, 

so that it is not a competent cause in post-Paleozoic deformation. Nor: 

could a capture of the moon by the earth, as has also been suggested, 

account for more than one of the great diastrophisms. It has not yet 

been suggested that the partition of the moon caused Paleozoic diastro-. 

phism and its capture again caused that of the Tertiary. 

While the various oscillations during the Paleozoic may be appealed to. 

as evidence of the storing up of forces to be later released, these pre- 

hminary movements are wholly out of scale with the final movement. 

What we should expect from a storing up of such forces as contraction, 

which is of steady growth, would be rhythmic action with its culmina- 

tions of roughly the same intensity. This is for the reason that the ma- 
terials of the crust have not changed their character materially since the 
beginning of Paleozoic time. Their capacity for storing up strain, there- 
fore, had a definite maximum, and release should have oceurred whenever: 
that maximum was reached. It should not have been distributed through. 
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minor episodes with a tremendous maximum at the end, as was actually 

the case. 
In the element of continuity, therefore, the forces called on and the 

visible effects differ greatly. The continuity should be apparent not only 

in time but in space. In regard to space, however, the evidences of 

diastrophism are far from being uniform or world-wide at any one time. 

The Tertiary revolution approached that condition, but the preceding 

ones of the late Paleozoic were distinctly limited and variable. It can 

not be seriously questioned that the contraction of the earth was greater 

in the immense period of Paleozoic time than it was in the far shorter 

Mesozoic, and the same is true for any other continuing cause. Yet the 

effects attributable to pre-Mesozoic deformation are less widespread 

than are those of the Tertiary, although we should expect the opposite. 

Practically all of the theories depend on some continuing factor, like 

contraction or difference of gravity. They require, therefore, both in 

time and space, a simple, steady, storing up of strain. This is a con- 

tinuous process and its release should be rhythmic—a condition which is 

distinctly opposed by the large facts of mountain-building. This situ- 

ation indicates, therefore, that there is another factor in the equation 

which need not be of gradual or steady growth and which operates from 

time to time with an excess of vigor. What the nature of this cause may 

be will be discussed on later pages. , 

CONTINENTAL CREEP 

In recent years several theories of mountain-building have been put 

forward which may be classed as theories of continental creep. They are 

characterized by the enormous amount of shding or creeping which they 

attribute to the continental masses. The first full expression of this sort, 

although not the earliest mention of it, was made by F. B. Taylor in 

1910. He figured the crust of the north half of the earth as having 

moved southward away from the North Pole for hundreds and even 

thousands of miles, and stated that this theory was an expansion and 

modification of the ideas of Suess. | 

In Suess’s theory of 1884-1885.the mountain ranges of Asia, for in- 

stance, were considered to have developed around the circumference of a 

“vortex” or central area in southern Siberia, the oldest ranges being 

nearest the vortex and the youngest at the outside. Thus the crust was 

supposed to have moved in general southward in successive sections and 

at different times. The foundations of his idea were the southward over- 

thrusting visible and the trend lines or arcs of the Asiatic mountains. 

No explicit statements were made by him about the cause of the pressure 
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required, the amount of the individual movements, or the thickness of 

crust affected. 
At the same time, 1885, W. B. Taylor promulgated a theory that 

mountain-folding was due to a slowine down of the earth’s rotation. 

’ This acted by raising the polar areas to such an extent that gravity pulled 

the excess matter toward the equator and folded parts of the crust. 

Since the circumference of the earth at the equator was reduced at the 

same time, there must have been an east-west compression making north- 

south mountain ranges. In assigning a cause for the slower rotation, 

Taylor adopted the idea that the friction of the tides was responsible. 

The probability of this as a cause had long engaged the attention of 

astronomers ; it had been rejected by Fisher in 1881, and Ferrel had con- 

cluded from astronomical observations that there had been no retardation 

of consequence in a million years. ‘Taylor further calculated that the 

change in revolution necessary to account for the amount of crustal 

shortening, which he estimated to he 10 per cent of the original length, 

would require a former revolution of the earth in four hours. Cham- 

berlin later (1909) arrived at similar conclusions regarding the position 

and trend of mountain ranges. 

According to F. B. Taylor’s thecry of 1910, the whole crust between 

the north polar regions and the island loops of the East Indies moved 

southward as a mass. In Asia the horizontal motion was least in the 

Himalayas, where the moving crust encountered the buttress of the 

Indian Plateau, and it was greatest in the East Indies, where motion 

was unobstructed and is stated to have been in the vicinity of 2,500 miles. 

The immensity of this transformation was recognized by Taylor, and no 

cause except one of the highest order—that is, astronomical—could be 

considered sufficient. Accordingly, he postulated that the earth’s revo- 
lution was increased, with a tendency to settling of the polar areas and 
elevation of the equatorial belt. 

The mechanism by which this polar change was transmuted into a hori- 

zontal motion of 1,000 to 2,500 miles was conceived by Taylor to have 

been a plane in the earth’s crust dipping at a low angle toward the 

equator; down this plane a part of the crust of the earth was supposed 

to slide under the influence of gravity. Reyer had already (1888) pro- 

mulgated a simpler theory of creep, in which he considered that the sedi- 

ments were folded by a simple sliding down the slope of the ocean basins. 

The earher discussion by W. B. Taylor had not gone into the difficulties 

of the shding process or the means of accomplishing it. All forms of the 

theory pass over the element of friction, which must have had a com- 

pelling influence. Near the surface of the earth this absolutely stops 
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motion on planes of any such angle as are contemplated in the theory, 

while at depths there can not fail to be an increase with the load, what- 

ever may be the modifications of the principle. The difficulty raised by 

friction is more important in the case of the F. B. Taylor theory, because 

the assumed plane of motion must pass deep into the more rigid parts of 

‘the crust. 

The space relations of the F. B. Taylor theory are in reality a chief 

obstacle to its acceptance, although its author states that it is founded on 

the trend lines of mountain systems and their space relations, just as was 

the theory of Suess. The diagram presented by Taylor to show these 

‘space relations was drawn on the Mercator projection, which renders it 

easy to think of unlimited areas north of the continents. From such 

areas the crust of the earth is indicated in the diagram as having moved 

southward. In his map of the polar regions, however, drawn on the 

nearly true scale, this unlimited northern area is seen to be a small affair 

in comparison with the areas of the continents surrounding it. It is, in 

fact, hardly larger than the area directly inclosed in only one of the 

‘Tertiary mountain loops—that of the East Indies. Since the thickness 

of the moving crust increases southward, the mass which moved in the 

Kast Indies must have been enormously greater than the’ mass of equal 

area near the poles. Even assuming that it was no greater, and sub- 

tracting from the polar area the mass inclosed in the East Indian loops, 

nothing is left to satisfy the enormous motions which are postulated for 

the rest of the world; no source would remain from which such motion 

could emanate. Granting, for the sake of argument, that the motion did 

start radially from the poles, a very few miles of motion of all the north- 

ern continents would create such a hole in the polar region that the 

gravity relations would be totally reversed and motion back toward the — 

pole would be compulsory. 

While the theory appears to receive strong support from the mountain 

trend lines, the hypothesis of southward creep of the continents is not 

the only conclusion that can be drawn from them. Hobbs, on the con- 

trary, concludes precisely the opposite—that is, that the mass of Asia 

remained stationary, while the suboceanic mass pressed northward 

against it and was thrust beneath it, raising the mountains around its 

margin. Taylor states that the crust of the earth moved like a field of 

ice, crushing against obstacles, such as the Indian Plateau, and flowing 

past them in sweeping curves. This, however, is only an illustration, 

and the conditions of the two operations were so different as to leave it 

little value as an argument. In ice and rock the melting points and 
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friction are of a totally different order, and even in glaciers a consider- 

able grade is required to initiate motion. 

The actual argument from example which can be made for the Ter- 

tiary ranges is that of overthrusting. In many places, in Asia, for in- 

stance, the thrusting is from the north in accord with Taylor’s theory; 

in other places it is from the south, as in the Alps of Europe, the Atlas 

ranges of Africa, and the mountains of northern Venezuela and the West 

Indies. Thousands of miles of the Tertiary ranges of North and South 

America are thrust toward the west, while important movements of the 

same age in the eastern Rocky Mountains were thrusts to the east. Tay- 

lor states that these are minor matters, and that the theory must be 

judged by the trend lines. Suess, however, recognizes these northward 

movements and concludes that they are derived from northward move- 

ments of one vortex in Africa and another in South America. It would 

seem that if a certain conclusion is drawn from certain facts in Asia, 

scientific principles demand a like conclusion from like facts in Europe 

and America. 

As evidence of an actual separation of the northern continents from 

the north polar region, Taylor cites the outlines of the west coast of 

Greenland and adjacent portions of Labrador and the northern islands. 

According to Taylor, these coasts are linear and the lines of Greenland 

fit into those of Labrador, etcetera, to a marked degree, thus indicating, 

in his opinion, an actual partition of Labrador (and North America) 

from Greenland. Such a movement is, however, by no means the only 

conclusion to be drawn from such a parallelism, even though it be exact. 

If these straight coastlines are due to Tertiary breaks of one kind, they 

may be due to Tertiary breaks of another kind, and may be ordinary 

normal faults of Tertiary age. They may not be related to the Tertiary 

at all but may be Triassic faults. If man had been present during the 

closing stages of the glacial epoch he would have seen in the Connecticut 

Valley of New England a complete, though small, analogue of Battin 

Bay, which now separates Greenland from Labrador. He might have 

concluded, therefore, that the crust of western New England had parted 

from that of eastern New England. Now that the glacial waters have 

receded from the Connecticut Valley, we can see, not that the crystalline 

rocks east and west of it have been dragged apart, but that a block of 

them capped by the Triassic has been faulted down between them. A 

similar explanation is perfectly reasonable and perfectly satisfies the 
known facts of Baffin Bay. | 

Furthermore, assuming that Labrador did recede from Greenland, 

what is the significance of the hole 200 or more miles wide which was 
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left between them? The depth of this hole is now 13,000 feet at the 

most, which is less than the depth of the Triassic floor in the Connecticut 

Valley. According to this theory, the present floor of Baffin Bay must 

be assumed to be somewhat nearly the floor on which Labrador receded 

from Greenland. This leaves for the thickness of the moving crust some- 

thing between two and three miles. In order that this mass should shde 

southward in response to gravity, either the sliding plane must have an 

angle so high as to be inhibited by other facts, or the rocks of Labrador 

must have been drawn along from regions where the plane was at a high 

angle and must have been possessed of a tensile strength such as no rocks 

are known to possess. In short, the value to the theory of this assumed 

motion of Labrador is only that of a parallelism in outlines, a relation 

which may equally well have been produced by other means. Therefore, 

the relations of Labrador and Greenland, being susceptible of other inter- 

pretations, do not furnish positive proof. 

No other evidence is given by Taylor in support of this theory, and, 

in fact, some of the,evidences of direction of motion are set aside by him 

as immaterial. His case confessedly rests solely on the great trend lines 

of the Tertiary system, which phenomena can be explained in other ways 

and are so explained by geologists. A complete acceptance of Taylor’s 

theory involves the acceptance of such extreme conclusions regarding 

amount of crustal transfer and of areas from which the transfer took 

place that the theory as it stands can not be accepted. It further in- 

volves a retardation of the earth’s speed of revolution between the Car- 

boniferous and Tertiary, of which there is no known evidence and for 

which there is no adequate cause. Retardation and slowing down caused 

by tidal friction have been appealed to by numerous investigators to 

change the speed of revolution, but critical examination of tidal effects 

by competent physicists and mathematicians has led to the conclusion 

that its probable effect is either nil or exceedingly slight. Therefore, to 

sum up, it seems that Taylor’s theory of sliding of the continents from 

the North Pole down the hill caused by changing revolution of the earth 

rests on trend lines, which may be explained in other ways: it requires 

extravagant motions of enormous masses, it does not provide an adequate 

place from which they may have moved, and it assigns a cause of which 

there is no evidence and which probably did not accumulate and exert 

itself during Mesozoic time. Finally, the mechanism which he suggests 

+o convert the radial pull of gravity into horizontal motion of the crust 

for hundreds of thousands of square miles meets in friction an obstacle 

to its acceptance which appears insurmountable. 

The latest form in which the hypothesis of continental creep has ap- 
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peared is that of Wegener. In this hypothesis the crust of the earth is 

viewed in much the same way as in the Taylor hypothesis and is con- 

cluded to have moved freely for enormous distances. The direction of 

movement, according to Wegener, was from east to west instead of Tay- 

lor’s north to south movement. While Taylor appealed to the outlines 

of Greenland to show separation of the mobile from the stationary crust, 

Wegener cites the shape of the western coastline of the Atlantic as com- 

pared with its eastern coast as an indication that the western hemisphere 

parted company from Europe and Africa and slid westward some 2,000 

or 3,000 miles. The resemblance of outline on opposite shores of the 

Atlantic has been noted for centuries, but it is very crude and general 

and its discrepancies in detail are so huge—700 miles in the North At- 

lantic, for instance—that its value as evidence must be very slight. Be- 

fore it can be accepted as any kind of proof it must be shown that there 

is no other explanation of the similarity. 

Wegener’s conception of the relations of land and sea is as follows: 

The continents consist mainly of masses of light rocks, sial, resting on a 

lower mass of heavy rocks, sima, which form a sort of shell beneath the 

seas and the continents. The rigid sial is supposed to be pulled over the 

yielding sima toward the equator by gravity acting on sial. In moving 

equatorward the continents acquire a westward lag or drift as they pass 

into belts of higher speed of revolution. 

The reader may well wonder why the continents are not all near the 

equator, after some hundreds of millions of years of this process, instead 

of occupying their actual positions away from the equator. Yet the 

continents could not escape the equator in the end, because there would 

be no westward lag at all unless there were first some actual motion 

toward the equator. The combined movement must, therefore, have 

some southerly component which could end only at the equator. It is 

also questionable whether there would. be any westward lag. If the south- 

erly movement were rapid there would, of course, be a lag, but the motion 

must have been very slow, as the forces were very slight, and the entry 

of inertia and friction into the equation might well overcome all the 

tendency to lag. 

The force called on to produce the southward motion is the slight pull 

of gravity on the protuberance of the continental sial over the sima. 

This has recently been calculated by Lambert from the respective densi- 

ties and found to cause a horizontal pull of one millionth of an atmos- 

phere. In his opinion, this amount should be between one million and 

one hundred million atmospheres in order to be effective. 

XXIV—BULL. GEOL. Soc. AM., Vou. 34, 1922 
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The existence of any pull whatever on account of a protuberance de- 

pends on Wegener’s assumption that the sima underlies the sial beneath 

the continents. This is not supported by evidence, but rather is the con- 

trary probable, for the deepest parts of the crust which are exposed by 

erosion are characteristically granite—that is, sial. Furthermore, the 

great batholiths which have come up from still greater depths are in 

most cases granitic, or sial. Even granting that the sima does underlie 

the sial, there is no ground in the facts of geology for Wegener’s further 

assumption that the sima would be readily pushed aside by the sial or 

would furnish easy shding for it. 

It must be recognized, furthermore, that any cause assigned for this 

huge translation must have come into being since Tertiary time, because 

the Tertiary ranges of Europe and of northern Africa are cut off at the 

eastern Atlantic coast where North America is supposed to have parted 

from Europe. If Spain and adjoining Africa could be forced into con- 

tact with North America, it would be found that the Tertiary ranges of 

Spain and Africa trend about east and west and are strongly folded, 

while in America there is only slight tilting along lines trending north- 

east and southwest. The same relation would obtain if the Appalachians 

in Newfoundland were forced into contact with the same system in Great 

Britain. The American structures trend nearly north and south, while 

those of Great Britain trend about east and west. These complete dis- 

cordances of structure on opposite sides of the Atlantic are supported by 

others to such an extent that it is clear that visible structures are in 

direct contradiction to the theory. 

The relation of the Tertiary ranges above described reduces the possi- 

bilities in the way of cause to such as may have grown during the Qua- 

ternary. An examination of the Quaternary beds of eastern North 

America, however, which must under the theory have moved more than 

2,000 miles, shows that they are almost undisturbed. It is inconceivable 

that such a tremendous transformation could have taken place without 

enormous dislocations and upheavals of the Quaternary and Tertiary 

beds. From the observed Pleistocene structural geology this theory re- 

ceives only a flat contradiction. 

Wegener cites in support of his theory certain resemblances of faunas 

in regions that are widely separated, the argument being that because 

they are very similar they must have been deposited close together. The 

fallacy of this argument is readily shown by the facts. Suppose that the 

Cretaceous beds had overlapped the Appalachian system a little farther 

and had covered the central part of it. Wegener would then have been 

justified in assuming, for instance, that the range had been pulled apart 
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for 1,000 or more miles, because the faunas are the same on both sides 

of the gap. Appalachian faunas, however (and others as well), extend 

for two or three times that distance with little change, so that mere 

amount of separation affords not the slightest ground for Wegener’s 

- argument. 

The hypothesis apparently must, therefore, fall back on a cause which 

is of the order of the special convulsion of nature appealed to in the 

early stages of geologic work. Such a convulsion, which affected a whole 

hemisphere, could have no probable cause except one of an astronomic 

nature. A cause of similar nature is mentioned by him in the form of a 

shifting of the poles. Such a change has long been considered by astron- 

omers and physicists, with the conclusion that it can not be conceded to 

have taken place, in view of astronomical data, at a date recent enough 

even to approach the period required by this hypothesis. 

SUMMARY OF THEORIES 

In summing up the main points of the various theories of mountain- 

building, it appears that all of them are opposed by one or more of the 

great geologic facts, while most of them receive support in some direc- 

tion. All of the theories so far proposed depend mainly on some cosmic 

factor. The principal factor of this kind is gravitation; others of im- 

portance are the secular loss of heat, a change in the rate of revolution 

of the earth, and a shifting of the axes of revolution. Some theories 

combine several of these factors, and they do so with the more or less 

plain desire of making up for shortcomings in the quantitative results 

of any one of these causes acting alone. The principal deficiency is in 

connection with the horizontal motion so plainly evident in the folded 

ranges. Another great discrepancy lies between the continuity of the 

forces and of the results, while a third obstacle is in the friction involved. 

The deficiency of horizontal motion which would follow from the old 

hypothesis that folding was due to condensation of the earth and radial 

contraction has long been understood. Numerous calculations have been 

made as to the amount which would follow from condensation due to 

loss of heat. These calculations are based on the observed increase of 

heat downward in the earth and the known conductivities of the sub- 

stances of the crust and of the atmosphere. There is general agreement 

that the amount of lateral shortening obtainable in this way was seriously 

short of the requirements. The earth is no doubt shrinking, and this in 
time causes lateral compression. The time allowable in the case of the 
Appalachians is only that of the Paleozoic, for the Precambrian deforma- 
tion must be considered to have absorbed earlier shrinkage. It has been 
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found, however, in calculating the shrinkage necessary to account for the 

folded mountains, that Paleozoic time supphes only a small fraction of 

what is necessary. The time required is so great that other major differ- 

ences are entailed, such as speed of revolution and its results. Further- 

more, the great relations of ocean and continent were so substantially 

the same during the Paleozoic that geologists can not admit major 

changes of the earth’s plan during that era. If new calculations are 

made, based on the true amount of Appalachian shortening, the discrep- 

ancy will be thrice as great. The same quantitative difficulty is met by 

the advocates of lateral thrust from the sea-floors. This also is under- 

stood to go back to contraction of the earth for its cause. This theory 

is, therefore, subject to the same limitations of quantity as are the older 

theories depending on contraction. It must be conceded, however, that 

there is some lateral thrust from the sea-floors, unless all contraction of 

the earth is denied-and unless the greater density of the crust beneath 

the seas is disputed. 

No such troubles disturb the advocates of continental creep. Taylor’s 

theory calls for a southward movement of 2,500 miles in the Malay lobe, 

while Wegener bespeaks 3,000 miles of westward travel for South Amer- 

ica. Wegener thinks that North America has crowded over against Asia, 

but the connection of Asia with America through the Aleutian Islands 

is one of the most beautiful structural units of the globe and clearly per- 

mits of no accidental piling up of America on eastern Asia. The buoy- 

ancy of America on the sea of sima was not shared by Asia, for some 

unexplained reason, so that Asia was left in the lurch. “Westward ho!” 

for America is thus of venerable antiquity. The quiescence of Asia, how- 

ever, does not appeal to Suess, who assigns to Asia the active and oft- 

repeated role of a vortex of diastrophism. ? 

It should be borne in mind that the theory of lateral movement of 

great masses is not new; it is the necessary consequence of the shortening 

observed in mountain ranges. The present theories of continental creep 

merely extend the movement over vastly greater areas than older theories. 

All of the theories, however, unite in one thing: they regard Africa and 
India as negative elements; even the Wegener theory, which pushes the 
continents around so freely, has left Africa unmoved. During the 
troublous times of the Quaternary, according to the Wegener theory, 

Africa may thus have afforded a safe refuge for the preservation of man, 

and the theory should have pointed out the desirability of search there 
for Tertiary man. The present backward condition of the African races 
might thus be traceable to their freedom from diastrophism and _ its 
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injurious results. It further indicates the wisdom of the selection of 

central Africa as the site of the Garden of Eden. 

The hypothesis of a change in rate of revolution must account for a 

probable lateral shortening of the crust of about 10 per cent, according 

~to W. B. Taylor. This would necessitate an enormously higher initial 

speed, such that the day would have been only four hours long. If, for 

the sake of argument, this were granted in the case of the Tertiary fold- 

ing, what would be left of the day, for a similar change would be re- 

quired for the Carboniferous, and still other changes for the Precam- 

brian? The hypothesis advocated by W. B. Taylor in 1885 (slower revo- 

lution and raising of the poles) depends on this very factor. Postulating 

an increased revolution, F. B. Taylor, in 1909, attributed to it an east- 

west belt of folding around the world with the motion southward trom 

the north pole. W. B. Taylor, however, attributes a set of north-south 

folds greatest near the equator. Chamberlin sees, as a consequence of 

such a factor, north and south folds near the equator and also tension 

cracks near the pole, and concludes from the absence of such phenomena 

that the slowing down has not affected mountain-building. Willis fig- 

ures an outward thrust from the oceans in all directions against the . 

continents. 

Hobbs views the same outlines of the Tertiary ranges as Taylor, and 

concludes that the motion was northward, directly the opposite of Tay- 

lor’s conclusion. Taylor supports his conclusion by the pattern of the 

Greenland and near-by coastlines; these, he thinks, show a separation of 

500 to 1,000 miles, the movement being southward from the polar area. 

Wegener, reasoning from similar features—that is, coastlines which 

have a rough similarity of outline—postulates that what is now the 

Western Hemisphere moved westward from 2,000 to 3,000 miles. This 

motion, according to him, was progressive from the Paleozoic to the 

present time. Geologists can not believe, however, that the continents 

should have shd for thousands of miles during the Quaternary and have 

left no record in the attitude and character of the sediments. Even if 

the minute forces appealed to by Wegener did become operative, their 

pull would have been southward toward the equator and not westward 

along it. Thus Wegener sees certain outlines resulting from westward 

continental movements, while Taylor sees them resulting from south- 

ward movements. In both cases the facts can be explained as well or 

better in other ways. No attempt is made to explain why the sial of 

Africa did not feel the pull of gravity. 

Another great obstacle which must be overcome by all of these theories, 

and particularly by those of continental creep, is that of friction due to 
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the moving of the crust on the interior of the earth. This is, of course, 

proportional to the weight and thus to the thickness of the crust involved. 

Neither Taylor nor Wegener gives any idea of the thickness which he 

regards as likely, but appears to regard it as a superficial matter. It is, 

nevertheless, a matter of prime, and even of destructive, importance, in 

view of the minute force relied on to cause the creep. Thus, the moving 

crust required by Taylor, thickening to the south from a minimum of 

three miles in Greenland, would acquire a prohibitive thickness long 

before it reached southern Asia. Wegener makes no statements as to 

the thickness of the crust, but his diagrams convey the idea of a-crust of 

light rocks floating with comparative freedom in a sea of heavy. rocks. 

This arrangement, to his mind, appears to require no particular friction, 

but such a conception will hardly be accepted by scientists in general. 

Lambert states, moreover, that the horizontal pull available from density 

differences is only one-millionth of an atmosphere-—a strikingly small 

force. In fact, Daly, in an attempt to render this hypothesis workable 

by getting rid of this enormous friction, has postulated a layer of glass 

between the crust and the deeper earth which would afford a minimum 

_of friction. This is, however, only a postulate and can hardly be sup- 

ported by evidence. Thus, the ease of motion which a lateral creep of 

the continents would require is an obstacle which is likely to remain a 

permanent one. It is also a real difficulty for all theories. 

It will be evident from the foregoing summary that no theory of 

mountain-building is free from serious objections. In some cases the 

objections are far more weighty than the arguments in favor, while in 

others there is a body of probability. Such a situation is only to be ex- 

pected from the nature of the process, which took place in the depths ot 

the earth and whose results have in large measure remained there. How- 

ever well supported a theory may be by mathematics, it can not prevail 

unless it satisfies the conditions laid down by the visible rocks, and it is 

for that reason that the tests by geologic facts which are known and can 

be reaffirmed have been made the prime consideration in this discussion. 

The theory which is to last must explain all the facts, but first those of 

geology, for the problem of mountain-building would have been unknown 

except through the rocks. We may well wish for more facts, and we are 

gradually getting them. Accordingly, the theory proposed in the next 

section has been derived directly from the geologic facts. It appears to 

satisfy the phenomena of the Appalachians, not only the usual but the 

exceptional ones, and it may solve the difficulties in other mountain 

ranges. 
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BATHOLITH INTRUSION AS CAUSE OF FOLDING 

GENERAL STATEMENT 

The analysis of the theories of mountain-building has shown that each 

theory has serious drawbacks. The principal of these drawbacks are (1) 

that the continuity in effects required by the theories is in contrast with 

the irregular intervals shown by the facts, both in time and im space; 

(2) the difficulty of securing the amount of horizontal motion which is 

evident in the folded mountain ranges; (3) the slightness of the initial 

force appealed to in contrast with the enormous obstacles of friction and 

cohesion presented by the rocks; (+) the extensive revolving of the crust 

between the sea and the land required by some theories—a situation 

which has not taken place since the Paleozoic began. The author’s 

analysis of the theories has led him to the conclusion that another force 

has operated which is not continuous in time or space and which was not 

deficient either in initial amount or in horizontal motion. In the search 

for such a force, which must be a great one, he has been led to consider 

other phenomena attendant on mountain-building. These are (1) heat, 

which is evidenced by metamorphism and the growth of new minerals in 

the deformed rocks; and (2) the force exerted by igneous intrusions. 

The association of igneous intrusions and extrusions with periods of 

mountain-building has been observed and commented on by many writers, 

but in all cases known to the author the intrusions have been regarded 

as results of the mountain-building forces and not as their cause. It 

seems to the writer, after much consideration, that the case is reversed 

and that igneous intrusions, which are the greatest examples of heat and 

force known to us, and which are definitely associated with mountain- 

building, should be rated as the cause of the building of mountains, 

which show to us the greatest known results of heat and pressure. In 

the demonstration of such a relation the same difficulty is encountered 

by this theory as by others—that is, that the forces and the moving 

masses acted deep within the crust and must in the main be beyond 

observation. In most mountain ranges only a few thousand feet of the 

crust are observable; in the Appalachians, however, parts of the crust 

have been uplifted so high and worn so deeply by erosion that the ob- 

server can examine rock masses which originally lay many miles beneath 

the surface. The conclusions drawn from direct observation in the 

Appalachians should have special force, therefore, and should be regarded 

as the best test which we now have of the theories of mountain-building. 
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PROBABILITIES 

The probabilities in regard to the hypothesis of batholth intrusions 

are as follows: An association of igneous intrusion with mountain-build- 

ing is well known, and in the Appalachians enormous batholiths were 

intruded at the time of Appalachian deformation. Unless these batho- 

liths were under a pressure of their own, equal to or greater than the 

pressure of the hard parts of the crust, they could not have entered the 

hard crust; or if, perchance, they had entered before the pressure on the 

crust began, they would have been promptly squeezed out by the harder 

crust, like water from a sponge. The igneous rocks must, therefore, have 

entered the crust after the deforming pressures began and thus must 

have been under a pressure greater than that of the crust itself. It is 

rational to conclude, therefore, not that there were two independent 

pressures, one for the crust and one for the intrusives, of similar amount 

and different origin, but rather that there was one force and the same 

for both crust and intrusive. Force, therefore, lay in and began with the 

intrusives; otherwise they could not have entered the crust. There is no 

probability that igneous intrusions would be rhythmic, for it is not 

known that they depend on long-continuing causes like contraction 

through loss of heat, or on.any cosmic phenomena, such as change in 

rate of revolution of the earth. In this respect the theory accords with 

the lack of continuity or rhythm displayed in mountain-building. 

Most igneous intrusions show great force. This is particularly true 

of batholiths, laccoliths, and sills, which plainly have forced apart enor- 

mous rock masses or have lifted huge piles of overlying strata. The force 

exerted is shown in detail in the shattering and rending of the rocks. 

While many flows and dikes do not appear to have been under pressure, 

yet the fact that they reached the surface at all and kept their channels 

opened is evidence of considerable pressure in their depths. What we 

now see of them are chiefly the portions which were released from 

pressure. If it is true, as it seems to be, that open spaces can not exist 

a few miles deep within the crust, it is clear that any igneous rocks which 

were deep-seated enough to be molten must have been under heavy 

pressure or their channels would have remained closed. That this force 

is quantitatively sufficient for mountain-building seems clear from the 

fact that it is greater than the strength of the crust, for it has repeatedly 

shattered the crust and moved the parts around. The argument from 

probability is, therefore, distinctly in favor of this hypothesis, inasmuch 

as the great intrusive masses have had the requisite heat and pressure to 

deform the crust greatly and have been associated with mountain- 

building. 
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ANALOGIES 

The argument from analogy is similar in its import. It is clear from 

the phenomena of sills and laccoliths that enormous masses of the crust 

have been moved by intrusions. Laccoliths a mile or two in diameter 

are common, and their formation required force enough not only to lift 

the overlying beds but to bend them at considerable angles. Sills are of 

much greater extent and are measured in tens of miles, and they per- 

formed a correspondingly greater amount of work. It may be objected 

that these are local and not of the same order as the folded mountain 

ranges. No such objection can be raised, however, to the batholithic 

intrusions in the southern Appalachians. The longest batholith now 

known in the Appalachians is 350 miles long, with a width of 30 or 40, 

which clearly puts the batholiths in the same order of magnitude as the 

folding which runs parallel with them. These batholiths are composed 

in the main of biotite granite and have a strong likeness from one end 

of the Appalachians to the other. The probability is strong, therefore, 

that some sort of connection existed between the various masses and 

that the parts now visible are only the tops of far greater masses. Many 

of them have dome-shaped tops and have pushed up the inclosing gneisses 

from below. 7 | 

Evidence of a similar nature in regard to magnitude is furnished by 

the enormous outpourings of lava on the surface. Those of India are 

considered to show a mass of lava of 200,000 cubic miles. A similar 

order of volume is shown in the Columbia River lava flows with its 

50,000 cubic miles. Local evidence on this point is furnished by the 

great system of Triassic dikes and flows of the Atlantic seaboard. These 

extend in a zone from Georgia to New Brunswick, some 1,200 miles in 

length, and the width of the belt is from 20 to 100 miles. This implies 

a large body or connected series of bodies of magma and a force which 

actuated them through an area nearly as extensive as the Appalachians. 

Single dikes of this system with a length of 10 miles are numerous, and 

they have a maximum of 20 miles. 

The phenomena of intrusion shown along the Atlantic coast in New 

England and Canada are very instructive in regard to the quantitative 

element in batholithic intrusion. In that region the rocks were scraped 

clean by continental glaciers and are now kept bare by the waves of the 

sea, so that they furnish a remarkable series of exposures. The amount 

of intrusive matter there exhibited is enormous and locally far exceeds 

in volume the rocks which suffered the intrusion. An estimate of 50 

per cent of bulk of intrusive matter is reasonable for large areas. 
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By analogy of similar cases, therefore, this theory of batholitic intru- 

sion is supported in regard to the quantity of matter intruded, to the 

geographic spaces involved, and to the pressure necessary to accomplish 

the visible results. 

EXAMPLES 

The argument from example is necessarily more restricted than the 

arguments from probability and analogy, but its tenor is the same. It 

has been a matter of repeated comment that igneous activity and moun- 

tain-building were substantially coincident in. many regions and times. 

Both in the northern and southern portions of the Appalachian system 

enormous masses of granite were intruded in great batholiths at sub- 

stantially the time of the folding. In the central part of the Appa- 

lachians (Pennsylvania and Maryland) the facts are largely concealed 

by the Cretaceous deposits, but enough area remains to exhibit a few of 

the batholiths of the same age as the others. That more are concealed 

beneath the Cretaceous is probable from their eastward increase where 

the system is more widely visible. They were intruded under great 

pressure, as is shown in thousands of places by the shattering and rend- 

ing of the country rock. Thousands of dikes lead off from the batholiths 

and hundreds of sills are associated with them. The width of the now 

visible portion of individual batholiths (as great as 30 miles) is proof 

of an enormous amount of separation of the country rocks—an amount 

which is enormously increased by the distention due to sills and dikes. 

It may be objected that a large part of this apparent distention is merely 

substitution of the batholith for the country rock with removal of the 

latter, or perhaps digestion of it. In answer to this, it may be said that 

while there is evidence of digestion it is limited to the margins of the 

batholiths, whose general composition remains unaffected over enormous 

areas. In detail the contacts of the intrusive bodies are sharp, they cut 

across layers of the country rock cleanly, and there is no evidence of 

anything in the form of general substitution. On the contrary, where 

detailed mapping has been done, in North Carolina, for instance, the 

thrusting and wedging action of the scores of sills and tongues is par- 

ticularly clear. A lifting and doming action is well shown in the Pisgah 

region of North Carolina (Pisgah folio, United States Geological 
Survey). 

The ground plan of the batholiths in relation to that of the folding is 

highly instructive. The two main foci of intrusion are at the north and 

south ends of the Appalachians. Parallel to these intruded areas, and 

just northwest of them, is seen the greatest development of thrust faults, 
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the greatest northwestward advance of the great salients of North Caro- 

lina, Pennsylvania, and Vermont, and the greatest development of meta- 

morphism. The chief exceptions in Appalachian structures, the fan 

structures, are in complete accord with the theory, but are not otherwise 

explainable. If the theory is true, then the area between two groups of 

batholiths should be compressed from both sides and should be raised 

less than the masses over the batholiths. This is the relation observed 

in all determinable cases known to the author. 

In the eastward representative of the system in Great Britain the post- 

Carboniferous granites and the disturbances caused by them have long 

been known. 

It seems impossible that such agreement in relations should be mere 

coincidence. No other theory of mountain pressure even begins to ac- 

count for the systematic grouping of the Appalachian structures, and 

many of the discrepancies of other theories are plain, in view of what 

has already been stated. That batholiths are an adequate cause, how- 

ever, 1s indicated as probable by the heat and pressure which they possess. 

Other intrusive masses have deformed large sections of the earth’s crust; 

ereat batholiths were intruded at the time of the Appalachian folding 

and did distend the crust; and the areas of their principal intrusion 

accord with the areas of maximum thrust, metamorphism, and general 

advance of the crust in the salients. Since, therefore, this theory is in 

general possible and involves only known principles; since it satisfies the 

probabilities as to amount and character of force; since similar activities 

have produced analogous results; and since the visible intrusions are in 

perfect accord with the very diverse requirements of Appalachian struc- 

tures, it seems a well founded conclusion that the theory is in the main 

sound. ‘There is no call on unknown forces or unknown conditions in 

the earth’s crust—only those which are known and can be verified. 

MertrHop oF ATTAINING HORIZONTAL MoTIon 

FLUID CONDITION 

The chief difficulty to be solved by this theory of mountain-building 

is, aS in the case of other theories, that of producing horizontal motion. 

This theory has a decided advantage, however, in that the hydrostatic 

element is involved in its action. Theoretically magmas are fluid or 

substantially so, and the local evidence of their condition which we can 

now see in the rocks indicates fluidity. It scarcely needs mentioning that 
the intrusive material of dikes, sills, etcetera, was fluid. The evidence 

is equally clear for the batholiths, thcuch hardly as striking. The mar- 
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gins of most, if not all, batholiths show vast numbers of intruding dikes 

and sheets which extend for long distances from the main body and are 

of all dimensions, even down to inches. The actual flow of the material 

is shown by the wavy banding near the contact (flow banding), by the 

strings of inclusions along the contacts, and by the finer grain of the 

intrusive where it was chilled near the contacts. Therefore, since the 

intrusive material was sufficiently fluid to move freely under the pres- 

sures which affected it, it is clear that a hydrostatic condition prevailed 

in the magma as a whole. That being the case, any pressure applied to 

any considerable part of the magma was transmitted throughout its mass. 

If the fluidity were perfect, as in water, the pressure would be equal 

throughout the mass, but in proportion as the viscosity increased so the 

pressure transmitted would diminish. Furthermore, whatever was the 

direction of the initial pressure, the pressure transmitted would be at 

right angles to all confining surfaces, if the fluidity were perfect. In 

proportion as the fluidity was less, the direction of the transmitted 

pressure would approach more nearly that of the initial pressure. In 

the batholiths which have been observed a fluid condition is apparent, so 

that there can be no serious doubt that the hydrostatic condition pre- 

vailed, and that any pressure apphed to any part of the batholith was 

transmitted in large measure to all of its mass and further transmitted 

at right angles to the confining walls. 

ATTITUDE OF ROCK PARTINGS 

In applying this conclusion to the problem in hand it is necessary to 

consider what were the most hkely attitudes of the confining surfaces of 

the batholiths; in other words, in what shape would the country rock 

break when the batholith was intruded. It is easy to see that the sedi- 

mentary rocks would part freely along their layers and that schists and 

gneisses derived from them would do the same. The same is true to a — 

less extent for the banded gneisses which have a layered condition, but 

in which the layers are more or less interlocked by mineral crystals. The 

massive rocks, like granite and diorite, would be entered with the greatest 

difficulty. In the granites of the Precambrian, however, which would 

necessarily be traversed by the Devonian and Carboniferous granites, 

there has been a large amount of shearing. This has caused many zones 

oi sheeting, and even of thin schists along which partings would easily 

be made. Opportunity for intrusion of igneous material would thus be 

far greater in layered or sheeted rocks than in others, so that they prac- 

tically control the separation of the country rock in order that intrusion 
may have taken place. 
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The attitude of the planes of layering and sheeting is of first impor- 

tance in determining the direction of pressure put on the country rock 

by the batholiths. The planes of parting as we see them exposed at the 

surface have high dips—from 45 degrees to vertical. Over enormous 

areas vertical dips are more common than any other. ‘It is, therefore, 

clear that, when these highly inclined schists part, the openings also will 

have high inclinations to the surface of the earth and that the intruding 

masses will have similar attitudes. That such was actually the case can 

be seen at countless localities in the southern Piedmont of the Appa- 

lachians. The separation of these highly inclined layers is therefore 

largely in the horizontal direction; in other words, in the direction 

needed to accomplish the observed lateral thrust. 

It may be argued that part of this steep dip in the Precambrian is due 

to folding during the Appalachian revolution, and such may be the case 

in part. There were, however, strongly inclined Precambrian rocks be- 

fore the Appalachian revolution, and the structures due to that revolu- 

tion are imposed on those of earlier date. Furthermore, high dips of the 

foliation and schistosity are characteristic of the Precambrian through- 

out America, and in many areas where Paleozoic or later folding is 

gentle, such as the domes of the Adirondacks, of Wisconsin, and of the 

Black Hills, there is much high tilting of the Precambrian layers. It is 

clear, therefore, that there were steeply inclined partings in the Pre- 

cambrian rocks developed before even the deposition of the Paleozoic 

rocks, so that the structural conditions of steep parting planes were 

present, regardless of what happened later in the Appalachian folding. 

We can not be sure, however, that this general high inclination of the 

rock partings goes down indefinitely into the crust. Indeed, it is prob- 

able that such is not the case. With increasing depth below the surface 

the rock pressures are greater in the vertical direction, which would 

naturally result in the production of partings more and more nearly 

normal to that pressure; in other words, approaching the horizontal. 

This condition must yield to another still farther downward in which 

the strength of the rocks is wholly overcome by the vertical pressure, 

perhaps to such an extent that they have a potential freedom to move in 

any direction. This might produce a condition resembling fluidity, but 

one which would require the application of enormous force to cause any 

change in the position of a particular mass. 

There is some evidence that this condition of horizontal partings does 

exist in the deeper masses. Of course, approximately horizontal partings 

are by no means unknown in the Precambrian rocks, but the difficulty 

lies in ascertaining how deeply they were buried. The determinaticn of 
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this can only be made in the proximity of sediments which fix the rela- 

tive position of the surface of the earth. Much detailed work is also 

required, and a considerable separation of the Precambrian into different 

formations must be possible. These three factors are best combined, so 

far as now known, in western North Carolina. In that region the great 

border thrust faults have brought up the most deeply buried masses in 

the Appalachians. 'These have been stretched and sheared along count- 

less planes which approximate the horizontal over largé areas. The 

amount of actual horizontal motion as determined by the elongation of 

crystals is as great as 10 to 1. In this single instance, therefore, the 

deeply buried rocks do have low angle partings. It is, of course, not safe 

to generalize from this instance, but it is clear that such a condition 

exists in places, and it may be general. 

If horizontal partings in the lower portion of the crust are general, 

the effect of this on the transfer of magmas is obvious. The easiest path 
for the magmas would there be in a horizontal direction, without much 

lifting of the entire erust. In that way might be explained the similarity 

of batholiths over enormous areas—a fact which is apparent in the Appa- 

lachians, and which has been noted in many parts of the earth. Such 

horizontal planes would lead naturally in the upper layers of the crust 

to the more highly inclined planes which we now observe. No break 

would be expected between the horizontal and the inclined planes, and 

therefore none between major batholiths extending horizontally at depths 

and those which extend upward at high angles toward the surface. Such 

a general arrangement, while of course highly speculative, meets the 

general requirement of the observed facts and is easily within the general 

possibilities. 

INCLUDED GASES 

There are two additional phenomena in connection with the intrusion 

of batholths which doubtless lend their assistance in causing some of 

the phenomena of mountain-building. These are the explosive power of 

gases and the pressure of growing crystals, both being directly connected 

with the gain or loss of heat. The presence of gases in igneous rock has 

long been known, and sufficient evidence of their existence and tremen- 

dous force is seen in the explosion of volcanoes. In recent years it has 

been determined that the explosions are due to steam and that the lavas 

have a considerable content of water. It has also been known that gran- 

ites, the principal rock of batholiths, contain an appreciable amount of 

included water. This is shown not only by direct inclusions of water in 

crystals, but on a large scale by the solutions which pass from granites 
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into the country rock. While these granites were in the fluid stage the 

expansive power of this included water and other vapors which are known 

to be associated with batholiths must have been enormous. A definite 

vapor pressure of atmospheres becomes, when applied to the walls of 

batholiths hundreds of miles long, a truly enormous force, fully capable 

of rending the rocks of the crust, just as it visibly rends those rocks where 

voleanoes exist. 
GROWING CRYSTALS 

It has been long known that growing crystals exert a tremendous 

force; the most familiar case is that of ice, but other instances are mat- 

ters of common knowledge. Mineral crystals which grew later than the 

body of a rock can be seen to have distorted the rock and pushed it aside 

as if it had no strength. Many attempts at measurement of this force 

have been made, but only recently has the equipment and the effort been 

sufficient. It has lately been determined that growing crystals exert a 

pressure of 1,000 to 2,000 atmospheres on their confining walls. If this 

pressure is applied to the wall of the batholith during the cooling of the 

magma it becomes a force of the same order as that of the vapor pressure 

in the magmas. It follows the vapor pressure after the magma has 

cooled so far that the vapors are condensed and crystallization is well 

under way. The pressure of growing crystals, while very intense, causes 

a very limited motion. In this respect it is quite unlike the vapor 

pressure, which is capable of enormous motion. The pressure of such 

crystals may, however, have applied the pressure to the crust which has 

obviously been at work in the metamorphism of the rocks where moun- 

tain-building was strongest. This combination of the pressure of crys- 

tals, together with the. pressure and heat of the batholiths, seems to 

explain the association of metamorphism with mountain-building and 

batholithic intrusion. | 

BEARING ON OTHER THEORIES 

The distribution of batholiths suggested above affords an explanation 

of many relations which are of fundamental importance but are ex- 

tremely puzzling. Such are the epeirogenic uplifts of large regions, the 

uplits of large and small domes, and the reversal of such movements. 

These have been mentioned already as grave objections to accepting 

isostasy as a prime and sufficient cause of mountain-building. If, how- 

ever, there may be general movements of magma at depths (and it is 

clear that they do take place locally), the situation is quite different. 

Magmas would find the weak parts of the crust and push them up into 

domes, probably doing so again and again in response to successive im- 
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pulses. When magma was expelled from one region it could move later- 

ally and raise another region. In this manner we may reasonably explain 

the persistence of certain areas (probably those of weakness) as domes. 

or ridges and the repetition of movements on them so often shown in 

the Paleozoic. It should be clearly noted that this process is reasonable, 

since it depends on only two factors, fluidity of magmas and horizontal 

partings at depths in the crust, both of which are known to have existed. 

Magmatic movements also have an immense advantage over isostatic 

underflow in that the moving masses are fluid, and not solid rock with 

friction and rigidity to be overcome. Independent evidence that mag- 

mas moved at depths is seen in the fact that batholiths are deep-seated, 

for they are only exposed by removal of a thick cover of sediment. In 

fact, if they had been formed near the surface, they would have found 

that resistance was least to an upward movement and they would have 

exerted little lateral pressure, which is not found to be the case. The 

corollary to this is the conclusion that they were deep-seated and that, 

since they did move horizontally for long distances, they found horizontal 

channels for easier lateral transfer. Under this conception the volcanic 

plugs which cut the Paleozoic rocks in a few places may rise from the 

tops of batholiths, borg and pushing their way upward and perhaps 

lifting the small domes which can not be explained by lateral com- 

pression. 

The lateral movement of magmas has another close relation to isostasy. 

As has already been noted, isostasy is a leveling process and requires 

some starting cause—something to upset equilibrium. It seems that 

magma transfer on the scale visible in the Appalachians meets the varied 

requirements. It could start uplift and bring isostasy into play, and it 

could renew or reverse uplift, as has been repeatedly done. Further- 

more, the existence of magma bodies with some ease of transfer might 

permit the relatively small factors of erosion and sedimentation to be- 

come operative and adjust the crust. Isostasy in the extreme form re- 

cently advocated demands a mobility of the crust that does not seem 

possible unless fluid masses are involved in some part of the column. 

If fluid masses are involved, and unquestionably they have been in the 

past, it is probable that isostatic compensation is accomplished in them. 

Its depth would therefore be controlled by the position of the batholiths. 

and be a variable quantity. 

It is further to be noted that the existence of granite batholiths at 

depths of 10 or 20 miles does not require an indefinite downward exten- 

sion of them. Below the zone in which batholiths are known to have 
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existed there may be rocks with the rigidity which astronomers think is 

required for the earth as a whole. 

The intrusion theory resembles the theory of suboceanic spread, for 

each takes account of the same condition of greater density beneath the 

- oceans. Suboceanic spread, however, must overcome the strength of the 

solid crust before it can produce great results in lateral motion, and 

there is no assurance that the motion will be cumulative and confined to 

one belt. The intrusion theory also resembles that of isostasy in that 

both appeal to gravity as the moving cause. So, in fact, do all theories 

on this subject. Isostasy, however, starts with erosion of matter and its 

deposition elsewhere as a cause of differences in gravity. Intrusion, 

however, has been independent of these factors and has often overcome 

them. Finally, the mechanism suggested for the intrusion theory differs 

from that of isostasy as fluid rock differs from the solid; indeed, it offers 

a means: of making isostasy more effective. 

ULTIMATE ForcES 

GENERAL STATEMENT 

A conclusion that the intrusion of batholiths is the immediate cause 

of mountain-folding (or that any other cause is the immediate one) by 

no means solves the final problem.. Whatever is the immediate cause, 

back of that is some initial force, and the question arises in this case, 

What force lay behind the batholiths that compelled them to break their 

way into the solid crust? ‘Two initial forces and two only are available 

for this work, namely, gravity and heat. 

HEAT 

The heat may be that which remained from the initial heat of the 

earth after condensation from a nebula, or it may be that derived from 

the slow accession of meteorites or from the direct heat of the sun. Prob- 

ably all of these sources of heat are at work, but it is difficult to see why 

an initial heat of the earth from condensation is not by far the greatest. 

The sun’s heat no doubt retards greatly the escape of the internal initial 

heat, but no mechanism has yet been suggested for converting this heat 

- into a cause of deformation. It has, however, been urged that newly 

deposited sediments cause a rise in the isogeotherms with attending ex- 

pansion of the crust. Such a rise, however, is not due to the heat of the | 

sediments derived from exposure to the sun, but to the fact that the 

sediments may act as a blanket to prevent the loss of the initial internal 

heat. 

SXV—Brin. Grou. Soc. Am., Von. 34, 1922 
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The heat derived from the fall and accumulation of meteorites is ex- 

ceedingly small in comparison with the mass of the earth, and it is very 

difficult to show that a concentration of it is probable either in time or 

in space so as to answer the requirements of mountain-building. Any 

hypothesis of a special accumulation of meteorites to account for a period 

of diastrophism must necessarily be purely speculative. If there were 

such an accumulation, which could be caused only by passing through 

an unusual swarm of meteorites, such a passage would be rhythmic and 

repeated at similar intervals in the earth’s history. There is no evidence 

of such rhythm, but rather the contrary. Still less is there evidence of 

special concentration of meteorites in certain parts of the earth, and it 

is difficult to see how such could be the case, on account of the rapid 

revolution of the earth and the exposure of all of its parts to the fall of 

meteorites. Finally, it is questionable if any meteorites are warmer than 

outer space until they reach the atmosphere. ‘Therefore, it is not easy 

to understand how they could heat the earth’s interior to temperatures 

higher than their own. 

Owing to the existing difficulty of demonstrating the primal source 

of the internal heat of the earth, we can at present do hardly more than 

accept its presence and its great downward increase and adjust to that 

condition our theories of mountain-building. 

GRAVITY 

The other great fact of the world, gravity, must of course be the major 

part of the theory, just as it is the most compelling force in the universe. 

The gravity may be that inherent in the mass of the earth itself or be- 

tween different parts of that mass, or it may be the gravitative influence 

exerted by the planets or other heavenly bodies. There is no motion of 

the crust in which gravity is not concerned in some way, even if not as 

the principal cause. All investigators agree that its power is great 

enough to cause any of the effects that we see in mountain-building, and 

both through theory and observation we know that the rocks and minerals 

of the earth’s crust are unable to resist gravity indefinitely. Its power 

is tangibly shown in a multitude of phenomena: the falling bank of 

earth, the rocks breaking from the cliff, the landshde covering miles, the 

toppling of mountain peaks, and the sliding of thousands of cubic miles 

of glaciers. The greater the masses involved the greater are the forces 

exerted. 

The chief difficulty in establishing the connection between gravity and 

mountain-building lies in the facts that the pull of gravity is chiefly 

downward toward the center of the earth and that the pull must be 
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diverted into the horizontal in order to explain the observed results. In 

the previous section a mechanism for attaining this diversion was out- 

lined, the principal requirement of which was hydrostatic pressure. If 

that condition is granted, and it is difficult to deny that it exists, the 

“means of diverting the downward pull of gravity seems ample. It will 

no doubt be conceded by advocates of isostasy at least that such fluidity 

is reasonable and proper at some depth, in view of the mobility which 

that theory requires even from solid rocks near the surface, not to men- 

tion the return flow of deep-seated matter from beneath the sea to the 

land. 
For final analysis of the problem, let it be granted that an excess 

pressure of gravity was transformed into lateral pressure through batho- 

liths whose magmas were practically in a hydrostatic condition and that 

this pressure built the mountains. The questions next to be answered 

are these, On what part of the crust was this excess pressure exerted and 

why was it exerted ? 
The direction in which lay the unduly pressed crust can be readily 

inferred from the direction in which the crust moved when yielding. 

That motion was from the southeast to the northwest, in the case of the 

Appalachians, and it is on the southeast, therefore, that the heavy part 

of the crust was situated. Since the effects extend from the Gulf of 

Mexico to Newfoundland and probably across the North Atlantic into 

Europe, the locus of greatest pressure was probably under the Atlantic, 

where the normals to the trends of the system intersect. 

What, then, are the features of the Atlantic that bear on the second 

question? Two major points are crucial: First, it has been fairly well 

determined by the observations of years that the rocks visible on the 

shores and islands of the oceans are denser as a whole than those of the 

continents. Second, gravity observations made instrumentally in recent 

years seem to show that the force of gravity, and therefore the densities, 

is greater in and around the oceans than on the continents. Mathe- 

matical analyses of gravity differences are made which indicate that they 

are compensated within and do not extend below a depth of 60 miles. 

If, then, we accept as a fact the greater density of the crust under the 

oceans, there is provided a downward pull of gravity in one region 

greater than in adjoining regions. This would tend to depress the ocean 

bottom. A depression could be actually accomplished by further con- 

densing the underlying rocks or by lateral movements of the crust. It 

is reasonably sure that all condensation compatible with other conditions 

took place at an early stage, so that depressions to satisfy existing densi- 

ties would be attained by lateral movements. If by any means any down- 
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ward movements were started, the domed shape of the sea-floor would 

become a factor.-and would transmit lateral thrust in all directions from 

the center of depression. The distance to which this thrust would be 

transmitted would be in proportion to the thickness and strength of the 

crust which was depressed. If the depressed portion were 40 or 50 miles 

thick, a horizontal transmission of even a thousand miles would be rea- 

sonable. A phenomenon of this order is comparable with those of the 

Appalachians, and a depression near the middle of the North Atlantic 

would affect regions at the distance of the Appalachian Mountains. It 

is from possibilities of this sort that the hypothesis of suboceanic thrust 

finds 1ts support, as well as in the general arrangement of mountain 

chains near the ocean margins. 

To carry the analysis still farther, let it be assumed that the ocean- 

floor settled and thrust against the margins of the continents. This 

thrust would not be transmitted indefinitely, but would somewhere reach 

a weak belt. Yielding to the strain would ensue, and either folds or 

faults would be caused. 

Let it be further borne in mind that there are reservoirs of molten 

matter at some depth in the crust. The positions of these were doubtless 

adjusted to the general set of pressures prevailing before the first sub- 

sidence began. New and greater pressure on them would certainly cause 

changes of position, fresh channels would be forced open by molten ma- 

terial, and these must needs tend to spread toward the regions where 

pressure had been released around the faulted sea margins. Once the 

system of adjusted pressures was upset, the mechanism of batholithic 

intrusion was put into action, with the probable result of deformation 

A general subsidence of the western Atlantic floor by one mile would 

expel 4,000,000 cubic miles of material. This amount, translated into 

batholiths and folding, is enough to account for the lateral shortening 

of a mass 2,000 miles long, 10 miles deep, and 400 miles wide into half 

its width. In short, so far as quantity is concerned, a subsidence of the 

Atlantic floor by one mile could produce the Appalachian system. Such 

a subsidence is,a moderate one, and movements of such magnitude have 

not been rare in the geologic past. On the contrary, oscillations of the 

sea-floor have been so numerous that they may be regarded as a normal 

characteristic, from the beginning of the Paleozoic to the present. 

The force available to propel the intrusive masses and effect the fold- 

ing was that of gravity, and its measure was the difference in density 

between the oceanic and continental parts of the earth’s crust, perhaps 

as much as 5 per cent. When this is translated into terms of weight for 

columns of ten or more miles in depth, it is truly a formidable force. 
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The wonder is, not that it was able to lift mountains, but that it has not 

long ago crushed out all differences of density. The application of this 

force to any part of a reservoir of magma would endue the latter with 

power to rend anything else. The only thing capable of preventing it 

would be the same pressure on the rocks restraining the reservoir and in 

a state of equilibrium. When once this adjustment was disturbed, how- 

ever, the consequences in intrusion and folding were almost inevitable. 

An important factor should be pointed out—that is, that the force of 

gravity was not exhausted by any one sinking of the ocean-floor. It 

remained just the same, ready for action again if there was release around 

the margin of the sea. 

A review of Appalachian structure brings out some highly interesting 

coincidences. The gradual increase of oscillations through the Paleozoic, 

and the establishment of scanty areas of folding in the Ordovician and 

of greater ones in the Devonian, point to the gradual upsetting of crustal 

balance. This was consummated at some time in the Pennsylvanian by 

formation of the great overthrusts of the mountain border zone, which 

may well represent the outthrust of the domed sea-floor. Its collapse 

followed in the Permian, with intrusions and folding. The great shear 

planes of the first overthrusts were themselves folded and faulted, in 

many places to as great a degree as the strata themselves. In the later 

stages the pressure of the folding and the heat and pressure of the batlio- 

hths metamorphosed the various rocks. 

In short, the kind and sequence of events in Appalachian deformation 

accord more than usually well with those deduced from the density dif- 

ferences. The history of the Appalachians is similar to that of other 

mountain systems in the increase of folding and oscillation until the 

climax was reached. While all ranges do not have the same origin or 

history, the general agreement is worthy of note. It is also of interest 

to point out that the early overthrusts of the Appalachians correspond 

well with the faults of the later mountain systems, the Appalachian faults 

being more deeply eroded while the others still show their surficial aspect. 

In summing up, the theory of batholithic intrusion seeks to explain 

the formation of the folded Appalachians by pressure from intrusions 

of magma. These furnished the heat and force required, were of ade- 

quate power and bulk, and accord remarkably with the varied phenomena 

of the system, both in space and in kind. No other theory even ap- 

proaches an adequate explanation. This theory relies only on natural 

processes whose effects are open to observation, and it calls for few con- 

ditions that are not known to have existed and on none that are unrea- 

sonable. The basal facts of the theory have been gathered and verified 
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by scores of geologists and are not open to serious challenge. While the 

theory was framed for the Appalachians, it fits other systems reasonably 

well and may serve as a basis for further investigation of them. It adopts 

many of the great facts and processes on which other theories are based, 

notably those of suboceanic spread and isostasy, and forms a consistent 

and reasonable whole. It has a flexibility in regard to time and space 

possessed by no other theory. Its actuating power does not accumulate 

steadily and require rhythmic action, like shrinkage, nor is it exhausted 

in one convulsion, as in partition of a satellite. Its results are related 

to the heavy masses of the earth and not to meridians and parallels, so 

that no upsetting of earth constants is demanded. Finally, it is adequate 

in quantity, as few theories are. 

It is not in the nature of things that this theory, or any on the same 

subject, should be fully proven, but it is hoped that its derivation from 

the Appalachian facts, its reliance on established physical principles, and 

its accordance with the conclusions of other sciences will gain for it 

serious consideration. 
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INTRODUCTION 

An examination of the Broken Hill district in New South Wales has 

suggested to the writer the advisability of attempting a tentative correla- 

tion of observations made by him during recent years within the moun- 

tain areas of Australia, New Zealand, Fiji, British Columbia, and the 

United States. The article presented herewith may be found to be of 

some assistance to those who have studied the formation of mountains. 

1 Manuscript received by the Secretary of the Society August 9, 1922. 
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It forms one of a series of four related papers. One of these is included 

in the Broken Hill Report itself.2 The others deal with the origin of 

“Coral reefs” * and the “Distribution of ore deposits in Australia,” re- 

spectively. 

DISTRIBUTION AND ARRANGEMENT OF THE PRESENT MOUNTAINS OF 

THE EARTH 

In the present paper brief reference is made only to a few salient facts 

concerning the mountains which are related to the Pacific Ocean and to 

the ancient regions of Tethys. 

The mountains of Eurasia, North America, South America, and Aus- 

tralia are arranged in rings or belts, which rise progressively in height 

in proportion to the distance traversed from the continental nuclei toward 

the equatorial or Tethyan region on the one hand and the Pacific Ocean 

on the other. These heights are referred to the nearest sea-floor or “ocean 

deep” as base. 

In Eurasia the outer rings of the mountains are the subparallel belts 

of the island ares of the Pacific and Malaysia, together with the syntactic 

ares of the Himalaya, the Alps, and related ranges, such as the Pyrenees 

and the Elburz. 

In Australia the mountains pass from the southwestern nucleus in 

broad and compound undulations, by way of the eastern Australian region 

to Malaysia and the island arcs of the southwestern Pacific. 

In America the mountains pass toward the Pacific in the main from 

the continental nuclei in a complicated series of syntactic arcs separated 

by tectonic valleys. These ares include the Rockies and its subordinate 

divisions, such as the Selkirks, the Cascades, the Sierra, the Coast ranges, 

the Andes, and related ranges. 

These plateau strips of America, together with their separating valleys, 

are the eastern homologues of the Japanese, Caroline, Solomon, Tongan, 

Samoan, Fijian, Society, and other island arcs of the western Pacific. 

This statement needs some slight modification, inasmuch as the Amer- 

ican mountains have been controlled in some measure by the suboceanic 

mass of the Atlantic region. Recurrence is made to this point below. 

The Indian Peninsula is related to the Indian Ocean in a manner 

similar to that of northern America with the Pacific. 

Africa shows a distinct division into two parts, namely, a northern one, 

which is controlled by the Tethyan area, and a southern one, which shows 

*E. C. Andrews: Geology of Broken Hill. Memoirs No. 8, Geological Society of New 

South Wales, 1922. 

3. C. Andrews: Presidential address, Roy. Society of New South Wales, 1922. 
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an influence exerted by the associated basins of the Indian, Southern, and 

Atlantic oceans. : 7 

The nuclei of these great regions are wide plateaus of low vertical 

relief, with the exception of a few localities to be mentioned later. The 

main examples are the “Canadian Shield,” the “Siberian Nucleus” or 

vertex of Suess, the “Scandinavian Nucleus,” the Brazilian Plateau, the 

Southwestern Australian Plateau, India, and a portion of Africa. These 

regions are not broken by great gaps of tectonic origin arranged along 

radii spreading or diverging from the older portion of the nucleus. 

The modifications suggested above are due to the existence of the high 

Atlantic margin of the Scandinavian Plateau, the relatively high plateau 

fringe to the “Canadian Shield” within Labrador, and the ghats of 

India. With these, perhaps, may be included the relatively high plateau 

blocks in the northern portion of the West Australian Plateau.* 

All these great continental shields are low in general altitude and are 

encircled by broad land troughs filled with waste from the earth crests, 

or undulations, forming these continental shields or nuclei. Beyond the 

mighty plains of these lowlands and alluviated areas, namely, the savan- 

nas, prairies, and plains, sympathetic rings of plateaus form outer lines 

of land or earth crests. These are narrower and higher than the low- 

lying nuclei, and they are broken to a.considerable degree by warpings 

and depressions which tend to be arranged along directions diverging 

radially from the nuclei. Outer arcs occur beyond these in turn, and 

they are narrower than those of the middle group ; they are of much 

ereater absolute height above the ocean bases or deeps; and they have 

suffered great transverse warpings and faultings arranged along lines 

extending radially from continental nuclei. This latter statement apples 

to the western portion of the Pacific rather than to that of the eastern. 

Examples of these transverse warpings are the separation of New Zea- 

land, New Caledonia, Tonga, and Fiji. 

A few additional notes may be supplied concerning the arrangement 

of the Asiatic plateaus, this continent being a type of the great land 

bloeks of the world. 

The Siberian nucleus is a low plateau diversified locally by a few high 

ridges. The mountain ranges of the continent are arranged in arcs whose 

convexities are directed mainly from the nucleus toward the Pacific and 

Indian oceans.° 

4 Verbal communication from Sir Edgeworth David from information supplied to him 

by A. Gibb Maitland. 

5}, Bursley Taylor: Bearing of the Tertiary mountain belt on the origin of the earth’s 

plan. Bull. Geol. Soc. Amer., 1910. 
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There are two related, but independent, controls for these Eurasian 

ranges, namely, the Pacific and the Equatorial (Tethyan or Southern). 

The result is an interference of controls which has given rise to a great 

mountain system like a vertebral column from the Stanovoi in the north- 

east of Asia to the great Pamir Plateau in the south. The knots or 

vertebre form mountain ranges which increase in grandeur, as do also 

their attached ribs or ranges of varied lengths, as they are traced pro- 

gressively southward through the festoons of the Stanovoi, Yablonoi, 

Saigon, Altai, Alai, Tian Shan, Kuen Lun, Hindu Kush, Karakoram, 

and Himalaya. 

Each of these represents a compound earth wave or undulation, 

whether of interference or of outward and relatively unimpeded pulsa- 

tion. The Pamir and the Himalaya are types of interference and of out- 

ward pulsation respectively. 

Each of these units, such as the Himalaya, with the great Tibetan 

Plateau, is ornamented with longitudinal ridges or plateaus of tectonic 

origin arranged parallel to the main trend of the range itself. As the 

continental margin or ocean is approached, the mountains open in swing- 

ing nature to assume parallelism with the coast. Examples are the 

Stanovoi, Manchurian, Chinese, Burmese, Himalayan, Persian, and 

mountains of other Asiatic provinces. So also the Kurile, Aleutian, 

Japanese, Philippine, Malaysian, and other island arcs represent the 

Pacific Ocean analogues of the Himalaya or Tethyan type. 

These land crests are all separated either by land troughs, sea basins, 

or by ocean trenches. 

With progressive passage outward from the nuclei, it may be seen that 

the complex rings of plateaus become narrower, higher, and more discon- 

tinuous as land surfaces considered as units. 

This is a generalization for Asia which it might be advisable to bear 

in mind in connection with .the distribution of the mountains of other 

continents. 

AGE OF THE EXISTING MOUNTAINS 

Every important mountain range or arc, together with its associated 

land trough, is a complete earth wave and may be considered as composed 

of a main structure which possesses pressure ridges, or subsidiary ranges, 

both attached to it and arranged subparallel to it, but lying at a greater 

radial distance from the continental nucleus than the main ranges. 

Examples are (1) the main, lesser, and sub Himalayas; (2) western 

Fiji, the zone of volcanic islands, the raised coral limestone islands, with 

voleanic or sedimentary nuclei, the eastern atolls. 
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The main belt of each group is relatively stable and is Tertiary or 

possibly even Pleistocene in part, whereas the age of the extreme outer 

groups is Pleistocene at least for the Pacific region. This statement 

refers only to the present general form and the general altitude of the 

island belts considered. The history prior to the formation of the present 

mountain forms is considered in another chapter. These greater arcs, 

together with their subsidiary ridges, may be separated by ocean deeps 

or by deep intermontane valleys (land troughs) or they may occur merely 

as associations of high and less high plateaus arranged in parallel zones. 

These complete units are progressively stable in proportion to their 

proximity to the continental nucleus from the great ocean deeps. 

Examples are the Society Islands with the Paumotus, Tonga with its: 

parallel zones of volcanoes, coral islands, and ocean trenches; Fiji with 

Lau, New Caledonia with the Loyalties, Australia with its continental. 

shelf and outer islets. 

The works of Barrell, Berry, Bowman, Brouwer, W. M. Davis, Diller, 

Dutton, Gilbert, Ellsworth Huntington, Lawson, Le Conte, Lindgren, 

Molengraaff, Powell, Tangier Smith, Warren D. Smith, T. W. Vaughan, 

the Indian and the Alpine geologists, and others, all supply evidence a 

study of which indicates that the main mountain blocks existing today 

are not older than Pliocene, and that they are associated with pressure 

ridges in certain instances of Pleistocene age. Especially convincing in 

this particular are the works of the authors mentioned above for the 

Pacific, the Indian, the European, and the West Indian regions discussed. 

by them. 

DISTRIBUTION AND ARRANGEMENT OF PAST MOUNTAIN SYSTEMS OF 

THE EARTH 

In a general way it may be said that existing mountains are similar 

and similarly situated to earlier mountain ranges. On the other hand, 

there are decided deviations from this general law. 

In the first place, the grandest examples of mountain chains of the 

present day occur within or near the margins of the Pacific and the 

Tethyan regions.° The existing mountain chains decrease in grandeur 

of appearance in confocal zones traced progressively from the ocean 

toward the continental nuclei in directions at right angles to the general 

movement of earth-wave pulsation. 

®In this connection the VPacific is considered as inclusive of Mexico, the Antillean. 

zones, and their continuation through Venezuela and Colombia. The Tethyan area is. 

considered as equivalent to the region named Tethys by Suess, together with its con- 

tinuation to the southeast. 
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In the second place, the older mountain systems may be considered as 

having attained their most spectacular development nearer the conti- 

nental nuclei than the sites of the greatest ranges of today. The order 

observed in the geographical distribution of mountains would appear to 

have been such that the oldest systems of maximum importance were 

developed in rings progressively nearer the nuclei under consideration in 

a backward review of time. In other words, there is a great and accumu- 

lating amount of evidence existing to support the behef that, with the 

progressive passage of time, mountains extended outward successively in 

space as rings from the nuclei. 

In the third place, these ancient mountains were arranged in the form 

of arcs, which are similar in a general way to existing types; on the other 

hand, the older members, which have vanished from the landscape, appear 

to have had a sphere of influence, which extended not so far from the 

ancient nuclei as the present types, but the individual rings or belts 

affected were of much greater width than those of present and recent 

mountains. 

A study of the continents themselves suggests the existence therein of 

two or more great confocal arcs of crystalline schists which mark the sites 

of ancient and enormous mountains due to folding. The innermost of 

these consists of the great continental nuclei themselves, namely, the 

Scottish Highlands, Scandinavia, Siberia, the Canadian Shield, the 

Brazilian Shield, the West Australian Shield, peninsular India, and cer- 

tain parts of Africa. The second occurs beyond the curving belts of the 

great plains or prairies which separate the nuclei from the outer rings. 

In America this is indicated by the belt extending through Alaska, the 

Yukon, British Columbia, Montana, Colorado, Arizona, Texas, and the 

Appalachians, for North America, and lies beyond the great savannas 

following the Cordillera from Venezuela to Patagonia, for South 

America. 

In Australia the second ring is carried through Camooweal from the 

Northern Territory, through western Queensland, south Australia, 

Broken Hill, in New South Wales, and in all probability a narrow belt in 

western Tasmania. 

Within Eurasia this second belt appears to follow the Tethyan region, 

together with the general trend of the eastern coast of Asia. 

The outer belt appears to pass, in the case of North America, from 

Alaska along the coastal region to southern California, and in South 

America from Colombia to Patagonia. The trends of North and South 

America are separated in the Caribbean region by trends that in general 

are east and west. Non 
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For Australia the outer arcs of schists pass through New Guinea and 

the New Zealand or South Pacific festoon. 

It is believed by some observers that these outermost belts of schists 

represent Archeozoic types, but it is probable that the majority of them 

may be referred hereafter to periods very much later than the Archeozoic. 

It is to the great nuclei and to the second ring that we may look with 

confidence to the development of the Archeozoic folds. These nuclei and 

rings of schist are all separated by reciprocal valleys and plains or by 

land and sea troughs. | 

Of the most ancient it may be said, possibly, that they passed outward 

from the nuclei in a series of land crests and troughs, the eroded cores of 

which possess mainly a general tilt or inclination toward Tethys and the 

Pacific. The evidence of the influence of the Atlantic, Southern, and 

Indian oceans should be remembered also in this connection. Reference 

is made in another place to this extra-Pacific influence. 

This growth by outward extension of rings and by decreasing intensity 

of folding at the nuclei or centers appears to have been characteristic of 

mountain formation during certain great time units, such as the Archeo- 

zoic, Proterozoic, Cambro-Ordovician, later Paleozoic, Mesozoic, and 

Cenozoic. 

STRUCTURE OF EXISTING MoUNTAINS 

COMPARISON OF RANGES 

It is not many years ago that the main mountain ranges of the globe 

were considered to be of the fold type, and, moreover, that the age of 

each individual system, much as it exists today, was considerable. A 

statement by Gilbert,’ and quoted by W. M. Davis in “Explorations in 

Turkestan, 1905,” is interesting in this connection: 

“In the Appalachians corrugation has been produced by folding, exception- 

ally by faulting; in the Basin Ranges commonly by faulting, exceptionally by 

flexure.” 

All mountain ranges examined by the writer, considered as to their 

general form and height, appear to be no older than the close of the 

Tertiary, and to be of the plateau type, with warped or faulted margins. 

With regard to Gilbert’s statement above, it may be remarked that the 

present Appalachians appear really to be variants of the Cordilleran type, 

the quantitative result being much less in the case of the former, whereas 

the folds seen in the slopes of the Appalachian plateaus, as they exist 

7G. K. Gilbert: Washington, 1875, pvp. 61, 62. 
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today, represent merely the exposed core of an ancient range or set of 

ancient ranges whose original surfaces may well be expected to have re- 

sembled those of the Andes, Himalayas, or western Cordillera of western 

North America. The turmoil and tumult of mountain folding passed 

gradually from the continental nucleus to the ring including both the 

Appalachians and the western Cordillera, but at a still later stage this 

intensity of mountain-making had become lopsided or eccentric and had 

passed toward the Pacific, leaving the Orient, or Atlantic, side almost 

moribund, so far as folding phenomena were concerned. Nevertheless, 

the two are comparable, the difference being one mainly of degree. Had 

the Appalachians, during the closmg Tertiary, been raised to heights 

equivalent to those of the Himalaya or of the Western Cordillera, their 

margins would have crept and have folded their own outwash gravels in 

the process. Could the core of the mighty plateau of the Himalaya be 

exposed to view today, doubtless it would be seen that the surface, with 

its faulted and warped margins, passes downward into zones of rock 

folding and flowage of the same age as the pleateau surface. 

Of the Tian Shan, Davis’ says that the— 

“contrast between the earlier Tian Shan system and the present ranges is 

Similar to that pointed out by Gilbert between the Appalachians and the Basin 

Ranges of Utah and Nevada.” 

In this connection the remarks of Ellsworth Huntington® concerning 

the Tian Shan during the Cenozoic are worthy of the utmost consider- 

ation: 

“Coupled with the uplifting of the peneplain by which it was deformed into 

basins large and small, with intervening swells or ridges, as far as was ob- 

served, this warping does not seem to have initiated new lines of stress, but 

to have conformed to old ones of Tertiary age. In the old movements faulting 

takes place abundantly: in the new movements warping was the rule and 

faulting took place rarely. The Quaternary basins seem to be revivals of 

former basins. . . . The scale of the Quaternary warping was large, for 

some of the ridges, such as the main crests of the Tian Shan Plateau and of 

the Alai Range were raised over 10,000 feet above the bottoms of the neighbor- 

ing basins.” 

‘Apparently, the Kashgar Basin has long been growing smaller by a process 

of continuous folding along the edges, and as it has grown smaller the locus 

of deposition of the gravels which accumulated along its edge has gradually 

been pushed inwards” (p. 170). 

“Along the section” the profile is essentially a very broad anticline of the 

8 Explorations in Turkestan. Pumpelly Expedition, Carnegie Inst., 1905, p. 81. 

* Explorations in Turkestan. Pumpelly Expedition, 1905. 

10 Tian Shan (E. C. A.). 
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Uinta type, as defined by Powell; where the sides are monoclines and the top 

is flat. . . the anticline is not strictly flat on top, but undulates. Ky 

(p11). 

From this illuminating statement of Huntington, it would appear that 

‘the Tian Shan uplift has been revived time after time, the high plateau 

formed in each case progressing southward and northward on each great 

uplift, crushing its outwash gravels in the process and yet preserving a’ 

general undulation for the plateau surface itself. 

THE HIMALAYA 

This great mountain system consists of a series of parallel ridges or 

plateaus which form the front ranges to the Tibetan Plateau, the Kuen 

Lun forming the buttress of the same plateau to the north. The Tian 

Shan and the Alai plateaus form a similar and similarly situated but less 

magnificent feature to the north, being separated from the great southern 

form by the mountain knot of the Pamir. 

Godwen Austin! indicates six of these geological axes: 

(1) The main central Asian axis, the Kuen Lun forming the northern edge 

of ridge of the Tibetan Plateau. 

(2) Trans-Himalaya of Muztagh or Karakorum. 

(3) The Ladakh chain. 

(4) The Zaskar, or main chain, rising to heights from 20,000 to 29, ee feet. 

This is the range generally known as Himalaya. 

(5) Outer Himalaya. 

(6) The sub-Himalaya, in places very distinctly marked from the main 

chain by open valleys (dhuns) or narrow valleys parallel to the main axis, of 

the chain. This group includes the Siwaliks.” 

“It appears, therefore, that the Himalayas grew southward in a series of 

stages. These stages formed sub-Himalayan pressure ridges in front of the 

main chain. . . . In time the deposits of the present Indo-Gangetic plain 

will be involved in the fold.” 

AMERICAN CORDILLERA 

The mountains of North and South America have been ably described 

by a number of illustrious observers. An excellent summary of the epics 

of this galaxy is given in Chamberlin and Salisbury’s Text-Book of Geol- 

ogy. The great labors of Powell, Daly, Dutton, Gilbert, Lawson, W. T. 

Lee, Le Conte, and Ransome might be mentioned in this connection. 

The existing mountains are the grander revivals of individual Cenozoic 

uplifts exhibited as a vibratory and undulatory process extending through 

1 Enecye. Brit., Ed. 11, vol. 13, Himalaya. 

2 P. Lake: Encye. Brit.. Ed. 11. vol. 13, Himalaya. 
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several periods, such as the Eocene, Miocene, Pliocene, and in places the 

earlier part of the Pleistocene. 

The land crests or plateaus formed during the earliet uplifts were re- 

duced, possibly, to the stage of “rolling downs” or wide plains prior to 

the revival of uplift at later stages in the Cenozoic. 

The present forms appear to be pressure ridges with flattish or undu- 

lating tops and with edges warped or faulted down to intermontane val- 

leys of structural origin. Powell’s Uinta and the Rocky Mountain front 

are types. The Atlantic mountains indicate a feebler response, in the 

form of a complete earth wave, to the same dominant control. 

The western side of the Sierra, together with the land trough of the 

Californian Valley, affords a magnificent example of warping during the 

later portion of the Cenozoic. The foldings of the Phocene and of the 

Pleistocene on the Californian coast are examples also of a type of struc- 

ture girdling the real Pacific on the east. 

EUROPEAN MOUNTAINS 

These appear to be replicas, on a smaller scale, of the Asiatic forms 

which began with the upheaval of the Tethyan bed. 

AFRICAN MOUNTAINS 

These may be described as similar to those of the other continents, but 

their formation has not been under the direct control either of the Pacific 

or Tethyan regions. 

AUSTRALIAN MOUNTAINS 

These are plateaus relatively low in height and formed within dense 

rocks. The younger and less compacted rock types occur within the great 

plains of the center. The surfaces of the plateaus are undulating, the 

margins being warped and faulted. This fact is appreciated only in the 

regions of unfolded rock types, such as those of the Permo-Carboniferous 

at the Bacchus Marsh scarp in Victoria, the Trias-Jura of the Blue 

Mountains in New South Wales, the Trias-Jura conglomerate flanking 

the slopes of New England, and the Darling Downs, in New South Wales 

and Queensland respectively. In the closely folded Paleozoic rocks which 

form the general surface of the great plateaus of eastern Australia, the 

warping, with faulting of the margins, is not discernible with ease. 

Nevertheless, it is implied by the continuity of the general form of the 

plateau margins themselves, which are traceable through the area of hori-= 

zontal rocks to the areas of slate where the rocks have been closely folded. 
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It is implied also by the geographical unity of the whole side of eastern 

Australia during Cenozoic time. 

The New Zealand mountains tell a similar but more dramatic story 

_ than the more stable land blocks of Australia. 

STRUCTURE OF PAST MOUNTAINS 

The appearance of the surfaces of past mountains can be inferred only 

from a comparison of their exposed cores or stumps, on the one hand, 

and from the general form of existing mountains, on the other. 

It is natural in this connection to understand that there is little or no 

knowledge to be had of ancient mountains formed of rocks with negligible 

dip. Districts of ancient folding only are considered in this connection. 

Two things, however, are suggested at an early stage in this discussion: 

(a) The Eocene and Miocene mountains, of which the present mag- 

nificent ranges of the earth appear to be revivals by vertical uplift 

following on long cycles of denudation, exhibit wonderful folding phe- 

nomena and evidence of igneous intrusives of plutonic type at the cores. 

This is observable within the Tethyan area and at the locus of the inter- 

ference of the Tethyan and Pacific controls. 

(b) The very old mountain systems show a remarkable development 

of close folding. 

The areas. occupied by mountains of Archeozoic and early Proterozoic 

time were enormous, both in length and in width. This statement ap- 

pears to hold, apparently, whether the areas considered be Eurasia, 

America, Australia, Africa, or peninsular India. 

This fact alone, at first sight, would suggest that the influence of fold- 

ing im ancient time had extended over immense areas. The rock outcrops 

themselves of these old mountain cores also suggest an arrangement in 

subparallel or confocal rings somewhat as the ranges of today, due allow- 

ance being made for local variations during successive periods, such as 

the slow wanderings due to land-wave interference, or cusps, which has 

caused great deviations of strike, amounting to many hundreds of miles 

in length in places. This is in marked contrast with the distribution of 

post-Huronian mountains. 

- On and within the ancient nuclei of the continents the post-Huronian 

sediments appear to be but little folded and altered. On the other hand, 

the Paleozoic sediments are folded strongly in strips which are relatively 

harrow on the outer belts, between the Archeozoic rings, but which pass 

thence with gentle or negligible dip toward the continental nuclei. These 
Paleozoic fold areas, however, are relatively wide as compared with the 
rings of Cenozoic folding. 

XXVI—BuLL, GEOL. Soc. AM., Vou. 34, 1922. 
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These features are illustrated well in Australia, as elsewhere.?* 

Excellent examples of the relatively narrow strips of folded sediments 

of the Cenozoic occur within regions embracing the Alps, the Himalaya, 

North America, and elsewhere. 

For the Alps the close folding of the Molasse and the Flysch** pass 

within short distances into the horizontal beds of the same age lying to 

the north in Germany and France. This feature is well illustrated also 

in the Himalayan region, both to the north and the south, the zone of 

close folding being narrow. In America, from the works of Lawson, 

Ransome, Tangier Smith, Le Conte, Diller, Lindgren, and others, it 

would appear that the very narrow zones of the folded Cenozoic along the 

Pacific margin pass inland into plateau and interplateau troughs, the 

margins being warped and faulted, while in the great plains of the center 

the Cenozoic lies horizontally. In Australia the edges of the coastal 

plateaus are warped and faulted. Low pressure ridges lie in front of 

these coastal and inland plateaus, but are of negligible width. 

RELATION OF AREAS OF SEDIMENTATION TO MOUNTAIN RANGES 

An examination of the great folded areas of the world indicates the 

close relationship which has existed always between areas of great sedi- 

mentation and of later mountain formation. In illustration of this point 

it is only necessary to mention the mountains of the Archeozoic and the 

early Proterozoic periods, as those also of the Appalachian, Himalayan, 

and Alpine regions. In some, as in the area of the Grand Canyon, the 

Archeozoic sediments were folded closely and subsequently denuded to 

the very core of the great mountain systems. The immense thickness of 

the sediments of the Algonkian which were deposited upon the planed 

surface within the Archeozoic was raised later into lofty ranges of the 

fold type. These in turn were removed by denudation in great measure, 

and through the succeeding ages received the slow and steady sedimenta- 

tion of the Cambrian, Ordovician, later Paleozoic, Mesozoic, and Ceno- 

zoie periods, producing a total of many thousands of feet of sediment. 

During the Cenozoic this mass was lifted gently to form plateaus, the 

movement being revived several times without folding, as the term is 

generally understood. 

Other regions, as the Himalayan,’ after a long period of Mesozoic 

sedimentation, experienced a powerful folding during the late Cretaceous, 

1H, C. Andrews: Journal of Geology, 1916. 

144pP. Lake: The Alns. Eneye. Brit., Ed. 11, vol. 1. 

15'P. Lake: Hneyce. Brit., Ed. 11, vol. 13, Himalaya. 

Also, Wadia: Geology of India. 
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with marked intrusions of a plutonic type. In the middle Eocene the 

great thickness of Tertiary sediments was folded. Again, in the Miocene, 

close folding was revived to the accompaniment of great plutonic intru- 

sions. The Pliocene marked a plateau uplift of magnificent proportions, 

to the accompaniment of heavy crushing and folding along the plateau 

margins. ; 
A significant fact in connection with existing mountains is that the 

main plateaus occur in the harder and older rocks, while the basins be- 

tween them contain the softer and less altered sediments, the latter being 

crushed on their margins if the bordering ranges are very high, whereas 

they are gently bowed or warped only if the associated mountains possess 

but a moderate amount of relief, and that only near the plateau bases. 

SoME SPECIAL FEATURES OF CENOzZOIC MOUNTAINS 

Before leaving the subject of the nature of past and existing moun- 

tains, it may be advisable, perhaps, to consider a few additional points in 

connection with the Cenozoic types. 

In the first place, they are plateaus with warped margins, and they are 

the revivals of Eocene and Miocene examples which exhibit certain differ- 

ences among themselves. 

The earlier mountains may be divided into three groups, all alike, but 

showing great variations in the quantitative factor. One group is the 

Tethyan, the members of which have been formed in geosynclines between 

two dense landmasses during the Eocene and Miocene. The sediments 

laid down in these geosynclines were intensely folded and were intruded 

by plutonic rocks. 

The second group is that whose individuals are distributed in and 

around the Pacific. These show signs of folding during Cenozoic time. 

The third group is the similar, but less important, group bordering the 

Atlantic and western Indian oceans. 

The inference is that the mountains of Eocene and Miocene time had 

been comparatively great only in the Tethyan area. Basaltic flows de- 

vastated the areas of India, western America, eastern Australia, and some 

other places at the same time. 

The Pliocene and early Pleistocene mountains, on the other hand, were 

giants whose distribution was cosmopolitan. They exist today, deeply 

dissected it is true, but with their mighty and original profiles in an 

excellent state of preservation. 

These mountains of the plateau type were developed not only in the 

unstable portions of the earth’s crust, such as the Tethyan-Pacific mar- 
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gins and western Pacific areas, but also in those regions also of the earth 

which had come to be regarded as the very symbols of stability, such as 

peninsular India, Africa, western Australia, the Canadian Shield, the 

Brazilian Shield, together with the Scandinavian and Siberian nuclei. 

This is one of the most difficult facts for the student of mountains to 

explain. 

It is an interesting point to note that the mountains of Africa and of 

India follow the trend of the coasts and have their highest points, or 

knots, at points corresponding to the large land turns. 

This fact of mountain distribution is most significant, especially when 

considered in conjunction with the knowledge that these mountains ex- 

isting today within the old areas of stability are much grander than their 

predecessors of the early Cenozoic. 

RELATION OF VOLCANOES, EARTHQUAKES, AND OF IGNEOUS INTRUSIONS 

TO MountTaIn ForRMATION 

EARTH WAVES AND VOLCANOES 

The Tethyan group of mountains overlooks sea troughs or deep allu- 

viated land troughs, whereas the Pacific types on the west overlook the 

Pacific itself, but on the eastern side they overlook the Pacific in part 

only; for example, the Coast Range of California. The more inland 

groups face intermontane valleys. 

Each of these earth waves presents three natural zones: 

First. The outermost arcs are composed either of ocean trenches of 

remarkable depth or of land troughs partly alluviated. Thus the ocean 

trenches of the Pacific comprise the Heckel, Richards, Bartholomew, 

Krimmel, Milne Edwards, Maury, Supan, Tuscarora, Challenger, Nero, 

Pelew, Philippe, Planet, Kermadec, Aldrich, and Tongan deeps, rang- 

ing from 24,000 to 33,000 feet in depth. The Indo-Gangetic plain, on 

the other hand, is a magnificent example of an alluviated land trench in 

the Tethyan area, but being homologous with the Pacific Ocean trenches. 

Second. These mountains, estimated, according to the nature of the 

case, either from the alluvial plain or the ocean trench, as datum levels 

present great convex arcs to the ocean or to Tethys. The convexities are 

connected by appropriate concavities—that is, with mountain arcs whose 

convexities are directed toward the continental nuclei in the main. Ex- 

amples of these are the Caribbean or Antillean arcs, the Alps, the Pata- 

gonian; Falkland, and South Georgian arcs, the Alaskan Knot, the 

Bolivian Knot, and the Bornean and Celebean arcs. 

Outer arcs in each of these complex rings or earth undulations appear 
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to be the compound zone of earthquakes, which is apparently within the 

zone of more recent ridging in front of the major uplifts. 

Third. Within the second zone are arranged the volcanoes which again 

fall into the active or extinct types, according to the zones of pressure or 

relative stability within which they occur. All, however, are of Pleisto- 

cene age. 
A necessary modification to this statement is that the mountain rings 

form individual units arranged subparallel to each other and within 

which these arrangements of earthquakes and of volcanoes occur, not as 

one line only, but in as many lines as there are unstable island groups. 

IGNEOUS INTRUSIONS 

All students of mountainous areas, past and present, have been im- 

pressed with three facts of worldwide application : 

(a) In the Archeozoic and the lower Proterozoic areas, which are those 

of intense folding, and in those of the narrower zones of intense folding 

of Paleozoic age, the amount of igneous intrusions is remarkable. In 

proportion to the intensity of the metamorphism evidenced, these intru- 

sions appear to partake of the sill or lenticular form, lying between bed- 

ding and schistosity planes, especially where the latter are almost coinci- 

dent with the former. 

_ (b) In the areas of deep-seated folding of the Cenozoic sediments, and 

which are exposed today by denudation, a very common occurrence is the 

igneous intrusive of the plutonic type as bosses and related forms, with 

attendant dikes. The Tethyan region exemplifies this well. In regions 

uplifted at the same time, but not folded, namely, the arcs nearer the 

continental nuclei, great sheets of basic lavas were extruded without 

accompaniment of tuffs or explosive features. 

(c) In the great plateaus formed during the Pliocene revival of 

mountain-making, there was a marked development later of volcanic 

craters on the inward side of the pressure zones or arcs of Pleistocene age. 

It would seem, therefore, that the formation of great mountains is 

attended by the introduction of enormous volumes of igneous material 

within the areas affected by the folding and mountain-making generally. 

The nature of this igneous manifestation is peculiar. Thus in the 

deepest portions of the crust exposed at the surface today the accumula- 
tion of igneous material was so great in places as to displace the sedi- 
ments intruded in great measure. The igneous material appeared to 
have “sweated” along the more permeable beds, and to have taken on the 
form of sills, from which replacements took place in great part by pegma- 
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tites, whereas the granite, generally in the form of primary gneiss and 

the basic rocks, had formed “pressure” lenses and sills. In the region 

nearer the surface the intrusives form tongues and dikes. In the land 

crests near the continental nuclei, or in the more stable areas associated 

with the folded region, floods of basic lava appeared at the surface. Dur- 

ing the great revivals of mountain-making, volcanoes and earthquakes 

were common accompaniments of the vertical uphfts and the warpings 

of the surface. 

RELATION OF HEATING OF UNDERLYING FOLDED SEDIMENTS TO 

MouNnNTAIN FORMATION 

The Archeozoic and lower Proterozoic rocks, where exposed, are in- 

tensely altered. Suillimanite, chiastolite, andalusite, mica, and other 

schists result commonly from the alteration of ancient silts and shales. 

This suggests the action of long and continued heating under heavy load. 

A study of the Australian exposures belonging to similar periods suggests 

that the alteration is due not so much to the igneous rocks which have 

intruded the sediments as to an action which has the same source as the 

igneous intrusives themselves. This indicates that the sediments affected 

must have locally increased considerably in volume. 

RELATION oF Isostasy TO MOUNTAIN FORMATION 

Bowie and Burrard’® have insisted on the necessity for the considera- 

tion of the doctrine of isostasy in discussions on mountain-making. 

Burrard considers that isostasy demands a vertical uplift for mountain 

formations. He maintains that the uplift of the Himalayas is mainly 

vertical, with the crushing of the Siwaliks over a zone which is only rela- 

tively narrow. 

Bowie says in his discussion on mountains: 

“If this mountain mass is not an extra load, then it could not have been 

brought from some other area to the one it now occupies. If it is not an extra 

load, it could not be due to horizontal thrusts operating in the earth’s isostatic 

shell and extending far beyond the mountain ‘area.’ ”’ 

Both authors appreciate the fact that horizontal movements do exist in 

the formation of mountains, but they consider that the main agent is 

vertical uplift and, moreover, that horizontal movements may be inci- 

dental to a vertical uplift. 

16 Bowie: Origin of mountain ranges. 

Colonel Sir Sidney Burrard: Geog. Jour., vol. lviii, no. 3. 
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This in turn indicates the significance of the structure of the cores of 

old mountain masses, where mashing of sediments is evident over the 

greater portion of the continental nuclei, together with the outer rings 

of Archeozoic age. Horizontal movements therein must have affected 

areas many hundreds of miles in width. 

This again points to the inevitable conclusion that mountain-making, 

from the viewpoint of horizontal manifestations, has been slowing down 

from the Archeozoic to the present, with a revival in the Cenozoic of 

localized horizontal movement on a gigantic scale. 

The question, then, naturally arises, “Why should the cores of Archeo- 

zoic mountains show mashing on the continental scale, while Tertiary 

ranges show local rings of mashing only?” This point is considered below. 

SUMMARY AND CONCLUSIONS 

It would appear from the foregoing summary of observations that the 

mountains, both of the present and of past periods, have spread out from 

the continental nuclei in arcuate form toward the Tethyan region on the 

one hand, and the Pacific, together with the Atlantic, on the other. The 

Atlantic influence became altogether subordinate to that of the eastern, 

or Pacific, region proper, with the progress of time. 

Today the Pacific is the main center*’ toward which the continents are 

creeping. ‘The general result is that the continents are becoming more 

stable and continuous by the consolidation and the fusion, above sealevel, 

of mountain rings and intervening land troughs, while the Pacific also 

inclines toward stability, with a tendency toward contraction of area in 

its deeper portions. 

The study of the growth of mountain ranges appears to place the 

hypothesis of the permanence of ocean basins and of the continental areas 

on a firm footing. 

If the ocean basin be taken as a datum surface, it would appear that 

the continental masses have flowed or crept in undulations slowly—very 

slowly indeed—toward the larger ocean deeps. This movement has pro- 

duced earth crests and troughs—in other words, rhythmic pulsations— 

the land crests and troughs tending to become mutually supporting 

through the medium of a lower zone of rock flowage. There is, however, 

a slight declination of the undulations toward the great ocean basins, and 

there is a slight tendency to translation of material thither near the 

surface. 

% The main exception to this is the Tethyan influence. The case of the African moun- 

tains is not considered in this note. 
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Combining these results, it is permissible, perhaps, to infer tentatively 

that the earth shell, or, indeed, its whole mass, as Chamberlin suggests, 

is separable into several large blocks of varying density. These blocks 

have the same positions today, approximately, which they possessed in 

Archeozoic time, but they have been growing increasingly stable and 

fixed—that is to say, the Pacific area is becoming more established as a 

definite basin than it was in Archeozoic time, and the continents also are. 

becoming more stable, with progress of time, by fusion and welding of 

the old: rings of land-wave growth. 

In the Archeozoic the crust appears not to have been so strong as it is 

at present, and thus the reaction from the deeper portions of the zone of 

flowage toward the surface, or region of negligible pressure, was more 

readily attained at that period than now. Indeed, it is very difficult to 

conceive of a zone where definite rock flowage could occur unless there 

should be an avenue of relative escape from the surrounding pressures. 

If it be assumed that rock pressures at depth are enormous, but the pro- 

viso be made also that they are equal in every direction and alike at all 
points, this relative movement between great blocks appears impossible. 

In nature, however, a decided opportunity for escape is supplied by the 

negligible pressure at the earth’s surface. On the assumption of a solid 

earth, the only opportunity for the occurrence of a zone of rock flowage 

at a moderate depth within the surface shell is due to the fact of neghi- 

gible pressure at the surface, where the rocks are composed of brittle 

material of short grain and not of a coherent band or shell of elastic 

material of long and strong bond, such as iron or copper. And this again 

implies the non-existence of a zone of marked flowage in a solid earth at 

a depth of hundreds of miles below the surface, outside the hypothetical 

contacts separating the great blocks themselves. The explanation is that 

the strains at great depths could be distributed wholly below the surface, 

and hence little or no opportunity for definite rock flowage would occur. 

This conception of an avenue of escape from pressure might be borne 

in mind by students of dynamics, whether of ordinary streams, of glaciers, 

of rock flowage, or of igneous emanations; otherwise the main points at 

issue may not only be misunderstood, but actually overlooked. 

The mighty mountain ranges of the earth, together with the igneous 

rocks therein, are all results of this attempt at escape to the surface— 

that is, to the zone of least pressure. 

Chamberlin’s*® conception of the initial blocks of variable density 

18 Chamberlin and Salisbury: Geology, 1906, vol. ii, pp. 126-130. On the other hand, 

the subaccordant depths of the oceans, in the main, indicate strongly that the earth’s 

surface is under one main control—that is, the zone of flowage. 
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underlying oceans and continents, together with his general conception 
of a shearing shell and of igneous intrusions along shearing zones is of 
great assistance at this stage. The heavier blocks would tend to sink and 

the crests of the lighter blocks would tend to creep toward them. The 
_ nature of the pre-Archeozic shell is unknown, but it is here assumed as 
_Telatively weak—that is, not compacted, as is the present crust of cooled 
igneous and metamorphic material which forms the nuclei. The sedi- 

_ ments of the Archeozoic, which had been buried deeply, formed a zone 
of flowage which had connection with the surface of that period more 
readily than it has at present. A creeping, or “rock flowage,” toward the 

_ great ocean basins is indicated thus, and this would take place in a 
_ manner such that the flowage was reflected as undulations at the surface. 
_ These undulations were mutually supporting, the vertical relief being 

_ slight compared with the horizontal distance between the waves or undu- ~ 
lations, as in the case of other waves of pulsation. With local relief of 

_ pressure, the deeply seated material gave off emanations or discharges 
which passed through the zones of strain formed and assumed the form 

_ of sills and pressure lenses between the bedding and shear planes of the 
sediments. With increasing strength of the crust at the nuclei, the less 

deeply seated zones of pressure passed outward in confocal undulations 
_ to the margins of the unstable areas—that is, to crustal masses of less 
strength These undulations, or mountains and valleys, represent vertical 
oscillations of material, with crushing of basin margins and slight lateral 

_ motion, rather than a transference of large volumes of material over great 

' 

ay ee ee ie eed 

The control of the sinking blocks underlying the Atlantic and Indian 
oceans is indicated by the local ridgings of the continental nuclei as at 
Scandinavia and the ghats of India. 

To this mountain-making the injection of igneous emanations and the 

heating of the sinking sediments contributed considerably, but the actual 
transference of material was confined to zones which were relatively nar- 
row within each earth undulation. This action appears to have deter- 

mined the great folding and mashing of the earlier and middle Cenozoic. 

The formation of the present series of. mountain ranges would appear 
to be related to a general pull, by shrinkage, of the suboceanic areas, 
which set up undulations therefrom in the form of complex units round 

the margins of these suboceanic masses and which were reflected on the 
one hand backward to the continental nuclei through the zone of flowage, 
im widening undulations of decreasing strength, and on the other hand 
upward thence, with an undulatory surface creep toward the oceans. 
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INTRODUCTION 

In science, as in our business and personal affairs, it is profitable from 

time to time to look over the ground and see how much we have accom- 

plished in recent years. The present occasion would seem to be a suitable 

one in which to render an account of recent progress in that branch of 

paleontology with which I am principally acquainted. It is not a -cata- 

logue of recent publications, nor a summary of their contents that is 

presented in this address, but rather a report of progress, with some 

suggestions as to where this progress seems to be leading us. 

The foundations of paleontology, the documents on which our re- 

searches are based, consist of the collections of fossils, which are our 

record of the past history of hfe. The breadth and solidity of those 

foundations must determine both the size and the permanence of the 

structure that we may erect thereon. It is no small part of our duty as 

* Received by the Secretary of the Society December 30, 1922. 

XXVII—BULL. GEor. Soc. AM., VoL. 34, 1922 (401) 
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architects thereof to examine carefully from time to time into the ade- 

quacy of these foundations, to condemn and sweep away such parts of 

our strueture as appear to be insufficiently supported, flimsy, or outworn. 

They may have served their purpose in the past as temporary outworks, 

trial sketches or models, or provisional scaffolding to aid in the erection 

of our more permanent structures; but they should not be confused with 

solid and stable additions, nor should they be allowed to outlive their 

usefulness. A critical review of our foundations and of their recent 

extension is the foremost and most important matter before us. 

In the early days of paleontology fossil vertebrates were known from 

few and mostly very fragmentary specimens. Our concepts of extihet 

animals were built up from the study and correlation of numerous frag- 

ments, supplemented largely by the analogy of living relatives of the 

extinct animals. The correlations were sometimes incorrect, the anal- 

ogies were always inexact and often misleading. Of the theories and 

conclusions based by our predecessors on these relatively scanty founda- 

tions, some have been swept away and forgotten, some have been modified 

in varying degree, some have been confirmed and vindicated by subse- 

quent discovery. 

The more intensive collecting of recent years, and especially the tech- 

nique devised by Hatcher and Wortman for the purpose of preserving the 

whole of a fossil skull or skeleton, have brought in year by year a larger 

proportion of complete specimens of fossil vertebrates. The leading 

American museums are today peculiarly rich in complete and well pre- 

served material, and the more progressive museums of Europe have like- 

wise adopted these methods, greatly to the improvement of their collec- 

tions. 

It is difficult to find any basis for a quantitative estimate of the in- 

crease in our collections, or even of any particular portion of them. So 

far as the American Museum collections go, the Cope Collection, gathered 

between 1872 and 1896, covers about 25 per cent of the catalogue num- 

bers, but is not in reality over 10 per cent of the collections in this depart- 

ment, as in former years many specimens were separately catalogued that 

would not now be considered worth individual record. The other 90 per 

cent was gathered during the last thirty years, and progressively more 

during the later decades. Perhaps it would be fair to say that 20 per 

cent was gathered from 1892-1902, 30 per cent from 1902-1912, and 40 

per cent from 1912-1922. Other institutions would have proportions 

different from these. Probably in Yale University or the National Mu- 

seum the proportion of material collected and prepared over thirty years 
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ago would be higher; on the other hand, in the newer institutions all the 
material is relatively recent. It is reasonable to regard the American 
Museum as fairly representative in this matter and to conclude that, so 

far as American collections go, nine-tenths of them have been obtained 

- during the last thirty years and nearly half during the last twelve years. 
_ Progress in foreign museums has not been so rapid, especially in Eu- 

rope, where the earlier collections were more important and the World 

War seriously curtailed, if it did not eliminate, all scientific activities. 

Yet even in Europe large additions have been made since the beginning 

of the century and some important ones within the last decade. Judging 

from what I saw of the principal European museums in 1900 and again 

two years ago, it would, perhaps, strike a fair average to estimate that 

their collections have been nearly doubled since 1900. 

I will try to specify the more important points in the progress of the 

last ten or twelve years. 

Pavzeozoic Rerrites, Permian or Texas anp SourH Arrica 

On the origin of land vertebrates there is little to report in the way of 
new discoveries, although the researches of Gregory and Watson in respect 

to the relations of the earliest land vertebrates to the fringe-finned fishes 
have advanced our understanding of the problem; nor have any impor- 

tant new collections been made among the earliest land vertebrate faunas 

of the Pennsylvanian period. Moodie’s monographic revision of the Coal 
Measures amphibia and reptiles affords a most valuable compendium 

of what is known up to the present time. 
In the Permian faunas, both in Texas and South Africa, there has been 

a great advance, both in collecting and research, continuing the activity 
of the previous decade. Professor Case,” of Michigan University, and 
the late Doctor Williston,’ at the University of Chicago, have been the ~ 

leaders in this country, and have secured and described large collections 

from Texas and Oklahoma and greatly increased our knowledge of this 
ancient vertebrate fauna. The Cope Permian collections at the American 

2R. L. Moodie: (1916.) The Coal Measures amphibia of North America. Carnegie 

Inst. Pub. no. 238. 

2E. C. Case: (1907.) RBevision of the Pelycosauria. Carnegie Inst. Pub. 55; 1910, 

Articles in Amer. Mus. Bull., vol. xxviii; 1911, Revision of the Cotylosauria, Amphibia, 

and Pisces of the Permian of North Amerca. Carnegie Inst, Pub., nos. 145, 146; 1913, 

Permocarboniferous vertebrates from New Mexico, idem, no. 181; 1915, Permocarbon- 

iferous Red Beds of North America, etc., idem, no. 207; 1919, Environment of verte- 

brate life in the late Paleozoic of North America, idem, no. 283. 
2S. W. Williston: (1911.) American Permian vertebrates. Univ. Chicago Press. 

And various articles, mostly in the Journal of Geology, 1908 to 1918. 
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Museum have been studied and compared with the South African faunas 

by Case, Gregory,* Broom,’ Watson,® and von Huene,’ and important 

collections from the Texas Permian have been obtained for the Tubingen 

and Munich museums in Germany. There shall be noted, also, the fine 

skeleton of the fin-back reptile Dimetrodon, recently mounted in the Na- 

tional Museum.* The South African Permian has also been vigorously 

exploited by Broom, Watson, Haughton,® and Van Hoepen’® and large 

collections made, including many finely preserved skulls and skeletons. 

This fauna is of peculiar interest as containing apparently the beginnings 

of the evolution of mammals, birds, and dinosaurs. It is significant that 

it is regarded as the fauna of an arid or desert region, rather in contrast 

to the fluviatile or littoral facies represented by the Texas Permian. 

The third great area for Permian vertebrates, the Dvina River, in 

Poland, has not, so far as I know, been seriously exploited since the work 

of Amalitzky, twenty years ago, nor has anything been added to Fritsch’s 

pioneer work in Bohemia. 

With all that has been done, we really know very little as yet of the 

Permian land animals. The period was a most important and critical 

one in the evolution of land life, for it witnessed the first great expansion 

of land vertebrates and the origin, probably, of mammals, birds, and the 

principal orders of reptiles, including dinosaurs. What we know best is 

the river-delta fauna of the Lower Permian in Texas, a series of plains 

or desert faune of Upper Permian age in South Africa, and probably a 

similar facies in Poland; a small Permian swamp fauna in Bohemia, and 

a few items from other regions. These must represent but a small pro- 

portion of the variety and scope of land life of the Permian world. How 

imperfect a picture it gives may be judged by supposing that our knowl- 

#W. K. Gregory: Various articles in Bull. Amer, Mus. Nat. Hist., 1908 to 1922; 1913, 

Journal of Morphology. ~ 

°“R. Broom: (1908-1922.) Numerous articles in Bull. Amer, Mus. Nat. Hist., Proc. 

Zool. Soe. London, Ann. South African Museum, ete. 

&p. M:. S. Watson: (1912-1922. Numerous articles in Ann. Mag. Nat. Hist., Proc. 

Zool. Soc. London, Trans. Roy. Soc. London, Geol. Mag., ete. 

“F. Von Huene: (1922.) Osteologie des Dicynodon Schidels, Pal. Zeitsch., V, 58-71; 

1913, Skull elements of Permian Tetrapoda, Bull. Amer. Mus. Nat. Hist., vol. xxxii, 315- 

386 ; 1912-1913, Anatomischer Anzeiger, 42 Bd., s. 98, 472; 43 Bd., s. 389, 519. 

§C. W. Gilmore: (1919.) A mounted skeleton of Dimetrodon gigas. Proc. U. S. Nat. 

Mus., vol. 56, pp. 525-539, pls. 70-73. ; 

°S. H. Haughton: (1915-1918.) Ann. S. African Mus., vol. xii, containing descrip- 

tions of the paleontological material of the S. African Museum and Geol. Sury. S. 

Africa; 1919, Review of the reptilian fauna of the Karroo system of South Africa. 

Trans. Geol. Soc. 8. Afr., vol. xxii, pp. 1-26; 1920, On the genus Ictidopsis. Ann. Durb. 

Mus., vol. ii, part v; 1921, On the reptilian genera Huparkeria Broom and Mesosuchus 

Watson. Trans. Roy. Soc. S. Afr., vol. x, pp. 81-88. - 

10 Van Hoepen: (1915.) Ann. Transvaal Mus., vol. v, nos. 1, 2. 
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edge of the modern land vertebrates were similarly limited, to the animals 

of a South African desert, a Texas delta, and a swamp in central Europe, 

with a few odds and ends from elsewhere. The zoogeographer would be 

bold indeed who propounded theories of distribution and migration based 

on data so limited, and it is to be feared that his conclusions would bear 

but little relation to the realities. While it is thus necessary to emphasize 

the limitations of our knowledge, it is but fair to say that it is vastly 

greater than it was a decade or two ago. The number of genera on record 

is not so greatly increased, but our systematic and anatomical acquain- 

tance with the characteristic types is more than doubled. 

Triassic REPTILES AND AMPHIBIANS OF GERMANY 

Turning to the age of reptiles, we have in the Triassic the least known 

chapter, so far as America is concerned, and very little has been added 

to this chapter in the last decade. What little has been accomplished in 

this direction is due to the energetic prospecting of Dr. Case and contains 

promising prospect for the future, as well as a few but very interesting 

additions to the Triassic faune.1! In Europe, however, the recent dis- 

coveries of Triassic dinosaurs at Halberstadt and Trossingen in Germany 

and the discovery of a complete skeleton of a South African Triassic 

dinosaur have given an adequate basis for the study of these primitive 

dinosaurs and appreciation of their real relations to the specialized dino- 

saurs of the later geologic periods. Especially is the discovery by von 

Huene, in new excavations at Trossingen during the past two seasons, 

of a series of a dozen or so more or less complete dinosaur skeletons likely 

to be of great scientific value. Scarcely less important is a large quarry 

of skulls and skeletons of the great Triassic Labyrinthodont Mastodon- 

saurus, in the Black Forest region by Professor Wepfner, and the dis- 

covery of complete skeletons of the very peculiar reptile Placodus, whose 

teeth were found long ago in Germany and supposed to be the pavement- 

teeth of a fish allied to the rays. This fine skeleton is being studied by 

Doctor Drevermann, of the Senckenberg Museum. ; 

JuRASSIC Dinosaurs oF UTAH AND East AFRICA 

The two outstanding features of progress in Jurassic land reptiles are 

the great dinosaur quarry worked by the Carnegie Museum near Jensen, 

in the Vernal Valley, Utah, and the Tendaguru dinosaur collections from 

German Hast Africa secured for the Berlin Museum. So far as I can 

11 HY; ©. Case: (1922.) Carnegie Inst. Pub. no. 321. 
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judge from the record maps of the Jensen quarry, which I had the 

privilege of inspecting through the courtesy of Mr. Douglass, the material 

secured there is greater in quantity and finer in quality than the sum of 

all that has been obtained hitherto in America. The preparation of this 

huge collection will be a labor of many years, however it be arranged; 

but as a result we may look forward confidently to more than doubling 

our present knowledge of Morrison dinosaurs. 

The memoirs by Gilmore?” on the carnivorous and armored dinosaurs 

in the National Museum, chiefly of the Morrison fauna, are of the highest 

authority and importance and his restudy of the Potomac fauna’ of 

Lower Cretaceous age shows that it is not the Morrison, as formerly sup- 

posed, but of decidedly later age. The Tendaguru collection is likewise 

an immense task in preparation, and when I saw it in Berlin, two years 

ago, it was far from being completed, after more than ten years’ work. 

It provides a fairly complete skeletal knowledge of some half-dozen types 

of dinosaurs** and fragments of a few others, representing a fauna similar 

in broad lines to the Morrison fauna, nearly similar in its adaptive facies, 

and approximately of the same age, but inhabiting a different continent, 

and of the highest importance in giving some really adequate data as to 

the faunal distribution at that epoch. It is too early yet to draw conclu- 

sions, but my impression from a superficial review was that the Tenda- 

guru and Morrison faunas showed a very close adaptive similarity, but 

were not so closely related as they seemed. It is, fortunately, possible to 

correlate the Tendaguru dinosaurs exactly through marine faunas. in 

interdigitating formations. This in turn aids greatly in the correlation 

of the Morrison fauna, and Schuchert has shown’ that there is strong 

reason to place it rather at the end of the Jurassic than at the beginning 

of the Cretaceous. This conclusion is further supported by Gilmore’s. 

new evidence as to the relations of the Potomac fauna. 

2 C, W. Gilmore: (1920.) Osteology of the carnivorous dinosauria in the U. S. Nat. 

Mus., Bull. 110, U. S. Nat. Mus. ; 1914, Osteology of the armored dinosauria in the U.S. 

Nat. Mus., Bull. 89, U. S. Nat. Mus.; see also 1909, Osteology of Camptosaurus; 1915, 

Osteology of Thescelosaurus, and other articles in Proc. U. S. Nat. Mus. 

8 C. W. Gilmore: (1921.) Fauna of the Arundel formation of Maryland. Proc. U. 8S. 

Nat. Mus., vol. lix, pp. 581-594, pls. ex-exiy. 

14 \W. Janensch: (1914,) Uebersicht ueber die Wirbelthierfauna der Tendaguru-Schich- 

ten. Archiy. f. Biontologie, III, 79-140; also pp. 217-261. Ueber Elaphrosaurus u.s. w., 

Sitzber. Gesell, naturf. Freunde, 1920, pp. 225-235. 

W. Branca: (1914.) Die Riesengrébe sauropoder Dinosaurier vom Tendaguru, U. s. w.: 

Archiv. f, Biontologie, vol. iii, pp. 71-78. 

Pompeckj: (1920-1923.) Personal communications. 

Kk. Hennig: (1912,.) Am Tendaguru; also various articles in Sitzber. Gesell. naturf. 

Freunde, 1912-1922. 

1% C. Schuchert: (1918.) Bull. Geol. Soc. Am., vol. 29, pp. 245-280. 
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Cretaceous Dinosaurs or ALBERTA, Montana, AND NEw MExiIco 

It is in the Cretaceous dinosaurs that we can record the greatest prog- 

ress in the last ten or fifteen years. It is not so long ago that our prac- 

- tical knowledge of Cretaceous dinosaurian faunas was almost confined to 

one horizon and to one small area. Substantially, it was the Lance fauna 

that we knew, and to what extent the fragmentary fossils recorded from 

other formations and other areas were really distinguishable from those 

of the Lance was a subject of acrimonious debate. Today we have ex- 

tended the scope of our geographic knowledge as far as central Alberta 

to the north and New Mexico to the south, and have been able to distin- 

euish four well separated geologic zones, each represented by a fauna 

known from a series of more or less complete skeletons. The earliest of 

these faunal zones is the Saint Mary’s of the Milk River district in Mon- 

tana; the second and best known is the Belly River of the Red Deer River 

in Alberta; the third is the Edmonton of the same region, and the fourth, 

the Lance of Wyoming and Montana. The great collections secured from 

the Belly River by the American Museum, the Ottawa, Toronto and Ed- 

monton museums in Canada, and the Field Museum in Chicago are still 

being prepared and studied, but it is already evident that it was a sur- 

prisingly large and varied fauna, of which the Lance was but a remnant, 

consisting of a few highly specialized survivors.’® 

Another interesting phase of recent progress in this group is the prob- 

able difference in faunas widely apart geographically and in different 

climatic zones. The splendid specimens secured by Charles H. Sternberg 

in the last two seasons in the San Juan basin of New Mexico appear to 

_ represent a fauna widely different from any of the three great northern 

faunas. Their true correlation has yet to be determined by a more exact 

study of the fauna and stratigraphy, but Mr. Sternberg’s latest. work, 

performed under heavy handicaps, opens up an important new field for 

dinosaur collecting and is the last of a long series of important finds made 

by him during the last fifty years. A fine skull and much of the skeletor 

of a gigantic Ceratopsian has been secured by the American Museum; 

other important specimens are still in his hands and in the Upsala Mu- 
-seum in Sweden. 

s 

1B. Brown: (1912-1917.) A series of papers in Bull. Am. Mus. Nat. Hist. 

H. &. Osborn: (1917.) Bull. Amer. Mus. Nat. Hist., vol. xxxv, pp. 733-771. 

L. Lambe: (1914-1920.) Numerous articles in Mem, Geol. Sur. Canada, Ottawa 

Naturalist, Trans. Roy. Soc. Canada, ete. 

W. A. Parks: (1919-1922.) Series of articles in Univ. Toronto Studies, Trans. Roy. 

Soc. Canada, etc. 
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THE DINOSAURS NOT A NATURAL ORDER 

The dinosaurs are now generally recognized as not a natural order of 

reptiles, but a composite group, including two distinct and rather dis- 

tantly related orders.‘’ Dinosaurs correspond in a way to pachyderms 

among mammals, once considered a natural order, but now recognized 

as an assemblage of animals superficially alike, owing to parallel adapta- 

tion, but not really related. It is in this sense that the term “dinosaurs’’ 

should henceforth be used and not as a natural order of reptiles. The 

two orders are the Saurischia, including Marsh’s two groups of Sauropoda 

and Theropoda, and the Ornithischia, or Orthopoda, the Predentata of 

Marsh. The first group includes the gigantic amphibious Dinosaurs, the 

ereat carnivorous Dinosaurs and their slender, swift-running allies, and 

the more primitive Triassic dinosaurs. Orthopoda include the Iguano- 

donts and duck-billed Dinosaurs, the horned Dinosaurs, and the armored 

Dinosaurs. All these are distinguished by a horny beak or bill and a 

more bird-like arrangement of the pelvic bones, and have a certain degree 

of affinity to primitive birds, whereas the Saurischian order has a corre- 

sponding relation to primitive crocodiles. The fine memoirs by von 

Huene on various Triassic reptilia,’® by Gilmore’? on the carnivorous and 

armored dinosaurs, by Osborn on Camarasaurus,?° and a series of de- 

scriptive papers by Brown, Lambe, Parks, and others are the most impor- 

tant published contributions in this field. 

Cenozoic MAMMALS OF WESTERN AMERICA 

In the field of Tertiary mammals progress has been made at many 

points. The great series of Tertiary faunas in this country has been im- 

proved all along the line. Collections from each horizon have been 

greatly increased; many new or little known species are now represented 

by complete skulls and skeletons. Careful intensive stratigraphic work 

in the fossil fields and more exact records of all specimens enable us to 

define more accurately the limits and succession of faunas and evolution 

“7H. Von Huene: (1909.) Skizze zu einer Systematik und Stammesgeschichte der 

Dinosaurier, Centralbl. f. Min. Geol. u. Pal., J’g., 1909, s. 12-22; 1914, Nattirliche Sys- 

tem der Saurischia, idem, 1914, s. 154-158; 1914, Ueber die Zweistiimmigkeit der Dino- 

saurier u. s. w., Neues Jahrb., B. B. xxxvii, s. 577-589. 

188 Von Huene: (1912-1916.) Series of memoirs and shorter articles chiefly in Paleon- 

tographica ; 1910-1914, Geol. u. Pal. Abhandl.; 1920-1922, Acta Zoologica; 1909-1922, | 

Neues Jahrbuch and Centralbl. f. Min. Geol. u. Pal., ete. 

19 See page 8, footnote 12. 

20H. F. Osborn and C. C. Mook: (1921.) Camarasaurus, Amphicelias and other 

Sauropods of Cope. Mem. Amer. Mus. Nat. Hist., n.s., vol. iii, pp. 247-387. pls. Ix-Ixxxy. 
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of phyla. A great advance has been made in the Lower Eocene and 

Paleocene faunas, the former representing, as I see it, the true beginnings 

of the Tertiary mammalian succession in this country, while the latter, 

whatever its precise geologic position may prove to be, is essentially the 

culmination and close of a Cretaceous mammal fauna whose earlier evo- 

lutionary stages are wholly unknown to us, either because they inhabited 

upland areas, where their remains were not preserved, or because they 

lived in some other region whose Cretaceous land faunas have not yet 

been discovered.** 

In the Lower Eocene the most remarkable discovery is the Diatryma, 

a gigantic ground bird resembling the Phororhachos of the South Amer- 

ican Miocene, but not related to it and standing apart in a group by 

ie oa 
In the Oligocene Sinclair*® has inaugurated an intensive stratigraphic- 

faunal study of the typical White River badlands that will serve as a 

foundation for comparison and correlation much more exact and accurate 

than has been possible hitherto. A remarkable fossil quarry opened by 

the Denver Museum?** in the Chadron formation of Colorado has yielded 

already a large series of well preserved skeletons and appears to contain 

still vast numbers. 

In the Lower Miocene the great collections of the Carnegie Museum 

from the Agate fossil quarry have been described by Holland and Peter- 

son in three fine memoirs,”° and the excellent series of Moropus skeletons 

obtained by the American Museum from the same quarry provide a com- 

plete knowledge of this extraordinary animal. Large collections have 

also been obtained from the Lower Miocene for the Yale, Amherst, and 

Field museums. 

The later Miocene and Pliocene faunas are represented in the Snake 

Creek quarries in Sioux County, Nebraska, which have been worked 

ne. Matthew: (1913, 1917.) Bull. Amer. Mus. Nat. Hist., vol. xxxii, p. 307 ; vol. 

XXXvli, pp. 569, 831; 1914, Bull. Geol. Soc. Amer., vol. 25, p. 381; 1921, Am. Jour. Sci., 

VOle als p. 209: 

2 WwW. D. Matthew and W. Granger: (1917.) The skeleton of Diatryma. Bull. Amer. 

Mus. Nat. Hist., vol. xxxvii, pp. 307-326. 

23 W. J. Sinclair: (1921-1922.) Four articles in Proc. Am. Phil. Soc., vols. 1x and 1xi. 

#4 J. D. Figgins: (1921.) Ann. Rep. Colorado Mus. Nat. Hist., p. 16. 

*°O. A. Peterson: (1909.) Revision of the Entelodontide. Mem. Carnegie Mus., vol. 

iv., pp. 41-158, pls. liv-lxii; 1910, Description of new carnivores from the Miocene of 

western Nebraska, ibid., pp. 205-278, pls. Ixxiv-lxxxv ; 1920, The American Diceratheres, 

ibid., vol. vii, pp. 399-476, pls. lvii-lxvi. 

W. J. Holland and O. A. Peterson: (1914.) Osteology of the Chalicotheroidea. 

Mem. Carnegie Mus., vol. iii, pp. 189-406, pls. xlviii-Ixxvii. 
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chiefly by the American Museum.’® While the two great fossil quarries 

mentioned above contain complete skulls and skeletons of a limited num- 

‘ber of large animals—three or four kinds in each—the Snake Creek 

quarries contain chiefly fragmentary material of a great variety of ani- 

mals, no less than 50 genera being on my lst at present. They are river- 

channel pockets and are now known to belong to three distinct faunal 

zones. 

Perhaps the most interesting out of a multitude of new forms from 

these quarries are the upper tooth of an anthropoid primate, Hesperojm- 

thecus, the first of this group from the American Tertiary, and the com- 

plete skeleton of Pliohippus, the earhest one-toed stage in the evolution 

of the horse. Discovery by Troxell of fine skeletons of Pliohippus?* and 

of a Tertiary type of Mastodon in the Pliocene of South Dakota, and by 

Gidley of a large Pliocene fauna in Arizona, should also be mentioned. 

The series of later Tertiary faunas discovered by exploring parties 

from the University of California, on the Pacific coast and in the Great 

Basin provinces, are a most important addition, as they are almost wholly 

new fossil fields.2* The material as yet discovered is largely fragmentary, 

but a considerable series of faunas has been differentiated. 

In the Pleistocene the great outstanding discovery is the La Brea 

asphalt quarries near Los Angeles, remarkable for the numbers, the 

variety, and the fine preservation of the specimens. The discovery of 

this unique series makes it possible to describe the more characteristic 

forms from series of dozens, or even hundreds, of complete skulls with 

proportionate numbers of skeleton bones.”° 

PRIMATES AND Man 

The most widely interesting field of paleontological research is that 

72 W. D. Matthew and H. J. Cook: (1909.) Bull. Amer. Mus. Nat. Hist., vol. xxvi, 

pp. 361-415. 

W. J. Sinclair: (1915.) Proc. Am. Phil. Soc., vol. liv, pp. 73-95. 

W. D. Matthew: (1918.) Bull. Amer. Mus. Nat. Hist., vol. xxxviii, pp. 183-229. 

HH: EF. Osborn: (1918.) Mem. Amer. Mus, Nat:  Hist.; n.’s., vol. ip, 2Sineamer 

Mus. Novitates, no. 37. 

Ee. Lroxelil: (VOlG,)) Ame Jour: Sci vole xi spp, seo-3400 

H. F. Osborn: (1918.) Equide of the Oligocene, Miocene, and Pliocene of North 

America, iconographic type revision. Mem. Amer. Mus. Nat. Hist,, n. s., vol. ii, p. 162, 

pls. XXvili-xxx. 

*° J. C. Merriam and others: (1910-1922.) Uniy. Calif. Geol. Publ., numerous contri- 

butions. : 

2°. S. Daggett: (1918.) Notes on Pleistocene fossils from Rancho La Brea. Los 

Angeles Co. Mus. Hist., Sci., and Art; Dept. Nat. Sci., Mise. Publ. 

J. C. Merriam and others: Ut supra. 

W. D. Matthew: (1913.) Amer. Mus. Jour., vol. xiii, p. 291; 1916, ibid., vol. xvi, 

pp. 45, 469. 
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which deals with the geologic history and evolution of our own race, and 

in this field there have been a series of discoveries and researches in recent 

years of the highest importance.*° | 

First among these I may place the discovery of complete skeletons of 

Neanderthal man; the skeleton of Chapelle-aux-Saints, so admirably de- 

scribed by Marcellin Boule ;** the two skeletons of La Ferrassie, soon to 

be described fully by the same distinguished authority, and a series of 

less complete but important finds in Germany and other Central Euro- 

pean States. These discoveries have given a very clear and definite con- 

cept of the Neanderthal race, as a species clearly distinct from our own, 

characterized by a series of well defined physical peculiarities, nearer in 

many particulars to the anthropoid apes, but clearly not a direct ancestor 

of our own species. 

The fragmentary skull and jaw found in 1911 near Piltdown, in Sus- 

sex, likewise represents an extinct species of man, as different from the 

Neanderthal man as from our own race. Although corresponding in its 

nearer approach to the anthropoid ‘apes, it probably is not directly 

ancestral.*° 

Another remarkable skull, discovered at Broken Hill, in Rhodesia, 

while not of high antiquity, is regarded as representing a survival of the 

Neanderthal race in South Africa. The Talgai skull from Queensland, 

rather doubtfully associated with the Pleistocene fauna of Australia, is 

considered as representing a proto-Australian type of man. 

_ The sum of these discoveries is to impress strongly on the mind the 

probability that our own species is but one out of several human species 

which lived and flourished and competed one with another during the 

Pleistocene period; our own species, perhaps through its higher social 

adaptability, being at last supreme, and sole survivor at the present day. 

°°'The literature on fossil primates and the evolution of man is very voluminous. A 

number of excellent critical reviews of the subject by Osborn, Gregory, Boule, Keith, 

Sollas, Giuffreda-Ruggeri, Leche, Arldt, and others cite and discuss the chief contribu- 

tions. The most important recent contributions on Tertiary primates are the following: 

W. K. Gregory: (1920.) Structure and relationships of Notharctus. Mem. Amer. 

Mus. Nat. Hist., n. s., vol. iit, pp. 49-243, pls. xxiii-lix. 

H. G. Stehlin: (1912-1916.) Satigethiere der schweiz. Hocens, 7 Teil, Abh. schweiz. 

paliiont. Ges., vols. xxxviii and xii. 

G. E. Pilgrim: (1915.) New Siwalik primates and their bearing on the question of 

the evolution of man and the Anthropoidea. Lec. Geol. Sury. India, vol. xlv, pp. 1-74, 

pls. i-iv. 

W. K. Gregory: (1916.) Studies on the evolution of the primates. Bull. Amer. Mus. 

Nat. Hist., vol. xxxy, 1921, pp. 239-355; Origin and evolution of the human dentition, 

Baltimore, Williams and Wilkins. 

31M. Boule: (1911-1913.) L’/Homme Fossile de Chapelle-aux-Saints, Ann. de Paléont., 

vols. vi-viii; 1921, Les Hommes Fossiles. 

3224. S. Woodward, G. Elliott Smith, Arthur Keith, G. S. Miller, W. P. Pycraft. and 

others, on VPiltdown skull. 
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Yet it appears probable that through crossing and intermixture some of 

the blood of one or more of these extinct species of man still survives 

here and there among our own race and may yet be recognizable when 

the application of mendelism to systematic osteology and paleontology 

is more fully understood and appled, and also when our collections of 

the remains of fossil man are so extensive as to admit of such applica- 

tions. Whatever may be the prospects of getting anywhere along this 

line, it is quite clearly demonstrated by these recent discoveries that the 

problem of the ancestry of our race—of the evolution of man—is in 

reality a much more complex and difficult one than had been assumed 

either by the exponents or opponents of evolution. It is not one missing 

link that we have to find, but many. Each of the discoveries I have cited 

is a “missing lnk’: but we can not be satisfied with merely answering 

the challenge of the ignorant, and each discovery serves as a spur to 

further search. 

A remarkable recent discovery is that of a true anthropoid primate in ~ 

the Lower Pliocene of this country... While the single upper molar which 

Osborn has named Hesperopithecus** does not prove the precise affinities 

of the animal, there is no reasonable doubt in the minds of those who 

have studied the original specimen that it is one of the higher Anthro- 

poidea. The discovery of such a type was not wholly unexpected, as the 

writer and Mr. H. C. Cook, in describing the Snake Creek fauna in 1909, 

pointed out that certain badly preserved teeth might perhaps be anthro- 

poid, and that the character of the associated fauna made such a dis- 

covery reasonably possible. Nevertheless it was not considered likely, as 

the formation had been diligently and repeatedly prospected in subse- 

quent years without success. 

ForEIGN RESEARCHES AND DISCOVERIES, MISCELLANEOUS CONTRIBUTIONS 

Paleontological research in other parts of the world is much less ad- 

vanced than in North America and Europe, but, in addition to the few 

discoveries already mentioned, several other important results of explora- 

tion have already been secured. In the West Indies a more or less sys- 

tematic search for fossil vertebrates has been made by the American 

Museum, the Museum of Comparative Zoology and the National Mu- 

seum,** and considerable well preserved material secured from the Pleis- 

33H. F. Osborn: (1922.) Amer. Mus. Novitates, no. 37. 

W. K. Gregory and Milo Hellman: (1923.) Amer. Mus. Novitates, no. 53. 

3¢W. D. Matthew: (1919.) Proc. Amer. Phil. Soc., vol. lviii, pp. 161-181. 

H. E. Anthony: (1918.) Mem. Amer. Mus. Nat. Hist., n.s., vol. ii, pp. 331-435, 

pls. lv-Ixxiv. 

G. S. Miller: (1916.) Smiths. Miscell. Coll., vol. 66, no. 12; 1922, idem, vol. 74, ==; 

> 
no. 3. 
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tocene of Cuba and Porto Rico, with fragmentary data on the Pleistocene 

fauna of Hispaniola and Jamaica. The especial interest of these insular 

faunas lies in their source and paleogeographic bearings. South America 

affords an immense field for exploration, but since the death of Florentino 

Ameghino there is but little progress to record. The explorations begun 

by the Field Museum will, it is hoped, initiate a new period of advance 

in our knowledge of the paleontologic history of this continent. 

In Africa considerable reconnaissance work has been done at various 

points, but beyond the Tendaguru and Karroo discoveries already noted, 

the only finds which can be noted here are the Cretaceous dinosaurs dis- 

covered by Stromer in the Libyan desert.*° These are of quite a remark- 

able type—Sauropods and a peculiar carnivorous genus—the fauna pos- 

sibly having descended from the Wealden fauna; but careful comparative 

study is still needed. 7 

In India Doctor Matley has obtained an interesting Cretaceous dino- 

saur fauna from the Deccan, but only preliminary notices of it have as 

yet been published.*® The chief advance in Indian paleontology is the 

admirable stratigraphic and faunal work of Pilgrim in sorting out and 

correlating the heterogeneous group of faunas hitherto known as the 

Siwalik fauna.** The splendid collections of these faunas recently se- 

cured by Barnum Brown for the American Museum deserve special men- 

tion, as also the discovery of Oligocene and Eocene faunas in Baluchistan 

‘and Burma by Cooper, Pilgrim, and Cotter. The gigantic “Balucht- 

thervum,” of which parts of the skeleton were discovered by Cooper,*® is 

perhaps the largest known land mammal. Borissiak has reported what 

seems to be the same animal in Russia, under the name of Indricothe- 

rium,*® and last summer the American Museum secured a complete skull, 

nearly five feet in length, in Mongolia.*° 

The results of the American Museum explorations in Mongolia are 

probably the most important discovery of the last decade. Central Asia 

3°), Stromer: (1914, 1917.) Wirbelthier-Reste der Baharije-Stufe. Abh. Kgl. Bay. 

Akad. Wiss., xxvii, 3¢ Abh.; xxviii, 3e u. 8e Abh. 

36 C, A. Matley: (1922.) Personal communications. 

B. Brown: (1920-23.) Ab lit. 

37qG, H. Pilgrim: (1912.) Vert. Fauna of the Gaj Series. Mem. Geol. Sury. India, 

vol. iv, no. 2, pp. 1-84, pls. i-xxx ; 1913, Correlation of the Siwaliks with Mammal Hori- 

zous of Hurope. Rec. Geol. Surv. India, vol. xliii, pp. 264-326, pls. xxvi-xxviii. 

38 C, Forster Cooper: (1911.) Paraceratherium bugtiense, a new genus of Rhinoce- 

rotide. Amer. Mag. Nat. Hist., vol. viii, pp. 711-716, pl. x; 1913, Thaumastotherium. 

[corr. to Baluchitherium] osborni, a new genus of Perissodactyles. Ibid., vol. xii, pp. 

376-381. 

39 A, Borissiak: (1915.) Rhinoceros de la Taille dun Mammoth. (Jndricotherium, 

new genus.) Geological Messenger, vol. 1, pp. 131-134 (Russian text only). 

40H. EF. Osborn: (1923.) Amer. Mus. Novitates, no. —. (In press.) 
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has hitherto been a terra incognita to the vertebrate paleontologist, and 

the finding of rich and extensive fossil fields in the Gobi Desert with 

Cretaceous, Eocene, Oligocene, and Plocene formations, each yielding 

considerable faunas and finely preserved specimens, in the first season’s 

exploration, promises to open up a completely new field in vertebrate 

paleontology.*t Other fossiliferous horizons will probably be discovered 

by further explorations, and the history of the land vertebrates of the 

ereat central Asiatic continent in the Mesozoic and Connanit eras will be 

placed on record in considerable detail. 

In the cellars and storage racks of many museums, both in this country 

and abroad, are important collections of fossil vertebrates acquired many 

years ago, but never prepared or described. The labor and expense of 

preparing, studying, and describing this material to make it of use to 

science is as valuable a contribution as though it were fresh from the 

field. A considerable part of the work in the National Museum and some 

in the American Museum has dealt with specimens collected long ago for 

Marsh and Cope. Recently the Yale Museum has made a vigorous and 

highly successful campaign to prepare and describe the great fossil col- 

lections left to that institution by Professor Marsh. A series of articles 

by Lull, Troxell, and Thorpe in the American Journal of Science testifies 

to the importance of these additions to our knowledge. 

Two very valuable and authoritative memoirs by Doctor Teilhard de 

Chardin should be noted in this connection. In one the classic Cernay- 

sian fauna at the base of the French Eocene is admirably described and 

illustrated from the collections in the Paris Museum.*? The relations of 

this fauna and correlation with the Paleocene faunas of this country are 

now at last based on adequate data. Of scarcely less importance is Pére 

Teilhard’s memoir on the carnivora of the Phosphorite fauna, also based 

on the unrivaled collections in the museum at Paris.*® 

A third important memoir from the Paris Museum, sumptuously illus- 

trated and admirably presented by the Director, Marcellin Boule,** de- 

scribes the fine collections from the Pleistocene of the Tarija Valley, in 

Bolivia, in the Paris Museum. 

41 W. Granger and C, P. Berkey: (1922.) Amer. Mus. Novitates, no. 42; 1923, Ibid., 

NOS vil 

#2 P. de Chardin Teilhard: (1921.) Mammiferes de l’Eocene inferiur francais. An- 

nales de Paléont., x, pp. 171-1767 xi, pp. 1-108, pls. i-viii. 

48 Teilhard: (1915.) Les Carnassiers des phosphorites de Quercy. Annales de Palé- 

ont., ix, pp. 100-195, pls. xii-xx ; 1920, Sur quelques primates des phosphorites de Quercy. 

Idem, x, pp. 2-20. 

44M. Boule and A. Thevenin: (1920.) Mammiferes Fossiles de Tarija, Mission Scien- 

tifique Crequi-Montfort. Soudier, Paris. 
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Finally, I must not omit to mention a series of great synthetic studies 

by Osborn, dealing with the later Tertiary Equide, now published ;** the - 

evolution of the Titanotheres, completed but not yet published, and the 

evolution of the Proboscidea, still in progress; the practical completion 

of the splendid monographs on the Santa Cruz Miocene faunas by 

Scott ;** Winge’s monograph on the Brazilian Edentata ;*7 and a remark- 

able series of brilliant text-books by Othenio Abel, of Vienna.** There 

are several other excellent text-books that deserve particular notice, but 

time will not allow even a mention of them here. 

CONCLUSIONS AS TO PROGRESS OF RECENT YEARS 

In the foregoing outline of progress I have been concerned chiefly with 

discoveries of new material, of new records, because it is the scanty and 

fragmentary nature of the evidence that is the chief limit to research in 

vertebrate paleontology and the chief source of error in our conclusions. 

In the phrase of a French reviewer, vast floods of ink have been spilled 

on problems of correlation, of phylogeny, of paleogeography, where a few 

questionable fragments of fossil vertebrates formed the salient points of 

evidence. When in some instances an adequate fauna was discovered, 

the problem was promptly and conclusively settled, the flood of ink sud- 

denly ceased to flow, and deep calm settled over the controversy. 

_ The fundamental progress achieved appears, therefore, to be measur-— 

able better in terms of collections than of researches. I do not altogether 

agree with a distinguished Columbia professor who declared not long ago 

that paleontologists had no business to reason on or draw conclusions 

from their specimens, but should content themselves with describing and 

illustrating them.*® Nevertheless, I do think we should distinguish far 

more sharply between provisional and tentative conclusions based on 

scanty and fragmentary data and those which are really proven by ade- 

quate evidence. 

SH. F. Osborn: (1918.) Equide of the Oligocene, Miocene, and Pliocene. Amer. 

Mus. Mem., n. s., vol. ii, pp. 1-217, pls. i-liii. 

#%W. B. Scott and W. J. Sinclair: (1903-1912.) Rep. Princ. Exped. Patagonia, vols. 

iv-vi. 

“A. H. Winge: (1915.) Jordfundne og nulevende Gumlere fra Lagoa Santa. E. 

Museo Lundii, Kjébenhayn, 1915. 

43Q. Abel: (1909.) Ban und Geschichte der Erde; Das Zeitalter der Reptilien here- 

schaft, Vienna; 1912, Grundziige der Palzobiologie der Wirbelthiere, Schweitzerbart, 

Stuttgart; 1914, Die Vorzeitlichen Saiigethiere, Fischer, Jena: 1919, Die Stimme der 

Wirbelthiere, Ver, wiss. Verleger, Berlin-Leipzig; 1920, Lehrbuch der Palxozodlogie, 

_Fischer, Jena; Methoden der paliobiol. Forschung Urb. u. Schwarzenberg, Berlin-Wien ; 

1922, Lebensbilder aus der Tierwelt der Vorzeit, Fischer, Jena. 

*#T. H. Morgan: (1916.) A critique of the theory of evolution, pp. 24-27. 
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So far as the older and better known fields of vertebrate paleontology 

are concerned, the progress of the past few years has been in the way of 

consolidating and confirming what had been tentatively sketched out by 

earlier workers. In the newer fields we are reaching out and securing 

the first fruits of exploration—the evidence which will confirm or dis- 

prove hypotheses and guesses that hitherto have had free rein. 

SomE TRENDS OF MopERN WorRK 

In the field of paleogeography I may call attention to three publica- 

tions treating the subject from diverse or opposite viewpoints: 

Matthew: Climate and evolution, an essay of some 318 pages; 

Arldt: Paleogeographie, a treatise of 2 ponderous tomes; 

Case: Paleogeography of the Permian, a quarto volume of moderate 

dimensions. 

It is commonly said that paleogeographic problems should be decided 

only after marshaling all the evidence in every branch of zoology, past 

and present, as well as of geology and physiography, that can be brought 

to bear on it. This is what Doctor Arldt has endeavored to do in his 

great treatise. I do not hold that view, for it appears to me that unless 

evidence is thoroughly understood and critically sifted as to its weight 

and its real significance, it is of no value; and it is obviously impossible 

for human intelligence to attain a thoroughly critical grasp of so vast a 

field. On the other hand, the evidence in any one branch, if interpreted 

rightly, will lead to correct conclusions, and if the conclusions drawn in 

one field conflict with those drawn in another, it can only be because one 

or the other is wrongly interpreted. It is not a question of balancing 

the evidence. If it does not all point one way, then there is some mistake 

in the interpretations placed on the facts. The problem then les in find- 

ing out what is the fallacy and in which field it lies; and whether the evi- 

dence in several fields has been vitiated by the same fallacy. It is only 

thus that one can arrive at true conclusions in problems of this sort. To 

attempt to decide them by the balance of evidence, as one would settle a 

problem in taxonomy, is more likely to put one wrong than right. 

Doctor Case’s volume is of interest as placing a novel and much broader 

significance on the term paleogeography, making it almost equivalent to 

what might be called paleoecology. He has little to say in this volume 

as to the question of continental outlines, so commonly discussed as 

though it were the whole of the subject, but is concerned chiefly with the 

habitat of the animals, its nature and changes, and the physical geography 

of Permian North America. 



SOME TRENDS OF MODERN WORK nS 

There has been for the past two decades a tendency among vertebratists 

to keep more closely in touch with stratigraphic geology. ‘The compara- 

tive anatomist, especially in setting forth the evolution and specialization 

of structures, tends to arrange his material in categories and sequences 

- that show the evolution of structures and organs, but are of course struc- 

tural and not genetic sequences, as the animals are all contemporaneous. 

The paleontologist, however, is dealing with true genetic sequences, exact 

or approximate ; with the evolution of species and genera of animals, not 

merely with illustrations of how certain structures may have evolved. 

The time relations of his specimens must be known exactly and carefully 

considered. This has been always to the forefront in invertebrate pale- 

ontology. Much of the early research in vertebrate paleontology, how- 

ever, was by men who were comparative anatomists rather than geol- 

ogists, and the fragmentary material with which they had to deal made a 

thorough practical acquaintance with comparative osteology the first 

essential to its correct identification and study. It is no less important 

today on account of the complex structure of the vertebrate skeleton ; but 

an inevitable consequence is a certain tendency to take the anatomist’s 

viewpoint and study too much the evolution of structures and not enough 

the actual sequence in time of the animals themselves. The corrective 

of this tendency is a closer union with the geologists, and in the founding 

of our Society it was hoped and expected that this would result. So far 

as I can see, the course of American paleontology in the past two decades 

has demonstrated the wisdom of this action. The exact records of speci- 

mens and more careful stratigraphic studies have enabled us to define 

horizons and differentiate faunas in much more precise and correct detail ; 

and, with the far larger collections and more complete specimens, the 

records are adequate to trace in many cases the evolution of species and 

not merely of structures. The earlier writers on evolution did not at- 

tempt this. Gaudry and Heckel, Riitimeyer and Kowalewsky, Huxley 

and Cope, demonstrated from the paleontologic record the evolution of 

structure. Depéret and Schlosser, Osborn and Scott, and many others 

have perceived and pointed out this weakness in our evidence and have 

attempted to trace the true phyla. But it is only recently that the evi- 

dence has been adequate to place such attempts on a really sound and 

permanent basis, and indeed most of our work in this line is still tenta- 

tive and provisional. Nevertheless, we may expect to see these beginnings 

extended year by year, and the old structural phylogenies elaborated by 

the previous generation, and scoffed at with some justice by critics as a 

vast “schwindelbau,” replaced by the veritable records of the phyletic 
XXVITI—BULL. Grou. Soc. Am., Vou. 34, 1922 



418 Ww.bD. MATTHEW—PROGRESS IN VERTEBRATE PALEONTOLOGY 

history of races of animals. In so far as this is accomplished, Professor 
Morgan’s strictures on paleontological evolution,”® which are aimed really 

at the old methods, not at our modern standards, will be no longer justi- 

fied. Paleontologists, with the facts before them as to what actually did 

take place in the evolution of a race of animals, may claim the right to 

reason and draw conclusions from these data as to the methods and causes 

of the transmutation of species. 

On the anatomical side of paleontology, the far greater completeness 

of our material in recent years has stimulated comparative researches of 

high quality, apparent in many of the memoirs I have cited and in a 

series of memoirs by Gregory, Watson, Broom, Williston, Case, and many 

others. 

Taxonomic researches and revisions have by no means been neglected, 

but I can mention only one of the many completed or in progress, the 

revision by Miller and Gidley of the super-generic groups of rodents, in 

which, for the first time, the fossil representatives of this order have 

received adequate treatment in a comprehensive revision. 

In looking over the apparent trend of recent advances I am impressed 

with the honest and conscientious endeavor everywhere apparent to pro- 

vide a broader and more secure foundation of evidence for our researches 

by much more extensive collections, more complete specimens, and more 

exact records. We have tried to get into closer touch with stratigraphic 

geology on one side, with comparative anatomy and zoology on the other. 

We have, on the whole, I think, kept fairly clear, considering the great 

increase in our collections, of the temptation to multiply species corre- 

spondingly, the besetting sin of the systematist; and, although the Men- 

delan school of zoologists will have naught to do with us, we have suc- 

ceeded, I think, in making very good use of the data and viewpoints that 

they have emphasized and incorporating them satisfactorily into our own 

scheme of things. 

5° See footnote 49. 
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INTRODUCTION 

Some anomalous structural features in the Great Plains area of Alberta 

have been known for a long time, but in recent years they have come into 

considerable prominence because of the prospect of commercial oil pools 

being associated with them. The study of one of the most conspicuous 

of these supposed uplifts, together with the result of wells recently drilled 

in the vicinity, indicate fairly conclusively that there has been no uplift- 

ing of the formations in the area, and that the abnormally steep dips and 

local folds and faults are the result of the thrust of the great ice-sheet 

which moved southward over this area in Pleistocene time. 

The object of this paper is to demonstrate, if possible, two points, 

namely : 

(1) That the intense deformation of the beds observed at Mud Buttes 

and similar localities is entirely superficial and without deep-seated sig- 

nificance and in no way connected genetically with tectonic disturbance 

of the region. 

(2) That the abnormal surficial disturbance of the strata was caused 

by the movement of the continental ice-sheet against conspicuous pre- 

glacial hills. 

1 Manuscript received by the Secretary of the Society January 15, 1923. 
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The writer acknowledges with pleasure the cooperation of Dr. J. S. 
Stewart in the development of the ideas herein set forth and his help in 

the preparation of this paper. 

DESCRIPTION OF REGION 

The area in which the abnormal structures are found is in the plains 

region of east-central Alberta (see accompanying sketch, figure 1). Ab- 
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FIGURE 1.—Deev Wells of east-central Alberta, western Saskatchewan 

normal dips are found at many places in that region; but the complex 

structures, to be described later on, are found in two principal groups of 
hills, namely Tit Hills and Mud Buttes. The former are located 10 

miles south of Czar and the latter 9 miles south of Monitor. In most 

of the hills of the region abnormal dips are in evidence, due either to 
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slumping or other causes, whereas exposures in the valley generally show 

the strata to be flat-lying, in conformity with the general dip of the 

region. 
In this part of the Great Plains are found here and there groups of 

hills, such as those named above, and other similar ones, such as Misty 

Hills, Neutral Hills, etcetera, which rise a few hundred feet above the 

generally flat, treeless, but well grassed plain. 

Cretaceous formations underlie the surficial deposits of the plain to 

depths of 2,000 to 3,000 feet. The outcropping strata in the immediate 

vicinity of the hills, here described as showing abnormal deformation, 

Ficurre 2.—General View of Tit Hills 

belong in every case to the Belly River formation. With the exception 
of the abnormal dips in the few hills referred to above, all the evidence 

- points to uniform but gently dipping beds over the whole area; but as the 

formations are soft, exposures poor, and the width of the outcrop great, 

it is difficult to work out detailed structure. 

Mvp Buttes 

As the conclusions herein set forth were derived largely from a brief 

study of the Mud Buttes, it is proper that they should be described in 
some detail. . 

The Mud Buttes are situated 9 miles south of Monitor, a station on a 
branch of the Canadian Pacific Railway, and cover parts of sections 19 
and 20, township 33 north, range 4, west of fourth meridian. 
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They form a compact group of hills about one mile long by one-half 

mile broad which rise a few hundred feet above the plains. Their su- 

perior altitude has caused them to be eroded into typical bad-land topog- 

raphy, exposing admirably the strata of which they are composed. 

The strata belong to the Pale Beds, the upper division of the Belly 

River formation, of Middle Montana age, and consist of a series of inter- 

bedded sands, sandy clays, and lgnitic clays with ironstone bands. 

The beds show a prevailing dip of about 30 degrees to the north-north- 

east and a general strike varying from north 80 to 110 degrees east. At 

many places the strike and dip is modified by slumping, which adds to 

the apparent intensity of the deformation. 

FIGURE 3.—-Sketch Map showing geologic Structure of Mud Buttes 

Sections 19 and 20, township 33 north, range 4 west of 4th meridian, Alberta. 

The same series of beds are repeated several times by the miniature 

folds and thrust faults which run through the hills in a general east-west 

direction. Sufficient work has not been done to map the details of the 

structure accurately, and as figures 5-10 illustrate the intensity of the 

faulting, folding, and crumpling I shall not attempt to describe it in 

detail. That the same series of beds are duplicated is obvious from a 

study of the outcrops and from the fact that only the upper division of 

the Belly River formation is involved, as stated above. 

A noteworthy feature of this supposed uplift is the general absence of 

dips in any direction other than to the north. The fact that the hills 

show only prevailing north dips caused them to be considered the north 

limb of an uplift; but there are no complimentary east, south, or west 
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FIGURE 4.—View of Mud Buttes from the Southeast 

Showing small overthrust folds. 
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dips. This fact in itself makes the shape and extent of the supposed 

uplift conjectural. 

EVIDENCE OF SURFICIAL NATURE OF DISTURBANCE 

There are many lines of evidence enumerated below, which lead to the 

conclusion that the intense disturbance of the strata in this area is sur- 

ficial in character; in fact, the only evidence of uplift is the presence, 

locally, of steeply dipping, faulted, and folded strata. Such evidence is 

conclusive so far as it does not run counter to all other evidence, as it 

appears to do in this case. 

The supposed uplifts are located in every case on the outcrop of the 

Belly River formation, and in no case do they cause either narrowing or | 

widening of the outcrop, nor do they bring to the surface strata older 

than those normal to the area. Furthermore, several subdivisions of the 

Belly River formation are recognized in this area and are found appar- 

ently in their normal sequence, in a regular descending series eastward 

and ascending series westward, thus indicating the absence of folds of 

appreciable size, such as we should expect from the intensity of the 

deformation displayed at Mud Buttes. If the observed dips were other 

than surficial, certainly the normal distribution of formations would be 

disturbed, as a 30-degree dip has been observed over a distance of one- 

half mile at Mud Buttes. If this dip should continue without duplica- 

tion of strata for 114 miles, the entire Cretaceous section would be ex- 

posed, whereas only the upper division of the Belly River is found. 

Turning now to the structural information from well logs; the best 

line of evidence is derived from four wells, which include the Muddy 

Lake, Fusilier, West Regent, and Misty Hills wells. These are roughly 

on a line from northeast to southwest, down the dip, and the last two are 

in immediate proximity to Mud Buttes. 

The base of the Colorado Shale, which is the most reliable datum pres- 

ent, shows a dip of 5 feet per mile from the Muddy Lake to the Fusilier 

well, and 614 feet per mile from the Fusilier to the Misty Hills well. 

Thus the Misty Hills well, which is on one of the supposed uplifts, instead 

of being structurally higher is in reality as low as would be expected from 

the regional structure of the area. Furthermore, from the West Regent 

well, which is on the north side of the supposed uplift, to the Misty Hills 

well, a distance of 11 miles, there is a dip to the south of 7 feet per mile, 

which is also normal for the area. The significance of this is obvious 

from the fact that the Mud Buttes are half way between these wells. 

Thus, from the evidence available, we are led to the conclusion that 
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FIGURE 6.—Olose View of Mud Buttes 

Showing intense folding and faulting. 

FIGURE 7.—Close View of Mud Buttes 

Showing intense folding and faulting. 
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there is no uplift at Mud Buttes, as has been supposed by many geologists 

who have visited the area. 

Regarding Tit Hills, the other center of supposed uplift, the evidence 

is similar and equally convincing that no local uplift is present. A well 

was drilled on the north side of these hills, on the supposed uplift, and 

instead of finding a structural high found the formations at their normal 

depth. Thus the base of the Colorado found at 154 feet above sealevel 

at Fabyan, 40 miles to the north, is found here at 233 feet below sealevel, 

showing the normal southward dip of 914 feet per mile. 

The larger group of hills to the south of Mud Buttes, named Misty 

Hills, have not been deformed to the same extent as Mud Buttes, but this 

may be explained readily as due to the greater resistance of their much 

larger mass. Considerable dislocation of the normal attitude of the strata 

is found in these hills, however, and this is attributed in part to the 

movement of the ice-sheet and in part to slumping. 

The nature of the disturbance of the beds at Mud Buttes and Tit Hills 

is not such as could be attributed to the development of gentle folds. 

The intensity of the folding and faulting, if due to deep-seated forces, 

could only have resulted from (a) tremendous local uplift, (>) or from 

intense lateral compression, such as produces great overthrust faults. 

We have already seen that there is no intense local uplift present, as no 

old rocks are brought to the surface. Furthermore, there has been no 

regional movement that could have produced these local deformations. 

The region is singularly devoid of structural disturbance; the only fea- 

ture of note which appears to disturb the generally flat-lying and gently 

dipping beds is a shght change in strike from southwest to south or 

slightly east of south. ‘This, however, is a broad regional feature which 

can best be explained as due to warping of the former Cretaceous basin 

along broad lines. Such a slight amount of differential movement, neces- 

sary to produce the observed change in strike of these flat-lying beds, 

could not be called upon to explain such intense local disturbances as 

found here. 

Thus the distribution of the foranntactue and the broad consideration 

of the structure, together with the confirmative evidence from deep 

borings, lead to the conclusion that the disturbance of the strata is of 

surficial origin. 

EVIDENCE OF THRUSTING ForCE 

The similarity of the structure observed in Mud Buttes to that devel- 

oped in the foothills belt of Alberta, where the limestone ranges of the 
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FIGURE 8.—Near View of Mud Buttes 

Showing complicated detailed structure. 

FIGURE 9.—Near View of Mud Buttes 

Showing complicated detailed structure. 
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Rockies have overridden the Cretaceous, leads naturally to the supposi- 

tion of similar causes, but operating on a smaller scale. The similarity 
is quite marked in the following respects: 

(a) The disturbance of the formations leading to crushing and crum- 

pling is more intense on the north side of the hills—that is, on the side 
from which the thrust was applied. : 

(b) Folds and faults have been developed at right angles to the direc- 

tion of the thrust—that is, in a general east-west direction. 

(c) Thrust faults are the dominant structural features, and such anti- 
clines as are formed are commonly thrust faulted on their southern limb. 

(d) Thrust faulting has led to the formation of small blocks which 
dip generally to the north—that is, in the direction from which the 

thrust was applied. 

The analogy is so close that we are forced to look for a thrusting force 
from the north-northeast, whether it is granted that the deformation is 

surficial or not. | 

DEVELOPMENT OF COMPLEX STRUCTURE BY MOVEMENT OF ICE-SHEET 

If the surficial nature of the disturbance is granted, the surficial nature 

of the force and its direction leads naturally to the assumption that the 

thrusting force was the great ice-sheet because it was the only competent 

force. It might be questioned whether the movement of the ice-sheet 

was a competent force, as it is not usually conceded such power for per- 

forming work. However, it is unquestionably the most potent surficial 

force and probably the only one that can be called upon to explain such 

results. 

The hills present in the area today were undoubtedly hills in Pleisto- 

cene time and formed obstacles to the forward movement of the ice-sheet. 

The ice piled up against and finally overrode the hills. As the pile of ice 

increased, the pressure against the north side of the hills probably caused 

the soft shaly strata to buckle and fold, accompanied by movement along 

some horizontal bed of soft material, thus developing a horizontal thrust 

plane. As this continued inward toward the center of the hill, a sub- 

sidiary fault would develop along the small buckles, thus causing the 

thrust faults observed at Mud Buttes (see figure 10). When the blocks 
thus formed had been rotated to such a position that the pressure was 
more or less at right angles to the bedding, instead of parallel to it, the 
strata would be capable of transmitting the thrust, causing the extension 
of the flat thrust plane and the further development of other blocks. In 
this way the complex structure observed was probably developed. 
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The absence of marked infolding of glacial material is due to the fact 

that glacial deposits are largely found in the valley and that the hills 

were probably truncated by the movement of the ice-sheet across their 

tops. Thus the hills as seen today may be only the roots of former hills 

_ of which the strata comprising them have been jumbled up and their 

tops cut off by the planing action of the ice-sheet. 

SS SS 
SSS—) 

FiGuRE 10.—Development of Structure of Mud Buttes 

Sketches a, b, c, d represent hypothetical stages in the development of the compiex 

structure of Mud Buttes 

SUMMARY 

Briefly stated, then, there is a belt in eastern Alberta where the upper 

member of the Belly River formation outcrops, and in some of the hilly 

portions of this belt the soft incompetent strata are intensely folded with- 

out bringing to the surface the older more deeply buried beds. There is 

no disturbed region outside of this belt from which stresses, such as are 

indicated by the folding at Mud Buttes, might have been transmitted. 

There is no apparent change in the width of the outcrop of the Belly 

River formation in the vicinity of these intensely folded areas such as 

might be expected to result from such folding. 

Nowhere in eastern Alberta do the river sections exhibit or indicate 

folding, but wherever the dip is determinable the strata are nearly hori- 

zontal, dipping at the rate of only a few feet per mile toward the south- 

west. Corroborative evidence of this gentle dip toward the southwest is 
found in the records of deep wells drilled in the region. 
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The conclusion seems justified that the folding and faulting at Mud 

Buttes and similar localities is surficial and does not affect the underlying 

formations. 

What force could produce intense deformation of surface beds without 

affecting the underlying ones? Slumping will not account for it, as the 

folding shows too much regularity in strike and dip and involves the 

entire mass of the hills. The only competent force that can be called 

upon to explain surficial disturbance of the strata is the continental ice- 

sheet which moved southward over these hills in Pleistocene time. 
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INTRODUCTION 

In drilling for oil the taking of core samples of the beds penetrated is 

becoming a common practice. With the rotary drill the rock cuttings 

are ordinarily swept out by a vigorous forced circulation of sludge in the 

hole, but it has been found possible in many cases to modify the pro- 

cedure in such a way that a core of moderate length can be obtained. 

The usual bit is dispensed with and a length of ordinary drill pipe with 

teeth cut at the end is substituted. This is rotated at the bottom of the 

hole, and under favorable circumstances it cuts through the rock and 

furnishes a cylindrical core. The presence of the core prevents the circu- 

lation of water to the bottom of the hole; indeed, a wooden plug is 

sometimes inserted in the top of the core barrel to guarantee this condi- 

tion. With the free circulation of water thus cut off, the heat produced 

by the friction of boring may be sufficiently localized to raise the temper- 

ature of the rock very considerably ; in fact, it is not uncommon to obtain 

1 Manuscript received by the Secretary of the Society February 15, 1923. 
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Oore Barrel from Montezuma Well Number 1 

ip 

Showing deformation and twisting of the tip. 

part was filled for a length of about one foot with a dark slag, which shows dark in the sectioned part, but has been removed from the tip for laboratory study. 
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immediately above the tip to show nature of contests. 

It is sectioned 

FUSION OF SEDIMENTARY ROCKS 

more or less complete 

fusion of the rock. 

Fused cores have been 

examined by competent 

geologists and pro- 

nounced the result of 

fusion of the sediment- 

ary rock in place,? but in 

spite of this fact some 

operators are unwilling 

to accept their findings 

and believe that natural 

igneous material was en- 

countered. 

A particular good ex- 

ample of a fused core 

was obtained in a well 

being drilled in Califor- 

nia under the _ super- 

vision of Prof. Bailey 

Willis. This, together 

with another not so well 

preserved, was sent by 

him to this Laboratory, 

and the results of our 

examination are set forth 

in the present paper. We 

are greatly indebted to 

Professor Willis for the 

opportunity of studying 

this material and for in- 

formation regarding the 

conditions under which 

it was formed. 

The better core comes 

from a hole near Suisun, 

California, known as 

Montezuma well number 

1. At a depth of 4,350 

7A. F. Rogers: Seventh Annual Report, State Oil and Gas Supervisor, vol. 7, no. 9, 

California State Mining Bureau, March, 1922, p. 6; C. S. Ross, Bull. Am. Assoc. Petro- 

leum Geol., vol. 6, 1922, pp. 372-374. 
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feet, when in Eocene shale, so called, a core was taken after the method 

outlined above. The driller reports that the barrel was rotated at a 

speed of about 25 revolutions per minute and estimates the pressure 

resting on it at about 20 tons. The first 214 feet of the core were pene- 

. trated in 20 minutes, but the rest, amounting to one foot, went very 

slowly and required about 40 minutes. It may be safely assumed that 

this latter period corresponds with that during which significant heating 

and softening of the drill occurred. 

When the core barrel was raised it was found that the end of it had 

plainly been softened and twisted, and that it was filled for a length of 

about one foot by a dark, slaggy plug. Above this came the unaltered 

sediment, locally much twisted and contorted by the motion of the drill, 

but elsewhere still retaining its banding little disturbed. The tip of the 

core barrel and the part immediately above it, sectioned so as to exhibit 

the nature of its contents, are shown in figure 1. 

Microscopic CHARACTERS OF THE CoRE MATERIAL 

The excellent state of preservation of the core makes it possible to 

arrive at some definite conclusions regarding the changes that have oc- 

curred. ‘The unchanged sediment is banded in alternating layers of 

coarse and fine material, with the coarse markedly predominating. The 

coarser layers are made up of arkose and the finer layers are more defi- 

nitely shalelike. Under the microscope the arkose is found to consist 

largely of angular to subangular grains of the following minerals in order 

of abundance: quartz, plagioclase (mainly Ab,An,), and microcline, with 

minor amounts of biotite, muscovite, and indefinite claylike matter. 

The shaly layers are made up largely of finer grains of the same minerals 

with a moderately greater amount of the claylike matter. 

The rather friable and little compacted material of the unchanged sedi- 

ment gives place abruptly to the dark slaggy mass of the fused portion. 

The only change to be noted as the fused part is approached is that a few 

platy crystals of tridymite have been formed in the arkose. 

The characteristic feature of the fused portion (see figure 2) is the 

presence in it of glass. In the glass are embedded the undissolved grains 

of the original minerals, which may vary in amount from about one-half 

of the whole mass to a very small fraction of it. In places, then, the 

rock has been converted almost completely to glass, in which case the 

mass is hght colored and of a pale yellow in thin section. As the extent 

of fusion diminishes, the glass becomes darker and more nearly opaque. 

The refractive index of the glass varies somewhat, but is never far from 
XXIX—BULL. GEOL. Soc. Am., VOL. 34, 1922 
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1.53. Such selective action during fusion as is in evidence is mainly 

connected with the size of grain rather than with the nature of the ma- 

terial. The residual undissolved grains are the larger grains of practi- 

cally all the minerals present, and the ready getting together of the finer 

grains to effect mutual fluxing has evidently been the important factor 

in facilitating fusion. Quartz and plagioclase are the more persistent, 

FiGuRE 2,—Thin-section of fused Core, Montezuma Well Numter i 

Crossed nicols. The dark areas are glass, the bright patches undissolved grains of 

quartz and plagioclase. 'Twinned plagioclase at center. 

as they are the larger grains, but the quartz is apparently not more per- 

sistent than plagioclase. It is not impossible, however, that the very fine 

so called clayey matter may be intrinsically more fusible. Occasional 

small fragments of metallic iron from the pipe are to be found in the 

glass. 
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In most of the glass there is a moderate amount of recrystallization. 

The separated crystals are not definitely identifiable, but appear to con- 

sist largely of minute needles of sillimanite. Close to the iron pipe there 

is a fairly conspicuous development of fayalite in small but definitely 

- determinable grains of very high birefringence and minimum refractive 

index about 1.83. : 

CHEMICAL CHARACTER OF THE CorE MATERIAL 

The general appearance of the core and the microscopic characters of 

its material leave little room for question as to the fusion of sediment in 

place. Any lingering doubt is completely dispelled by a chemical study 

of the fused and unfused portions. 

Samples for analysis were obtained by selecting representative frag- 

ments of the broken part of the fused plug and by taking a chisel cut 

about a foot long in the unfused material immediately above the plug. 

The ordinary methods of silicate analysis, as advocated by Hillebrand 

and Washington, were employed, except that in the determination of 

metallic iron in the fused portions recourse was had to the method given 

-by Treadwell and Hall, which involves treatment of the sample with 

mercuric chloride solution and subsequent titration of the dissolved iron 

in the presence of manganous sulphate.* 

The determination of metallic iron in the presence of iron oxides can 

not be carried out with great precision by any method adaptable to our 

problem. The results are to be regarded as close approximations. In 

the presence of metallic iron the determination of ferrous iron by Pratt’s 

method is unreliable. The core contains only a slight amount of metallic 

iron, and therefore the oxide determinations, both by Pratt’s method and 

as total iron oxides, were in very close accord. A series of determinations 

was made and the figures given are the average of these determinations. 

As the average values for FeO plus metallic iron considered as FeO and 

total oxides considered as FeO differed only by 0.03 per cent and as the 

fusion took place in the presence of metallic iron, it must be considered 

that there is no ferric iron present. Moreover, we have been unable to 

detect magnetite in the fused product. At the same time it can not be 

proved by chemical means that ferric iron is entirely absent. 

In the determination of water lost at 110 degrees from the unfused 

sediment the weighing had to be carried out with despatch. The powder 

is hygroscopic and regains a large proportoin of this water on the 

balance pan. 

3'Treadwell and Hall: Analytical Chemistry, vol. ii, 5th ed., 1919, p..611. 
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BOWEN AND AUROUSSEAU—-FUSION OF SEDIMENTARY ROCKS 

TABLE I.—Chemical Analyses of Core from Montezuma Well 

1. Unfused Eocene (Tejon) sediment from core taken in Montezuma well, 

near Suisun, Solano County, California. M. Aurousseau, analyst. 

2. Fused portion of core. M. Aurousseau, analyst. 

3. Fused portion of core from (2) by deducting metallic iron and reducing 
to 100. 

4. (1) calculated to 100. 

5. Amount of each oxide associated with 61.76 grams of SiO, in fused ma- 
terial calculated from (3). 

6. Positive differences. 

mal 

. Negative differences. 

. Positive percentage differences from amounts in original sediment. 
9. Negative percentage differences from amounts in original sediment. 

CHEMICAL EFFECTS OF FUSION 

The analyses of the fused and unfused portions show very remarkable 

correspondence.: There can be no doubt of the identity of the fused plug 

with the unfused sediment immediately overlying it, nor can there be 
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any doubt that the samples were representative to an unexpected degree. 

Our results, therefore, furnish a very trustworthy basis for a discussion 

of the chemical effects of fusion. 

In order to compare the analyses, we have reduced them to a common 

- silica basis by recalculating the analysis of the fused portion. Columns 

4 and 5, Table I, therefore state the amounts of each oxide associated 

with 61.76 grams Si0, in both fused and unfused. Columns 6 and 7 

show differences and columns 8 and 9 express these as percentages of the 

amounts present in the original unfused sediment. In these last two 

columns figures in brackets represent original differences between the 

fused and unfused material. For constituents present in accurately de- 

terminable amounts the differences range from 2 per cent to 8 per cent. 

Figures not in brackets represent the effects of fusion, and range from 

57 per cent to 137 per cent. The differences in K,O, TiO,, P,O,, MnO, 

and possibly Al,O, are within the limits of analytical error. Those in 

MgO, CaO, and perhaps Al,O, represent actual differences between the 

two samples. A calculation from these two columns shows that the iron 

pipe has contributed 1.78 grams of iron (or 2.29 grams stated as FeO) 

to 100 grams of the original material, on fusion. In the oxidation of 

this additional iron to FeO and in the concomitant reduction of the 

original amount of Fe,O, to FeO, there has been a change in oxygen 

content of +0.35 gram. This oxygen may be assumed to have come 

from the decomposition of water by metallic iron at the elevated tem- 

perature. 

All the CO,, practically all the water, and about one-half of the sul- 
phur have been driven off during the fusion. Only 0.26 per cent of 
water has actually remained in the fused product—a fact to which refer- 
ence will be made later. The remaining percentage differences are to be 
attributed to actual variation, in reality very slight, in the nature of the 
material in the sedimentary column penetrated. 

TEMPERATURE OF FUSION 

We have made tests on the material of the core to determine the tem- 
perature required for fusion. When heated in air the rock powder is 
changed to a brick-red frit in which the iron has evidently been largely 
oxidized to the ferric state, and tests carried out under these conditions 
would give little indication of the temperature of fusion under the con- 
ditions of drilling. The tests were therefore made in a current of CO, 
and steam after a method devised by E. S. Shepherd, of this Laboratory, 
who has found that in such an atmosphere the state of oxidation of the 
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iron remains unchanged in silicate substances of moderate iron content. 

When the material was heated in this way and the product examined 

under the microscope, it was found that at 1,050 degrees centigrade only 

a slight sintering was obtained, at 1,100 degrees centigrade a consider- 

able amount of glass was formed, and at 1,150 degrees centigrade a 

proportion of glass was formed in one hour about equivalent to that 

formed in the fused part of the core. A temperature nearly, if not quite, 

as high as the last (1,150 degrees centigrade) must have been attained 

in the drill-hole in order to produce the results actually found. It is 

true that the fusion of the core tock place under a head of water sufh- 

cient to give a pressure of about 150 atmospheres, but that this was not 

adequate to bring about significant solution of water in the silicate melt 

is plainly indicated by the analysis of the fused core, which shows only 

0.26 per cent water, an amount of the order of magnitude to be expected 

from laboratory experience of the effects of such moderate pressures. 

For such a minute amount of water one can, with little fear of significant 

error, calculate, from the ordinary law of freezing-point lowering, its 

effect on the fusion temperature, and it will be found that a lowering of 

15 degrees to 20 degrees centigrade is to be expected. Such a small 

effect has no importance in the present connection; nor can it be suc- 

cessfully maintained that the amount of water now present in the fusion 

is no indication of the amount formerly present. The core was very 

rapidly cooled, immediately on cessation of drilling, to a temperature at 

which the glass was rigid and in such a condition that no volatile matter 

could escape from it. Indeed, this cooling took place under the same 

head of water as that under which the fusion occurred; so that there 

would be no tendency toward the escape of water from the melt. ‘Only 

after cooling was the core slowly raised to the surface. 

The conditions are the reverse of those experienced by a natural water- 

bearing lava, which, when poured out on the surface, maintains its high 

temperature for a long period, relatively speaking, but has the pressure 

exerted on it suddenly reduced—a combination decidedly favorable to 

‘the escape of volatile matter. There is no avoiding the conclusion that 

the small amount of water present in the fused core represents all of that 

component that it was able to retain at the temperature and pressure 

existent during fusion. A temperature very nearly equal to that required 

for dry fusion must therefore have obtained. 

CHANGES EFFECTED IN THE STEEL OF THE CoRE BARREL 

This conclusion as to the high temperature that was attained is com- 

pletely confirmed by a study of the changes that have taken place in the 
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steel. A cutting from the tip of the core barrel and, for comparison, a 

cutting taken 2 feet higher up were submitted to the Bureau of Stand- 

ards with the request that the temperature to which the tip was sub- 

jected be determined as closely as possible. The report was accompanied 

by two micrographs showing the difference in structure: These are re- 

produced in figure 3. The conclusion reached is that “the structure at 

the tip indicates that the metal was heated above the upper critical range 

($00 degrees centigrade) and then cooled fairly rapidly (more rapidly 

L Sa 

FicurE 3.—WMicrographs of Steel from Core Barrel 

a, unheated steel 2 feet from tip; b, heated steel tip. The change of structure is 

due to the heating of the steel at tip to a temperature “as high as 1,050 degrees centi- 

grade,” followed by rapid cooling. 

than in air). The tip of the pipe was not heated long enough to produce 

pronounced grain growth, which occurs in this type of steel after pro- 

longed heating above 950 degrees centigrade. It was estimated, however, 

that the temperature reached was as high as 1,050 degrees centigrade.” * 

This independent evidence is in agreement with the conclusion reached 

on an earlier page, that the temperature was in the neighborhood of 

1,100 degrees centigrade. 

PRODUCTION OF HEAT BY FRICTION 

It is rather difficult to picture the conditions under which a steel, 

heated to a temperature at which it can be forged, though not easily, 

could nevertheless act as an abrasive in cutting rock. It is to be noted, 

however, that on account of the good conductivity of the pipe only the 

extreme tip was so heated, so that a tearing off of the softened end would 

expose cooler and stronger steel for further cutting. As a matter of 

fact, it is very doubtful whether any further cutting was accomplished 

after this condition was reached. Probably the principal action at this 

*Report from Mr. 8S. Epstein: U. S, Bureau of Standards. 
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stage was a twisting of the rock contents of the core barrel on the rock 
immediately below it and of adjacent layers of the core material on each 

other. To such action rather than to the turning of steel on rock is to 

be assigned the larger measure of production of heat required for the 

fusion that resulted. 

We may get an approximate figure for the heat produced by friction, 

since the pressure resting on the core and the rate of revolution are 

known with fair accuracy. The pressure was about 20 tons, the rate of 

revolution 25 per minute, the radius of gyration 1.5 inches, and the 

coefficient of friction of rock matter on rock may be as great as 1 or even 

greater.” Taking a coefficient of friction of 1, it is found that about 
3.14 10° foot-pounds of work would be expended in friction at or 

near the end of the core barrel in the 40 minutes during which very slow 

progress was made. This is equal to about 10% calories. Assuming a 

specific heat of 0.22 calorie for the material heated and a latent heat 

of 100 calories per gram, the amount of heat developed is sufficient to 

raise to 1,100 degrees and partially fuse (50 per cent conversion to 

liquid) about 37 kilos of rock. Only about 6 kilos of rock actually 

were so affected. Of course, all the heat generated would not be avail- 

able for this effect. Some of it would be used in heating the surrounding 

rock, but this amount would probably not be great on account of the 

poor conductivity of rock, especially when porous. A large amount would 

be conducted away by the massive pipe line, but even this good conductor, 

with the tip heated to 1,100 degrees centigrade and a temperature of 

100 degrees centigrade only 20 centimeters higher up the pipe, would 

carry away but 200 calories per second. The friction is capable of pro- 

ducing about 4,000 calories per second. It is not unreasonable to expect, 

then, that, of the heat produced, a sufficient quantity was available to 

melt 6 kilos of rock. 

CorE FROM “MrEyrER 6” WELL OF THE UNION Orn Company 

This well is located at Santa Fe Springs, Los Angeles County, Cali- 

fornia. Professor Willis sent us part of the fused end of another core 

from the above-named locality, obtained at a depth of about 3,000 feet. 

No sample of the unfused sediment is available for comparison in this 

case; but, though much glass is formed, it is plain that the original was 

an arkose-like material of considerably coarser grain than the Montezuma 

sediment. The unfused grains are again quartz and plagioclase (about 

° Peele’s Mining Engineers’ Handbook, p. 1961. 
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Ab,An,) and there is a great abundance of small fragments of iron from 

the pipe. 

The chemical composition of this core is shown in Table IJ. The 

amount of metallic iron was so high as to render useless Pratt’s method 

for the determination of FeO. Ht was not found practicable to remove 

this iron with the electromagnet. ' The greater part of the error of 

analysis here undoubtedly devolves on the determination of metallic iron. 

Check determinations of the total iron were made and were in satisfac- 

tory agreement. From these the amount of FeO in the fusion was calcu- 

lated by subtracting the metallic iron, expressed as FeO, from the total 

iron as FeO. Considerations similar to those given in connection with 

the Montezuma core lead us to believe that there is no ferric iron present. 

TABLE IJ.—Fused Core, “Meyer 6” Well, Santa Fe Springs, Los Angeles - 

County, California 

1 2 3 4 
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1. Composition of sample. M. Aurousseau, analyst. 

2. The same, calculated to 100. 

3. Composition of fused sedimentary material calculated from 1 by deduct- 
ing metallic iron and reducing to 100. 

4, Aplite, Zeia River, Amur District, Siberia. W. Giers, analyst. E. Ahnert, 

Hapl G. Ree, Aurif. Sib:., X, Taf. VII, 1910. 

The chemical analysis, recalculated by deducting metallic iron to de- 

termine the actual composition of the rock matter (Table II, number 3), 

confirms the indications of the microscope that the rock was of the nature 

a 
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of arkose. It is rather closely paralleled in composition by an aplite 

from Siberia (Table II, number 4), but its norm (Table III, number 3) 

shows the same departure from typical igneous composition as do most 

sediments, though in this case it 1s of very moderate degree. 

SYSTEMATIC POSITION OF THE FUSED SAMPLES 

The analyses of the fused cores show that both differ in composition 

in the same way from ordinary characteristic sedimentary material (see 

Table III). The principal feldspar identifiable under the microscope 

in the original sediment of the Montezuma core is a basic plagioclase, 

but the analysis shows that the alkaline feldspars are much more abun- 

dant than the calcic. It can only be concluded that the finer-grained, 
so-called claylike, matter of the arkose and of the shaly layers in it is in 

reality but moderately kaolinized alkaline feldspars. Unquestionably 

the sediment is the result of processes in which rock comminution domi- 

nated over rock decay. The same would, no doubt, be true of the original 

sediment of the “Meyer 6” well as shown by the analysis of the core. 

TABLE III.—WNormative Compositions and Systematic Positions of Cores 
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1. Fused core, Montezuma well, near Suisun, Solano County, California 
(number 3. Table I). 

2. Hypothetical result of fusion of Montezuma sediment (number 3, Table 
VA Ne a 

3. Fused core, “Meyer 6” well, Santa Fe Springs, Los Angeles County, Cali 

fornia, deducting metallic iron (number 3, Table IT). 

As a result of this fact, these cores depart but little in composition 

from an igneous rock. The Meyer core has already been compared with 

an aplitic rock. In Table IV the fused product from the Montezuma 
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well is compared with a malchite from Zwingenberg, Baden. It is possi- 

ble also to match fairly closely the hypothetical fused product (calculated 

from the analysis of the original sediment assuming a loss of all volatile 

constituents and no addition of iron) with a quartz diorite from Electric 

Peak, Yellowstone National Park. 

TaBLE 1V.—Comparison of fused Core with igneows Rocks 
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1. Fused core, Montezuma well (number 3, Table I). 

2. Malchite, Zwingenberg, Melibocus Mountains, Baden. MHeurich, analyst. 
A. Osann, Mitt. Bad. Geol. Land-Anst II, 1893, page 385. 

3. Result of fusion of Tejon sediment of Montezuma well, assuming loss of 
volatile matter and no addition of iron. 

4. Quartz diorite, Electric Peak, Yellowstone National Park. J. F. Whit- 
field, analyst. J. P. Iddings, United States Geological Survey, Annual Report 
Mi AetSOl, paze 627. 

5. Buchite (fused phyllite) Sailean Sligenach, Ardmucknish, Argyllshire, 
Scotland. W. Pollard, analyst. Memoirs Geological Survey Scotland, number 
45, 1908, page 182 

Average shale as calculated by Hobbs. 

. Average igneous rock as recalculated by Hobbs for prmaipat constituents 
ees om the results of Clarke and Washington. 
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These rocks belong to the subrang tonalose, but inspection of this sub- 

rang in Washington’s tables shows that they differ in composition from 

typical igneous rocks in the same way as the average shale differs from 

the average igneous rock. In the closest general matches obtainable, 

lime is distinctly higher and the ratio of soda to potash greater in the 

igneous rocks. Moreover, were all the analyses in columns 1—4+ of Table 

IV reduced to 100 after excluding water, this divergence would be in- 

creased. It was also evident, in our endeavor to match an igneous rock 

with the Montezuma sediment, that the closer parallels were often 

igneous rocks of unusual compositions, such as schlers in granites. In 

matching the fused sediment from the Meyer well (see Table IL) it was 

found that most of the lassenoses resembling it showed higher figures 
for MgO + CaO and a greater ratio for soda over potash. 

GENERAL CONSIDERATIONS REGARDING THE FUSIBILITY OF CORES 

There is a very strong suggestion in the information gained from these 

and other studied cores that arkose is particularly susceptible to the 

fusing action here described. This is as it should be, for, contrary to 

the common misconception, a mixture rich in alkaline feldspars and 

quartz should constitute the most fusible material to be made up from 

ordinary rock-forming minerals. Frequently one will find in the liter- 

ature the statement that femic material fuses more readily than salic; 

but this is due to the failure to distinguish between fusibility and fluidity. 

It is true that femic material forms a more fluid melt than salic material, 

but it is likewise true that a salic melt can be obtained at lower temper- 

atures than can a femic melt. We refer here to anhydrous conditions, 

not to the conditions obtaining in magmas where this contrast is further 

emphasized by the fact that the salic magmas ordinarily contain more 

volatile matter than do the femic. The greater fusibility of salic ma- 

terial is well brought out in the studies of Sosman and Merwin on inclu- 

sions of arkose in the Palisade diabase, which were found to fuse in the 

laboratory at a temperature 100 degrees centigrade lower than the fusion 

temperature of the diabase.® 

REFUSION OF SEDIMENTS AS A Factor In Macama GENESIS 

The arkosic nature of the sediment that was fused to form these cores 

and the consequent close chemical approach of the cores to an igneous 

rock are matters that require emphasis for another reason. Some geol- 

6 Tour. Wash. Acad. Sci., vol. 3, 1913, p. 394, 
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ogists believe that igneous rocks are formed by the refusion of sediments, 

and the similarity of these cores to igneous rock might be regarded as 

furthering this belief. The original sediments were, however, in this 

case exceptional in character, and such material can not be regarded as 

generally available in large quantity for the desired action. Ordinary 

shales are, however, to be regarded as available in quantity, and Hobbs, 

one of the supporters of the refusion hypothesis, would make them the 

starting point for the formation of lavas.’ 

By tabulating side by side the chemical composition of average shale 

and of average igneous rocks (repeated here as columns 6 and 7 of Table 

IV), Hobbs is able to show a certain broad similarity. At the same time 

there are distinct differences that are thoroughly characteristic and carry 

with them definite consequences. The average shale shows a marked 

dominance of potash over soda and an excess of alumina over that re- 

quired to make alumino-silicates with the alkalies and lime. Now, as a 

consequence of these characters, the refusion and recrystallization of 

such average shale would lead to the formation of such minerals as silli- 

manite and cordierite, which are not formed from uncontaminated 

igneous magmas. If igneous rocks are ordinarily the result of fusion of 

shale, the common absence of such minerals in them is rather surprising. 

Hobbs would supply the deficiency of alkaline and alkaline-earth bases 

in his fused shale by supposing that beds of hmestone and of salt are 

absorbed by the melt as it rises toward the surface. Such absorption, 

though remarkably selective, can not be denied all credence, but one is 

still puzzled as to how this deficiency is made up in those laccoliths which 

he imagines to be the result of the fusion of shale in situ. 

The chemical difficulties encountered by this hypothesis are, however, 

even less formidable than the thermal difficulties. Hobbs states that 

“most rocks would fuse at a depth of fifteen miles on the basis of dry 

conditions only.” The temperature at this depth would be 740 degrees 

centigrade, accepting the geothermic gradient given by Hobbs, and even 

a salt bed would not melt at that temperature. For the dry fusion of 

the arkose of the Montezuma core a temperature corresponding to a 

depth of 23 miles would be required, and this arkose is certainly more 

fusible than typical shale. It is not, however, to dry fusion that Hobbs 

appeals for his principal results. Citing the known great effect of water 

in lowerng the melting point of silicates, he imagines that the temper- 

ature at a depth of only 6 miles is adequate to melt shale. Again using 

* Earth evolution and its facial expression, New York, 1921, pp. 28-61; also Gerland’s 

Beitrage zur Geophysik XII, 2, 1913, pp. 329-361. 
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the geothermic gradient given by Hobbs, we find this temperature to be 

about 315 degrees centigrade, which is scarcely acceptable as a temper- 

ature at which fusion of shale, even retaining its water, is to be credited. 

Particularly is this true when the nature of the process postulated is 

considered. The shale is supposed to fuse as a result of relief of pressure. 

Now, it is true that most silicates and silicate mixtures expand on melt- 

ing, and that for any such mixture there is probably a combination of 

temperature and pressure conditions such that an isothermal® relief of 

pressure would cause melting, though whether such a combination of 

temperature and pressure conditions obtains anywhere in the earth’s 

crust is a question. But, even assuming that such a combination does 

obtain for anhydrous material, as soon as a volatile component enters 

into the system the whole aspect of affairs is changed. Thereafter the 

principal effect of lowering of pressure will be to decrease the amount 

of volatile component which the rock matter is capable of containing, 

with a consequent raising of the melting temperature. Plainly the great 
lowering of melting temperature through the presence (under pressure) 

of volatile matter, and the lowering of melting temperature by lowering 

of pressure in anhydrous silicates, can not be considered as working 

together in any hypothesis of magma genesis. 

The only promising method of fusing shale would appear to be to have 

it exposed, retaining its water, to a temperature of some 850 degrees 

centigrade or more. If this temperature is to be the result of the normal 

thermal gradient, the requisite depth would presumably be about 17 

miles. Under these conditions most shale would probably be fused, but, 

be it noted, relief of pressure would tend to cause it to crystallize. 

Whether shales ever become buried to such depths is questionable. 

Under the influence of heat brought from the depths by basic magmas 

shales have sometimes been raised to some such temperature as that just 

mentioned and have been fused. An analysis of such fused shale (phyl- 

lite) is given in Table IV, number 5. As will be noted, the conditions 

were such as to permit retention of water, which is probably essential to 

the fusion of shale by any magma. The process is probably one of no 

great quantitative importance, though possibly shale may, on occasion, 

be thus refused in sufficient amount to give rise by reintrusion to distinct 

bodies of small size. To such action may, perhaps, be attributed the 

abnormal voleanic necks in Lake Janisjarvi, Finland, described by 

Eskola.® 

S The word isothermal should be carefully noted. It is doubtful whether any such 

action could be realized in the earth’s crust. 

° Bull. Com. Géol. Finlande, no. 55, 1921 
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SUMMARY 

When a core sample of the beds penetrated is taken during the drilling 

of an oil well, it is found, under some conditions, that part of the core 

- consists of a slaglike mass bearing some resemblance to a natural lava. 

This slag has been pronounced by some geologists to be the result of 

fusion of rock in the drill-hole as a result of the heat of friction, though 

some operators have been unwilling to accept this conclusion. The ex- 

amination of two drill cores sent us by Prof. Bailey Willis, in one of 

which the beds immediately above the slag were well preserved, has con- 

firmed the opinion that the slag is the result of fusion of the sedimentary 

rock in place. Chemical analyses of sediment and slag show that they 

are practically identical in composition, except that the fused part or 

slag has lost nearly all its ,water, all its CO,, and about one-half its sul- 

phur, and has received a considerable contribution of iron from the drill 

pipe. 

Thermal tests in the laboratory show that a temperature nearly, if not 

quite, as high as 1,150 degrees centigrade is necessary to produce the 

results actually obtained in drilling. A metallographic study of the steel 

shows that the temperature attained was 1,050 degrees centigrade or 

higher. | 

- The chemical composition and the microscopic characters of the ma- 

terial fused show that it was of the nature of an arkose, a variety of 

sedimentary rock which appears to be particularly susceptible to such 

fusion. Since the rock was an arkose, the slag shows only a moderate 

departure in composition from an igneous rock, but the difference is 

none the less real and is in the same direction as that exhibited by typical 

shales. On account of the arkosic nature of the sediment the general 

chemical similarity of the slag and igneous material can not be regarded 

as affording any support to the theory that igneous rocks are formed by 

the fusion of shale, nor do the thermal results favor the view that remelt- 

ing of shale could occur at moderate depths in the earth’s crust (say 

6 to 10 miles) unless the normal temperatures prevailing at such depths 

are notably augmented by intrusion of igneous matter from greater 

depths. 

DISCUSSION 

Dr. Stoney Powers: This paper is interesting from the viewpoint 

of petroleum geology. These cores are taken with the rotary system of 

drilling, and an ordinary piece of pipe is attached to a sawtooth edge 

which is all rotated with whatever mud happens to be in the hole. The 
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weight of drill, with speed of rotation, fuses the cores in case the rotation 

is rapid, and the end of the core (barrel) is very commonly fused, some- 

times partially fused. The material which is fused has become so com- 

mon that we now call it cortte. It was first found on the coast in drilling 

on salt domes. It is very common to use rotary drilling in fusing. 

An article on core drilling appears in the Monthly Review of Oil Fields 

ot California, published by the State of California. 



BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

VOL. 34, PP. 449-458 SEPTEMBER 30, 1923 

PROCEEDINGS OF THE PALEONTOLOGICAL SOCIETY 

CARNIVOROUS SAURISCHIA IN EUROPE SINCE THE 

TRIASSIC + 

BY F. VON HUENE 

(Presented before the Paleontological Society December 30, 1922 

CONTENTS 
Page 

Mesa semraremanetet nial Geer) hula ass erate inila. aiiay Gia alias wel ane sh: eh Pe MS SMA Aa sD ey OR ae 449 

Specimens from Lower Lias and Lower Oolite of England................ 450 

Sean ROR NAT CUTE AITTG AT TeV RCE oh cnatia gta oie) oS a iapisi'n pe calles =, coe) Se wlsiallol ei ete.'e Shay aia! se ehie enarlde ia al 6 453 

ae Ore nile, NCO AOSATITIOE 2 oa, 6 6 ssw awe cs oe ap wales Ms bce wr esa nie ences 457 

INTRODUCTION 

In the Jurassic and Cretaceous of England, and France particularly, 

but also in several other countries, many skeletons, and principally frag- 

ments of such, have been found, only a few of which have hitherto been 

described and named. Many of these remains have been referred to in 

the literature as Megalosaurus bucklandi. At present without special 

studies it is scarcely possible to ascertain what is meant by this term. 

Therefore I think it may be desirable to publish my studies on all of 

these forms, made in recent years in many museums of England, France 

and other parts of Europe, and in America, together with what is known 

from the literature. 

Two years ago in another place (“Williston Memorial Volume,” not 

yet published) I assembled and enumerated all these specimens. I found 

ninety-seven in Kurope and fifteen in other parts of the world except 

North America, but not all of them were useful for accurate determina- 

tion and comparison. The type specimens I have redescribed from my 

own observation and I have figured some and made restorations of a few 

of them. Several new species and even new genera have also been 
described. 

1 Manuscript received by the Secretary of the Society March 15, 1923. 

XXX—BULL. GEOL. Soc. AM., Vou. 34. 1922 (449) 
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SPECIMENS FROM Lower Lias AND LOWER OOLITE OF ENGLAND 

In the English Lower Lias and in the Lower Oolite there are forms 

which, while closely related to the genus Wegalosaurus, yet do not really 

belong to it, since they lhe somewhere between Teratosaurus and Megalo- 

saurus. For the present I shall not assign a name to this genus. The 

tibia of these specimens is characterized by a rudimentary crista lateralis 

at the lateral side of the proximal end and below its head. In Terato- 

saurus this crest is still missing and in Megalosaurus it is strongly de- 

veloped. The species from the Parker collection (Oxford) from Nether- 

comb (Humphriest horizon of the Lower Oolite) I have named “Megalo- 

saurus” nethercombensts n. sp. Its pubis is rodlike in the distal 

(anterior) portion. The teeth are similar to those of the true Megalo- 

saurus bucklandi, but, among other differences, are somewhat thicker 

than in that species. 

The true Megalosaurus bucklandi occurs only in the Stonesfield slate 

just below the Great Oolitic. So much of the skull is preserved that a 

restoration, within certain limits of error, is possible. This skull ex- 

hibits some resemblance to Antrodemus. The cervical vertebre are high, 

relatively short, and opisthoccelous. Neither the cervical nor the dorsal 

vertebree show the pleurocentral excavations so sharply circumscribed or 

so deep as in Streptospondylus or in Antrodemus. The number of pre- 

sacral vertebre is not known, but there is no valid reason why it should 

differ from that in Streptospondylus cuviert, which has nine cervical and 

fourteen dorsal vertebree. The dorsal vertebre show only pleurocentral 

depressions, but not cavities. Below the diapophysis are strong support- 

ing buttresses, with deep niches between them. The neural process is 

broad and thick, but not very high. The sacrum, as is well known, con- 

sists of five vertebre. The anterior caudal vertebre are as long as the 

dorsals. The hemapophyses are like those in Antrodemus. The scapula 

is long, slender, and straight, as in Antrodemus, and its processus del- 

toideus is very high. The humerus, which is robust, is about half the 

length of the femur and a little more than half the length of the scapula. 

The ulna and radius are scarcely more than half as long as the humerus 

and are extraordinarily stout. Unfortunately the manus is not known. 

In the pelvis the pubis is a narrow and distally rodlike bone, but is not 

completely known. The proximal expansion containing the obturator 

foramen disappears within a short distance of the proximal end. The 

ischium exhibits an angle in the middle of the shaft. The ilium is rather 

large and has a broad anterior spine. The trochanter major on the femur 

is a broad fanlike crest for the iho femoral muscle, corresponding there- 
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fore with the large spina iliaca anterior. The distal condyles of the 

femur are separated by a broad groove even on the dorsal side. The tibia 

has a typical lateral crest near its proximal extremity. In the metatarsus 

a fifth metatarsal is not known and probably did not exist, so the pes 

stands between Teratosaurus and Antrodemus. 

Deslongchamp’s Potkilopleuron bucklandt, from the Middle Dogger 

of Normandy, is only a rather large Megalosaurus, probably of the same 

group as M. bucklandi at Stonesfield. Since the specific name of these 

certainly different species would now be the same, the latter might better 

be called Megalosaurus potkilopleuron. The bone which I had mistaken 

some time ago for a pubis is rather a scapula. As a pubis its dimensions 

should be double. Therefore my former conclusions made from the form 

of the “pubis” are invalid. Of considerable interest is the fore limb with 

the manus. The humerus is very stout. Its length I should estimate, 

from a special study, as about half of the length of the tibia. The fore- 

arm is extraordinarily short and heavy. The radius shows a prominent 

muscular process in the middle of its length. The manus has five fingers, 

as in the Triassic Plateosauride, and differs from the later Carnosauria. 

The manus is relatively large. 

A very well known form from the Oxford clay is Megalosaurus 

(Streptospondylus) cuviert, found in England and in Normandy. The 

best skeleton existing is that from Wolvercot in the Parker collection 

(Oxford), which I have studied in detail from Nopsca’s short descrip- 

tions. The skull, much of which is rather complete, differs in some 

minor points from that of Megalosaurus buckland1, of which much less 

is known. The importance of this specimen lies in the completeness of 

the vertebral series (nine cervicals, fourteen dorsals, the first three 

sacrals, and twenty-nine caudals). The cervical and anterior dorsal ver- 

tebree are deeply opisthoccelous, but this condition decreases posteriorly. 

Especially well developed are the neatly circumscribed pleurocelous 

cavities, also decreasing toward the tail, but in the anterior dorsals they 

are still quite distinct, although soon becoming flattened. The cervicals 

are relatively short and high and the dorsals are relatively low. The 

sacral vertebre have saddle-shaped articular faces. The shoulder girdle 

is similar to that of Megalosaurus bucklandi. The humerus is less 

heavily built than in the latter form and has not half the length of the 

femur, or even of the tibia. The manus is relatively slender, but is in- 

completely known. In the pelvis the ilium is much like that of Megalo- 

saurus bucklandi and the same is true of the pubis, which has the medial 

lamella more developed in the proximal portion. The distal extremity 
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does not exhibit any hooklike thickening. The ischium differs from that 
of Megalosaurus bucklandi in having a rather straight shaft. The femur 

is less curved and the distal end is broader than in Megalosaurus buck- 
landi. The tibia has a well developed crista lateralis near its proximal 
extremity. The fibula is very slender. The form of the processus 

ascendens astragali resembles that of Megalosaurus poikilopleuron. The 

metatarsals and phalanges are much more slender than those of M. buck- 
landi. Although it is possible that a fifth toe once existed, there is now 
no indication of it. It is doubtful whether it is necessary to distinguish 
this species from the true Megalosaurus by a separate name (Strepto- 

spondylus). The reasons for doing so would be the deeper pleuroccelous 
cavities and the slenderness and certain minor characters of the skull. 

Another Megalosaurus from the Oxford clay of Weymouth (Dorset- 
shire) in the Parker collection I call M. parkeri. This specimen is char- 
acterized by high dorsal spies, an ilium differing in form from that of 

M. bucklandi, a very narrow pubis with large obturator foramen and a 
thick, hooked distal end, an ischium with lateral longitudinal ridge near 

_ the articular face, and a tibia whose enemial crest projects greatly for- 

ward. This species differs more from the true Megalosaurus than does 
M. curieri, only in another direction. 

SPECIMEN FROM FRANCE ~ 

Of “Megalosaurus’ insignis (De Longchamps), from the Kimmeridge 
of France, not much is known except large Megalosaurus-like teeth and 
stout phalanges. 

The species described as M. dunkeri by Lydekker (Dames), from the 
English (and German) Lower Wealden, is distinguished from Megalo- 
saurus by its enormously high neural spines in the dorsal region. I 

therefore propose to establish a new genus, Altispinaz, for it. M. owen 
(Lydekker), from the British Upper Wealden, belongs to the same genus. 

This genus apparently develops from Megalosaurus parkeri. 
It is shown, therefore, that the true genus Megalosaurus occurs only 

in the Middle and Upper Dogger and lowest Malm. The earlier and 

later forms, although differing somewhat, are allied with it. 
Quite a different form is that described by Sauvage as Megalosaurus 

superbus, which I call Erectopus (n. gen.) superbus, from the Middle 

Cretaceous of northern France. The relationships of this genus are not 
yet evident. It is characterized by the peculiar form of the femur. The 

proximal end above the trochanter major is greatly curved medially and 

the fibular condyle at the distal end is considerably more developed than 
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is the tibial condyle. This condition is the reverse of that found in the 

Megalosauride. The distal portion of the shaft is less curved than is 

the proximal half. From the curvature it is concluded that the whole 

hind limb was much straighter than in the Megalosauride. This is 

_ shown also by the position of the articular face of the caput femoris. The 

dorsal centra are relatively high. The tibia has a greatly projecting 

cnemial crest and the crista lateralis is unusually close to the proximal 

end of the bone. Metatarsal II is nearly half the length of the femur, 

which is exceptionally long. A portion of the manus is preserved, show- 

ing very slender phalanges. The first phalange of the thumb is short 

and the claws are small. An element found isolated is much like meta- 

carpal V of the Plateosauride and of Megalosaurus poikilopleuron; it 

would be surprising, however, if a fifth digit were still present. All of 

these remains (and more) have been found so closely associated that they 

probably belong to a single individual. 

All of the former genera belong to the Carnosauria. Of the Cceluro- 

sauria there are but few forms. Of this group Sarcosaurus wood, from 

the English Lower Lias, was recently described by Andrews. Ilium, 

pubis, and vertebre exhibit the characteristic form, which is also seen in 

Procompsognathus, Ornitholestes, aud Ornithomimus. 

Compsognathus longipes (Wagner), from the Portland of Solenhofen, 

is well known. I have made a new restoration of the skull and of the 

whole skeleton. There are ten cervical vertebree (beginning with the 

atlas), thirteen dorsals, and five sacrals. The humerus, although not 

distinctly recognizable at its proximal extremity, shows the processus 

lateralis extending two-thirds of the whole length of the bone. The 

reconstruction of the manus exhibits a form reminiscent of Ornitholestes 

and also of Ornithomimus in some respects. The skull, as in all Coeluro- 

sauria, is much more primitive than in the Megalosauridx, as is seen 

from the base of the skull, the palate, the temporal openings, and the 

large orbits. . 

The vertebra from the English Wealden Calamospondylus foxi, by 

Lydekker, is a ccelurid, and the sacral remains from the same horizon, 

which Seeley described as Thecospondylus daviesi, seem to me rather 

different from the other species of that (so-called) genus. I therefore 
propose the new generic name Thecocelurus. 

More satisfactory are the remains of Aristosuchus pusillus (Seeley), 
also from the Wealden of the Isle of Wight. The vertebre, pubis, and 
claw show this specimen to be a true ccelurosaurian. 

The claw described by Dollo as Megalosaurus lonzeensis, from the 
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Senonian of Namur, and the femur described by Seeley as Megalosaurus 
breda, from the Maestricht beds, I consider ornithomimids. 

GENETIC SCHEME 
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FIGURE 3.—Genetic Scheme 

Among the extraeuropean skeletons Janenesch’s Hlaphrosaurus bam- 

bergi, from the Tendaguru Kimmeridgian, also belongs to the Ceeluro- 

sauria. 



HABITS OF THE MEGALOSAURIDZ ADT 

The American Morrison genus Ceratosaurus has also been recognized 

(the evidence is given elsewhere) as a coelurosaurian, but resembling in 

some respects the Megalosauride. 

HABITS OF THE MEGALOSAURIDZ 

I have discussed at length the phylogenetic and biological features in 

the paper mentioned above. For the former I give only a diagram and 

for the latter the following results: 

The small fore limb of the Megalosauride, especially of the latest 

forms, and of the Deinodontide, with the large manus and enormous 

claws, which was no longer able to reach the mouth, could not have func- 

tioned in holding the prey or in tearing it to pieces. The hind limb, 

together with the mouth, must have been used for this purpose. The 

fore limb was doubtless useful in the killing of victims, in rivalry fights, 

in sexual activity, and in hatching and brooding the eggs and young. 

The relatively large fore limb of most of the Ccelurosauria, with its 

manus highly specialized on a primitive base, certainly served as a well 

developed grasping organ. It is supposed that the habits of Ornitho- 

mimus (Struthiomimus), the toothless terminal member of the Ceeluro- 

sauria, were adapted to digging out small vertebrates and other animals, 

or rather to scraping out and stealing the eggs of large reptiles which 

were hidden in the ground. 

The opisthoccelous condition of the anterior presacral vertebre of the 

Megalosauride and of the Deinodontide is explained as an adaptation 

to the habit of tearing the prey to pieces. The victim was probably held 

with the hind foot of the captor, the flesh was seized with its teeth and 

pulled off, upward and foreward, and in so doing the vertebral column 

had to double up and vigorously jerk upward. 

In the ccelurosaurian genus Ceratosaurus a “quasi-opisthoccelous” con- 

dition is developed in the anterior presacral column, because it had 

adopted rapacious habits resembling those of the Megalosauride. 
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INTRODUCTION 

Recently I have examined a very perfect skull of Dicynodon sollasi 

(Broom), of the Upper Permian Hndothiodon beds from Biesjespoort, 

Cape Colony, South Africa,? which I had received as a kind donation 

from Dr. R. Broom. One of the results which seems to me of importance 

concerns the vomer question. 

CHARACTER OF VENTRAL SIDE OF SKULL 

The ventral side of this skull indicates the following characters: 

The anterior portion of the basisphenoid possesses a long rostrum 

directed obliquely upward and in a higher plane than any part of the 

palate. The upper and posterior portion of it forms a thin and moder- 

ately high median blade, which I take for the presphenoid. The thicker 

and lower part of it, which extends to the anterior side of the orbits, I 

regard as the parasphenoid. 

Below the branching of the rostrum basisphenoidei the pterygoid 

touches the basis cranii in the usual manner for a short distance un- 

divided. It then separates anteriorly and thus forms a long and narrow 

interpterygoidal space. ‘The latter is surrounded posteriorly by the 

1 Manuscript received by the Secretary of the Society March 15, 1923. 

2Pal. Zeitschr., v, 1, 1922, pp. 58-71. 

(459) 
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pterygoids and in the middle and anterior portion by the bones which I 

regard as the vomers. The pterygoid and the vomer are in contact. Be- 

tween the greater portion of the vomer and the anterior extremity of 

the pterygoid the palatines are interlocked. 

The internal nares are separated by a septum partly formed by the 

vomers (posteriorly and above) and partly by the fused premaxille, 

covering that part of the vomer from below. The lateral walls of the 

internal nares are formed by the palatines. Between the pterygoid, 

palatine, maxilla, and jugal the transversum is situated. 

PRESENTATION OF THE IMPORTANT Facts 

These are the important facts. 

The bones which I regard as the vomers are separated by the ptery- 

goids from the basisphenoid by the length of the entire basis cranii, and 

FIGURE 1.—Dicynodon sollasi Broom. Right side. Natural size. 

are mainly situated just behind the internal nares. There is certainly 

a long interspace between the basisphenoid and the vomers and this space 

is occupied by the pterygoids. Therefore I can not adopt the interpreta- 

tion of the paired vomers being in fact the parasphenoid. On the con- 

trary, the true parasphenoid is present in the major portion of the 

rostrum basisphenoidei. It is useful also to compare the sections given 

by Sollas. It is quite true that the parasphenoid may extend for a 

considerable distance anteriorly and that the vomer may extend far 

posteriorly, but the main region of the parasphenoid is below and imme- 

diately in front of the basisphenoid, and the main region of the vomer 
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is in the neighborhood of the nasal capsule, originating on the ventral 

side of the paraseptal cartilage. The vomer in Dicynodon certainly ap- 

pears to be a paired bone, and its relationships are lke those in the 

mammals. The rostrum of the basis cranii I could not imagine as being 

the mammalian vomer. 

FIGURE 2.—Dicynodon sollasi Broom from below. Natural size. 

Bo = Basioccipitale. P] = Palatinum. 

Bs = Basisphenoid. Pm — Premaxilla. 

Ch = Internal nares. Po = Postorbitale. 

Ko = Exoccipitale. Pof = Postfrontale. 

Ep = Epipterygoid. : Prf = Prefrontale. 

F. c. = Foramen carotidis. Pro = Prooticum. 

F. p. = Foramen parietale. Ps = Presphenoid. 

F. vy. = Fenestra vestibuli. Pt = Pterygoid. 

F. V. = Foramen vagi, etc. Q = Quadratum. 

J = Jugale. Qj = Quadratojugale. 

I. Pt. = Interpterygoidal space. Sm — Septomaxillare. 

L= Lacrymale. Sq = Squamosum. 

M = Maxilla. T. Bo. = Tuber basioccipitale. 

N = Nasale. Tr. = Transversum. 

Opo = Opisthoticum. V = Vomer. 

P= Parietale. Z = Tooth. 

Pa = Parasphenoid. 

The distribution of the bones on the ventral side of the skull of 

Dicynodon (and also of all Theromorpha) does not differ greatly from 

that of the same region in the later reptiles, the Archosauria, as well as 

in the Stegocephalia and also in the mammals. Some of the earlier de- 
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scriptions of the theremorph palate seem to indicate quite a singular 

pattern, but I hope that after accurate investigation the arrangement 

and interpretation of this region in all theromorphs will turn out to be 

the same as in this Dicynodon skull, which quite agrees with the archo- 

saurian type. 
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INTRODUCTION 

The great order of the Ichthyopterygia, known from Permian to Upper 

Cretaceous times, is formed by the Ichthyosauria, Omphalosauria, and 

Mesosauria. 

A special study of all Liassic Ichthyosauria from the English and 

German Lias led me to a synoptic classification, which has also extended 

over all Jurassic and Cretaceous forms. Those of the Triassic are al- 

ready well known from the classic memoirs of Merriam. Through recent 

additional observations of the extensive Mesosauwrus material at Tubingen 

(from Brazil) this group may be reinterpreted and reviewed. Therefore 

it is possible for the first time to form an idea of this highly diversified 

and long-lived order of the Ichthyopterygia.? 

MESOSAURIA 

I need not repeat the reasons why the Mesosauria can not possibly be 

the forerunners of the Ichthyosauria,* but many features in the skull and 

skeleton demonstrate convincingly their common origin. The Mesosauria 

1 Manuscript received by the Secretary of the Society March 15, 1923. 

2F. von Huene: ‘‘Die Ichthyosaurier des Lias und ihre Zusammenhinge.’”’ Ed. by 

Gebriider Borntraeger, Berlin, November, 1922, vii, 114 p., 22 pls. Quarto. 

3N. Jarhb. f. Min., etc., 1910, ii, pp. 29-69. 

(465 ) 
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are, it appears to me, a primitive short side branch of the theoretic main 

line leading to the ichthyosaurs. 

This primitive group, which has not yet been found in the Permian, 

but which certainly existed in that epoch, must have been a parallel 

branch with the Cotylosauria, both having sprung from the Carboniferous 

Embolomeri. The evidence for this is given in detail in the paper cited 
above. 

FIGURE 1.—Neuw Restoration of the Skull of Mesosaurus braziliensis from the Permian 

of Irah, Brazil 

Natural size. From specimens at the University of Tiibingen. 

Bo = Basioccipitale. Pal = Palatinum. 

Bs = Basisphenoid. Pm — Premaxilla. 

Jug = Jugale. Pt = Pterygoid. 

Mx = Mazxilla. Q = Quadratum. 

N = Nasale. Vom = Vomer. ‘ 

No = Internal nares. 

OMPHALOSAURUS 

Omphalosaurus is a coastal remnant of rather primitive Ichthyosauria, 

which have not yet become so well adapted to marine habits as have later 

forms. Both Mesosauria and Omphalosauria exhibit marked evidence of 

pachyostosis, according to Nopsca,* and are therefore on the way toward 

aquatic adaptation. 

* Anatom. Anzeiger, 1922; Paleont. Zeitschr., v, 3, 1922. Both papers are still in 

press. 
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LATIPINNATID® AND LONGIPINNATID@ 

In the Triassic the Ichthyosauria already appear, divided into two 

main lines, the Latipinnatide and the Longipinnatide. 

The first known latipinnatid is Mixosaurus, from the Muschelkalk. 

Its direct descendant in the Lower Lias of England is the genus Huryp- 

terygius (Jaekel), with the well known species £. communis, interme- 

dius, and others having ribs with divided heads and pelvis consisting of 

three separate bones. In the Upper Jurassic the latipinnatid group is 

represented by several new genera: (1) Macropterygvus (— group of 

I. trigonus, with extremely large paddles, ribs as in Ophthalmosaurus, 

pelvis consisting of three separate bones, trunk long, tail short, teeth 

covered at the root with a mantle of cement), which is continued into 

the Middle and Upper Cretaceous (until Senonian); (2) Myopterygius 

(= campylodon group, in some respects similar to the former, but with 

enormous trochanters on the humerus and femur, and with differences 

in the skull) ; (38) the well known Ophthalmosaurus (incl. Baptanodon) 

(antermedium between radius and ulna, vertebral column and ribs sim- 

ilar to Macropterygius, pubis and ischium coalesced) ; (4) Brachyptery- 

gus (extremus, only radius and ulna in contact with the humerus, but 
with large sesamoid ossifications on both borders of the paddle, beginning 

at its proximal end). 

The longipinnatid line, beginning with Cymbospondylus in the Middle 

Triassic, is still more highly varied than the latipinnatids, but more so 

in the early Mesozoic. In some respects Cymbospondylus is still more 

primitive than Mizosaurus in the proportions of the body, which has (as 

compared with Jchthyosaurus) an extraordinarily small head and very 

long and large paddles, especially the posterior pair. All the different 

shastasaurids have a short hfe and a rapid development. One lne, which 

can not be included in the shastasaurids, but is related to this group, 

extends into and through the Lias. For this group I have proposed the 

generic name Leptopterygius. Some Rhetic forms, and the well known 

species I. platyodon, lonchiodon, tenwrostris, etcetera, of the Lower and 

acutirostris and integer of the Upper Lias, constitute this genus and are 

characterized by proximally undivided ribs (but nevertheless with two 

articulations) and by three separate bones in the pelvis. A special form 

of this group is Hwurhinosaurus (Abel) longirostris in the Upper Lias. 

So the whole of this highly diversified main line of the Longipinnatide 

does not extend beyond the Liassic, and even in the Triassic has dis- 

appeared almost entirely. 

XXXI—BULL. GEOL. Soc: AM., Vou. 34, 1922 
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There are, however, other longipinnatids which are still rare in the 

Triassic (I refer especially to Toretocnemus, with ribs much divided 

proximally), but which branch out in the Liassic and later form Stenop- 

terygius, including quadriscissus and many others. These animals are 

very perfectly adapted to a swimming mode of life, no less than are the 

contemporaneous latipinnatids. Throughout the Upper Jurassic forms 

are found with very small paddles and exceptionally strong tail (the 

functions of which compensate each other) of the group Ichthyo- 

saurus euthecodon. I have proposed for them the new generic name 

_ Nannopterygius. There is a form in the Middle Cretaceous described 

by Broili as I. platydactylus, which has specialized in another direction. 

This form has very broad paddles, with sesamoid bones at the anterior 

and posterior borders. The tip of the tail was short and the animal was 

probably therefore a very poor propeller. This genus I call Platyptery- 

gus. It is the latest latipinnatid known. 

Land tetrapods when first adopting aquatic life row with both pairs 

of extremities, a condition seen in the Mesosauria. The better adapted 

they become to that mode of locomotion, the more the function of the 

hind limbs is emphasized (as, for instance, in the crocodiles). This is 

still seen to some extent in one division of the Longipinnatide, namely, 

Cymbospondylus, the shastasaurids and Leptopterygius. Originally the 

slender, long-tailed bodies of the unknown earliest ichthyosaurs prob- 

ably swam with a natural serpentine motion. By and by this was found 

useful for propulsion and became more localized in the flexible tail. In 

the same degree the neck was shortened and the head enlarged. This 

must have been true of all Ichthyosauria, but to a greater extent in the 

branch which later became the Latipinnatide. The function of the tail 

must very early have become one of propulsion, and at its strongest point 

a fin border (“Flossensaum”’?) was acquired, later developing into a more 

or less symmetrical diplocercal caudal fin for a propeller. For a long 

time the paddles remained as organs of propulsion, and were used for 

that purpose in most of the earlier longipinnatids, but in the Stenop- 

terygiwus branch and in all later longipinnatids, as well as in all latipin- 

natids, the hind paddles became. reduced because of the perfect function 

of the tail-propeller and the fore paddles became more and more en- 

larged for vertical steering and for balancing. In the fore paddle of the 

latipinnatids the number of digits is not reduced, as it is in all longi- 

pinnatids. This’may be explained by a differentiation in the very earliest 

mode of adaptation, when the two main divisions of the ichthyosaurs were 

just forming. In swimming, the upper wing of the diplocercal caudal 
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fin, being immobile, together with the dorsal fin, functions as a rudder. 

The wriggling lower wing of the caudal fin acts as a propeller. In the 

later Mesozoic ichthyosaurs the trunk becomes relatively longer and the 

anterior half of the tail is shortened. Therefore the whole body becomes 

more torpedo-like and better adapted for swimming, as in the modern 

AXiphias gladws. 
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INTRODUCTORY 

For years it has been believed that the Missouri River owed its present 
course very largely to the influence of ice-sheets. This was first recog- 

nized by General G. K. Warren in 1868. In 1916 Prof. A. G. Leonard, 

State Geologist of North Dakota, published his conclusion, after some 

years of study, that the channel of the Missouri through North Dakota 

was of Teritiary origin, and that the ice-sheets of the Pleistocene had 

little effect upon its course. 
This conclusion is diametrically opposed to that of South Dakota geolo- 

gists; consequently the writer undertakes in this paper to show the errors 

of Dr. Leonard and, on the contrary, the reasons for believing that before 

the ice-sheet influenced the Missouri River the Missouri was made up 

of various streams leading to the north and east, and that the ice, by 

damming them, caused the water accumulating along its western edge to 

form a series of lakes and channels which eventually determined the 
present course of the Missouri of the Pleistocene in the Wisconsin stage. 
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Dr. LEONARD FOR THE AFFIRMATIVE 

Dr. Leonard, in his paper before the Geological Society of America, 
gives his reasons so clearly and concisely we quote them in full. We 
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have inserted numbers to indicate the different arguments and also for 

reference.” 

1. “The valley of Snake’ Creek is no larger than the valleys of other tribu- 

taries entering the Missouri above this point, and the notch in the east front 

Limit of the glacial drift 
Edge of moximum ice sheet vv. | 

PLE! ae . 
Altitude, feet above sea leverm |_ 
Scale in miles 22 #220 _30 | 

FIGURE 1.—Map of North Dakota 

' Showing probable history of the formation of the Missouri River in North Dakota. 

of the divide north of Fort Stevenson, which is shown on some maps, does 

not exist in reality, and there is no evidence of any preglacial valley here. 

The valley of Long Lake Creek could hardly have been the eastward exten- 

sion of the Cannon Ball River valley, since its lower course is not opposite 

2 Bull. Geol. Soc. Am., vol. 27, p. 295. 
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the mouth of the latter stream, but joins the Missouri four miles to the 

north. There is no reason for believing that the Knife River ever joined the 

Missouri near Fort Stevenson, and the lower valley of this stream has every 

appearance of great age, having a broad floodplain’ and gentle slopes. It is 

clearly a preglacial valley. The Heart River is thus the only important 

tributary of the Missouri which might have continued eastward to the James 

River if the valley of Apple Creek, which has its mouth just opposite the 

Heart, is av indication of this. But Apple Creek is readily accounted for 

as a preglacial tributary of the Missouri and one of the chief outlets for the 

glacial waters when the ice-margin occupied the position marked by the 

Altamont moraine. Its valley is largely filled with glacial outwash from 

the moraine.” 

2. “There is abundant evidence that the Missouri Valley below the mouth 

of Snake Creek is preglacial, and that the river was not forced by the ice- 

sheet to take its present southerly course through North Dakota. This evi- 

dence is based on the presence of glacial boulders on the valley bottom and 

at Many points cn a terrace representing a former floodplain of the Missouri. 

Boulders have been encountered in two wells in Bismarck at a depth of 125 

feet below the surface or 80 feet below river level. These wells are near 

the edge of the terrace bordering the Missouri Valley at Bismarck, and since 

the boulders rest on the bedrock they indicate that the valley was excavated 

to this depth prior to the Glacial period. In several borings made for the 

Northern Pacific Railroad previous to the building of its bridge across the 

river at Bismarck, from 70 to 80 feet of silt and gravel were passed through 

before reaching the bedrock, and in one boring a boulder was struck at a 

depth of about 50 feet below the river bed.” 

3. “On the west side of the Missouri Valley, between Mandan and the 

mouth of the Knife River, there is a well developed terrace which in places 

is a mile and more wide. This terrace has an elevation of 55 to 60 above the 

river and the upper portion of it is in many places composed of glacial gravel 

and good-sized boulders. <A railroad cut in this terrace a mile northeast of 

Mandan, near the cemetery, shows the following section: 

Feet. Incazes- 

RE ee ic ghd Sia Cea a RE Le ee Paces MME pr ters or cay eee IR he 2-3 

»~Boulders and gravel......... sea era lsats rata suai aed fa cmern te en ores oo) Bee 

Sand, finely laminated, with several thin layers of gravel.... 2-5 

Boulders. (and: penbles os. 6k. Se. LeRoi Cee of sagen ive, a Rae gaa 6-12 

Lance beds, exposed above railroad track............ Slate 15 

“in another cut less than one-quarter of a mile south a bed of boulders, many 

of them several feet in diameter, mixed with gravel and resting on the Lance 

beds, extends a distance of at least 100 yards along the railroad. 

“Several miles south of Price the upper part of the terrace is composed of 

boulders and coarse gravel, the deposit having a thickness of 5 to 6 feet.” 

4. “Between Sawyer and Price the terrace is finely developed and is 
covered in some places by a layer of gravel and boulders; in other places by 
unstratified glacial drift or boulder-clay. In the vicinity of Hensler the 

Missouri Valley is several miles wide, and here, as well as in other places, 
numbers of low, rounded drift hills, covered with numerous boulders. rest on 
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the valley floor. Some of the railroad cuts show the boulder-clay to be 30 to 

40 feet thick. 

“Before the time of the earlier ice-invasion, when the ice-sheet advanced 

40 to 50 miles beyond the Missouri River, that stream must have flowed in 

its present broad, terraced valley, and on the floor of this valley the glacier 

deposited the boulders, gravel, and till so well exposed at many points. These 

deposits, shown in the railroad cuts of the terrace, lie about 40 feet above 

the ordinary stage of the river:and vary considerably in thickness.”’ 

5. “Additional evidence that the present valley is preglacial, and that the 

trench of the river was excavated to its present depth at the time of the 

earlier ice-invasion, is shown by the boulder bed less than half a mile below 

the mouth of Tobaeco Garden Creek. This bed of boulders, which lies just 

above the river level, is at least 12 to 14 feet thick and extends along the 

water’s edge for a distance of 100 yards, while scattered boulders and fer- 

ruginous gravel occur at intervals for another 200 yards. Overlying the 

boulders are 15 feet of gravel. 

“While some of the boulders of this deposit may have been brought here by 

floating ice, it is probable that most of the deposit was left here by the pre- 

Wisconsin ice-sheet when it advanced south of the river. The finer materials 

of the drift, if they were ever present, have been carried away, leaving the 

gravel and boulders.” 

Dr. Leonard has recently noted very many other exposures showing 

the relation of the drift to the earlier rocks.* 

Discussion oF ARGUMENTS 

DR. LEONARD'S ARGUMENTS INADEQUATE 

The arguments offered seem insufficient to establish the position taken 

by Dr. Leonard, for most of them are negative, not having a positive 

effect upon the problem. 

NO TRACE OF OLD CHANNELS 

1. The first point is that no trace has been found of any important chan- 

nel leading north or east, and from the present knowledge of facts, viewed 

from his standpoint, he concludes the evidence is strongly in favor of his 

position. It should be remembered that there are few deep wells or drill- 

holes on the Coteau du Missouri. Judging from similar areas else- 

where, we may be very doubtful of this being a positive argument. Tull 

or boulder-clay is frequently found 200 to 500 feet in thickness, as, for 

example, in northeastern South Dakota, on the Coteau des Prairies, or in 

central Iowa, on the divide northwest of Des Moines. For aught we 

know, there may be a buried valley 200 feet deep across the plateau east 

of the Missouri River into the Souris Valley or James River Valley. 

3 Journal of Geology, vol. 24, no. 6. 
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There may be little trace of such a valley. The surface which was 

glaciated in the Wisconsin stage and the sheet of till left has been so 
little eroded that the lines of drainage, possibly resulting from the con- 

figuration of the preglacial surface, have not been distinctly outlined. 

GLACIAL BOULDERS NEAR BISMARCK 

2. The finding of boulders 125 feet below the surface at Bismarck is 

also inconclusive. It is known that in time of flood streams scour out 

their beds to an indefinite extent. This takes place especially in the nar- 

row portion of the course. There the velocity of the stream is quickened 

and its eroding and transporting power are increased.* 

The depths to which rivers may scour in this way has been found to be 

far beyond what most students heretofore have recognized. Surtace 

conditions may be considered as deepening such erosion. Fine material, 

such as sand, may be picked up quickly, while heavy material may be 

very little affected; and yet, when we think of the rounded character 
of the pebbles within a short distance of their starting point, we may 

be assured that they also are moved in time of flood to an indefinite 

degree. It will be readily accepted that the coarser the material the less 

distance it is transported and the more promptly it will be dropped. 

It is a question as to how deep such scouring may extend. It is very 

important in the Missouri River. It has been known by direct measure- 
ment that the bottom of the river, which may be only 15 feet in depth at 

ordinary stage, may be in a few hours deepened to 90 or even 100 feet 

at some places. In the valley of the Missouri River the depth of such 

influence seems to have been 125 to 150 feet below the surface of the 

bottom land. The depth, no doubt, increases with the volume of the 

stream and the softness of bedrock below. When we remember the shaly 

and clayey nature of bedrock at Bismarck and the tremendous floods 

poured out from the melting glacier of the Wisconsin stage, a depth of 
125 feet is not therefore enough to be very sure. 

A recent paper by Dr. E. B. Matthews discusses “The deeps of the 

lower Susquehanna river.”° It seems probable that those deeps are due 

to the erosive as well as solvent action of the water of the river and may 

be considered as formed analogous to the scour of streams, which we 
have been discussing. Some of those deeps were over 150 feet in depth. 
The full significance of the boulders at Bismarck is simply that they were 
deposited at a stage of the river when the 30-foot terrace was formed, 
which, from the configuration of the surface, seems to have been in the 

* Bulletin 158, U. S. Geol. Surv., p. 150. 

° Bull. Geol. Soc, Am., vol. 30. 
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later stages of the flood following the Wisconsin stage of the ice-sheet. 

At that time the Missouri was at a very high flood stage and sufficient 

to scour and fill to that depth. We can not conclude more than that the 

deposits were later than the beginning of the Glacial period. 

GLACIAL GRAVELS IN TERRACES 

3. He appeals to the occurrence of drift gravel deposits as affording 

evidence of preglacial origin of the valley in which they are found. 

Much that has been said in the last section may be applicable here. ‘T’o 

show that the mere presence of stream deposits, including glacial boulders, 

does not prove the presence of ice in the close vicinity, much less at the 
identical locality, drift boulders and gravel may be found scores of miles 

from the edge of the ice which brought the boulders. 

GLACIAL TILLS 

4. The occurrence of typical till or boulder-clay at any point is con- 

sidered good evidence that the ice has been at that point at a time begin- 
ning with the age of the bottom of the till; for it is generally conceded 

that till is on the immediate edge or presence of an ice-sheet. If Dr. 

Leonard can establish the existence of typical till on the terrace near 

Hensler, we are bound to believe that an ice-sheet reached that point and 

remained there long enough to deposit the depth of the till there found; 

but this may be true of the locality near Hensler without proving that 

the valley is the Missouri Valley. To one who suspects that the Missouri 

was formed as was outlined in previous section, the finding here of a 

valley deeper than usual may be plausibly ascribed to the valley of a 

river leading northeast, which from its greater age or more active drain- 

age had excavated deeper than adjacent valleys. There is nothing im- 

probable in the different valleys crossed by the course of the Missouri 

varying greatly in age and degree of erosion. Why may we not infer 

that preglacial Heart River turned north in the vicinity of Bismarck 

and drained independently, or with Knife River as a tributary, into the 

Souris River? Such conditions would favor more rapid erosion. More- 

over, the material in which the basin of the Knife River is excavated is 

largely composed of soft beds of the Laramie. 

BOULDER BAR NEAR MOUTH OF TOBACCO GARDEN CREEK 

5. He argues that beds of boulders near the mouth of Tobacco Garden 

Creek indicate the preglacial formation of the valley in which they occur. 

But boulder bars, as they may be called, in river beds are formed not very 

uncommonly. They, of course, are evidence that they have been formed 
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since the Glacial period, but really they are no more significant of the 

preglacial age of the channel than are the boulders which are considered 

under head number 2. It seems probable that the accumulation of 

boulders mentioned has been formed some time since the Glacial period, 

and the later erosion of the stream has left it as a low terrace. 

In the same region, river gravels containing glacial boulders are found 

at a much higher elevation at Glass Bluff,° about 4 miles southeast of 

Buford. There “glacial drift” is found resting upon Laramie strata 200 

feet above the river. Dr. Leonard reports three localities showing 

similar relations of drift to underlying rocks, one being a few miles 

below Glass Bluff and another at White Earth Creek north of the Mis- 

sourl. Several other localities showing similar position by their altitude 

above the river are not given.® 

Bauer reports several feet of drift gravel capping flat-topped buttes or 

fragments of a terrace along the lower course of the Little Missouri 

River.“ He thinks they may be of late Tertiary origin. These gravel 

beds are strong evidence that the plane of drainage has been for some 

time at that level since the beginning of the Glacial period. If the bed 

of the Missouri were as deep as Dr. Leonard believes, before the coming 

of the ice, what filled the valley of the stream to force the water so high 

above the bottom of the valley? If the glacier advanced, it might fill the 

valley with till, but we can scarcely believe that later erosion would carry 

it away. It would resist erosion more readily than the surrounding 

Laramie beds. We therefore consider that the existence of these gravel 
beds is a strong argument against the preglacial excavation of the valley. 

EVIDENCE FROM SouTtH DAKOTA 

GENERAL STATEMENT 

According to Dr. Leonard’s view, at the beginning of the Wisconsin 
stage the Missouri River was flowing at as low a level as, or even lower 
than, at the present time throughout its course in the State of North 
Dakota. : 

The State of South Dakota was also partially overspread with ice from 
the same Keewatin center. It pushed against the eastern edge of the 
Missouri Coteau in a similar way, but the coteau was more interrupted, 
or less continuous, so it did not offer the same resistance as in North 
Dakota. Moreover, it was moving in a river valley upon alluvial deposits, 
which no doubt made its progress more easy and rapid. 

° Third Biennial Report of the North Dakota Geol. Sury., pp. 80-84. 
* Journal of Geology, vol. 23, pp. 53-55. 
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From these facts it will be readily seen that the principal relations of 

the Missouri River to the ice-sheet would be very similar to those in 

North Dakota. The principal difference would be that the ice extended 
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FIGURE 2.—Map of South Dakota 

Showing probable history of the formation of the Missouri River in South Dakota. 

so far south that it did not reach its maximum extent so soon, and the 

moraines formed would consequently be smaller and less continuous. 

For our purpose, it will not be necessary to present all the evidence 

which might be stated. We will limit our discussion to two or three of 

the more decisive points. 
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DAMMING OF THE NIOBRARA RIVER 

Some years ago the writer studied the ancient channels between the 
States of South Dakota and Nebraska. The older system included the 
Niobrara, Ponca, Mosquito, and Choteau creeks. Their altitude was 

from 100 to 125 feet higher than the present streams occupying that | 

region. It is evident that the Niobrara, the larger one, crossed the 

trough of the present Missouri a little east of Springfield, swept in a 

broad curve to the north past the stations of Tabor and Utica and merged 

into the present course of the Missouri a few miles east of Yankton. 
This is shown not only by the topography, but by the deposits found in 

wells. When the extremity of the James River ice-lobe reached this old 

valley in the northern part of Yankton County, it forced the stream to 
find its way around the edge of the ice, and so located the present course 

of the Missouri between Bonhomme and Yankton. Judging from the 
exposure of bedrock in the sides of its new valley, it must have cut down 

in some places on the south side 200 to 350 feet. The level of water, as 

before stated, was more than 100 feet higher than the old level of Niobrara 

and its tributaries. 
BIJOU HILLS DIVIDE 

Near the southwest corner of Brule County, South Dakota, there is 

seen a prominent and nearly continuous line of flat-topped buttes, rising 

300 to 500 feet higher than the surrounding country and about 2,000 

feet above the sea. The line of buttes stretches away in the distance 

toward the west, and only two of the buttes are east of the Missouri 

River. It may have extended farther east and the ice may have carried 
them away. Lying up against the eastern end of the eastern butte is a 

ridge of till or boulder-clay. The till also comes up high on the south- 

west corner of the butte, but no northern boulders or pebbles are found 

on top of any of the buttes. Along the northern side of the butte, just 

east of the Missouri, numerous boulders are found, and apparently the 

upper limit of their distribution seems to mark an old water line. The 

height of this line is determined by a barometer for 1,880 feet above sea- 

level. 

Opposite the mouth of the White River may be found trace of the side 

of an old channel, about 225 feet above the river, which may be traced 
more or less clearly to Red Lake and Pukwana, where it is 1,543 feet 

above sealevel. The Missouri River at low water at Chamberlin is 1,323. 

White Lake, in the northwest corner of Aurora County, seems also to 

be in this old valley, which without doubt extended to the James River. 

Between Pukwana and White Lake it is too deeply covered with boulder- 

clay to be traced clearly. 
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The conclusion from these facts seems simple and unquestionable. 

Before the Wisconsin ice came, White River flowed through this valley 

into the James River. When the ice dammed up the White River the 

waters rose north of the Bijou Hills until they found a way around east. 
Some trace of such a channel is marked by a shallow depression occupied 

by a string of lakes and lake beds. When filled with water, there are few 

places east of the Bijou Hills where it can be crossed. When this outlet 

was stopped by the farther advance of the ice, the water rose until it 

found an outlet along the line of the present Missouri River. Since that 
time it has cut down about 600 feet. This rapid erosion is greatly assisted 

by the soft and slippery character of the Pierre formation, which occupies 

nearly the whole height of the gorge (see figures 3, 4, and 5). 

FOX HILLS DIVIDE 

Lake Arikaree——This is the most complete and complicated of all. As 

one approaches from the south, he sees stretching across the course of 

the Missouri River a high, massive highland. It seems to be nearly flat 

on top and somewhat higher toward the west, while eastward it becomes 

more broken, for it is well covered with glacial deposit. The higher 

portion west of the river was named by early explorers as Fox Ridge, 

although its top was nearly flat for a breadth of 10 miles. Hast of the 

river are prominent points in the Altamont moraine about Gettysburg. 

The southern side of this ridge is more abrupt than the northern, which 

is traversed on the west by Moreau River and by Swan Lake Creek; flow- 

ing west. ‘The basin of the latter is hmited in extent, but it must have 

been considerably higher to allow for the glacial erosion to which it was 

subjected without being reduced in height lower than Fox Ridge on the 

west. The latter rises to 2,300 feet within 10 miles of the Missouri 

River. Hast of the river are exposed points of older rocks, which reach 

a height of 2,000 feet, while the morainic points may reach 2,100 to 
2,200 feet. . 

At the maximum stage of the ice, which had reached apparently little 

more than the Altamont moraine, the water derived from the Moreau and 

Grand Rivers, and other streams seeking their way around the edge of 

the ice-sheet, gradually filled the present valley of the Missouri north of 

Fox Ridge into a lake 30 or 40 miles wide and extending northward in- 

definitely. This hypothetical lake has been named “Lake Arikaree,” 

after a tribe of Indians which occupied the region when first discovered. 
Glacial Boulders without Till—The main evidence of the former ex- 

istence of this lake consists of the absence of glacial till west of the 
Missouri River and of the general distribution of scattered boulders over 
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the basin. In the vicinity of Virgin Buttes boulders are found rising to 

the level of about 2,200 feet. On the north slope, south of the Moreau 

River, evidence of a similar altitude is found by the occurrence of similar 

northern boulders capping Patched Skin Buttes. What seems incon- 

sistent is the fact that south of the Patched Skin Buttes no drift boulders 

are found over a considerable area of less altitude. The extent, also, of 

this driftless area on the south is surprising in its narrowness and the fact 

that it is more than 100 feet lower than the Patched Skin Buttes. 

But the flat-topped, rick-like buttes, apparently marking an old shore- 

line, were not all covered with boulders and much of the old shoreline was 

not marked by these buttes, but, on the contrary, the surface was gently 

undulating, very similar to glaciated surface. Such a case was noticed 

6 or 7 miles east of Timber Lake. Approaching it from the west, no 

boulders were found until coming into this gently undulating topography 

and overlooking an apparent depression on the east, where boulders were 

plentiful and the surface had a very close resemblance to till topography. 

Here, again, there were traces of erosion which had carried the boulders 

toward the adjacent watercourses. Fortunately, there had been recent 

grading of an automobile road, which exposed a section from the surface 

down two or three feet and for many rods in extent. From these expo- 

sures it showed very clearly that the boulders were scattered on a surface 

of residuary clay or of Pierre or Laramie clay, but very certainly not any 

glacial till. Moreover, upon the elevations the boulders were not more 

than half submerged in the soil, while in depressions the boulders were in 

some cases completely covered with soil. The elevation of the top of the 
boulder-capped buttes and of the moraine-like surface seem to be at the 
same level. ‘The boulder-capped buttes lie west of La Plant, extending 
several miles. The upper limit of the moraine-like surfaces at other 
points did not rise above 2,155 feet. 

Outlets—Another evidence of the former existence of Lake Arikaree 
is the finding of outlets. We have already spoken of the driftless char- 
acter of the surface lying west and south of this lake and of the abrupt 
appearance of numerous boulders when a certain level was reached which 
might be supposed to be the boundary of the lake, the margin or water 
level. Around the Cheyenne Indian Agency near Forest City the surface 
northward is without boulders assoon as the level of the highest river 
terrace has been passed. The surface is very much eroded and composed 
largely of Pierre shale. About 10 miles west of Cheyenne Agency one 
suddenly comes upon the valley of Stone Creek, which is named from the 
abundance of northern boulders found in the valley. The bottom of the 
valley is not very clearly the course of a stream, for erosion has changed 
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its surface very much. Its bottom is composed of low knolls elongated 

with the axis of the valley, and usually with abundant boulders, espe- 
cially upon the summit, as if a stream bed had been unoccupied for a 

long time and erosion had removed most of the fine material. This 

channel passes over the divide between Stone Creek and a branch of 

Virgin Creek which leads north-northwest, east of La Plant. The bot- 

tom of this channel east of La Plant is at an altitude of about 2,000 feet. 

Of course, one outlet corresponds with the present course of the Mis- 

souri River. There are points near Welland, east of the Missouri River, 

which rise to more than 1,900 feet, or 500 feet higher than the Missouri. 

Another channel, which probably had served as an outlet before the 

glacier had covered it in its advance westward, has a general south-south- 

east course, passing a little east of the northwest corner of town 120 

north, range 76 west. It extends for 7 or 8 miles, from the breaks of 

Swan Lake Creek to the valley of the Little Cheyenne. 
The order in which these outlets served was, first, the eastern 

one, leading into the Little Cheyenne; second, the Missouri as now 

located ; and, third, the western one, which probably was the main one in 

the earlier and higher stages of the lake. It had probably cut down 100 

to 200 feet before the recession of the ice uncovered the present course of 

the Missouri, which has been occupied ever since. The maximum extent 

of the ice was in the formation of the Altamont moraine, of which por- 

tions toward the south are found in the Artichoke Hills and Sully Buttes. 
The edge of the ice must have been very near the present river, prob- 

ably covering, but not extending at any time to,-the third, or Stone Creek, 

outlet. The region between the present course of the Missouri and the 

old Stone Creek outlet is driftless, so far as has yet been discovered, at 

least 10 or 15 miles north from the Cheyenne Agency. This area does 
not seem to be much higher than the region farther north; and yet we 
must conclude that this area, at the time of the highest stage of Lake 

Arikaree, must have been 100 feet higher than at present. It is not 
difficult to suppose that there has been time sufficient for the carrying 
away of such an amount of material by erosion, for the Pierre formation 

occupies the whole height of six or seven hundred feet and there are 

numerous deep ravines running southeast parallel to Stone Creek. The 
Pierre formation is almost pure clay and very subject to landslides on 

steep slopes, especially when the base is softened or eroded by running 
water. ‘The whole surface of the bluffs of the Missouri River opposite 

the Cheyenne Agency, for a height of 250 to 300 feet, is covered with 
sliding masses 50 to 150 feet wide. 
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EVIDENCE FROM MONTANA 

GENERAL STATEMENT 

The Missouri River in its course throughout that State has been related — 

to the ice-sheet on the north and the driftless regions on the south, sim- 

ilarly to that which we have noted in North Dakota and South Dakota. 
Moreover, the history of the ice-sheet seems to be very similar to that in 

North Dakota. There is found in both cases till-covered areas outside 

of the Altamont moraine. This till may be of Kansan age or of early 
Wisconsin. The most recent stage of the ice was that of the Wisconsin 

at the time of the formation of the Altamont moraine. This general 
relation is similar to that which we have recognized in South Dakota and 

of course argues that similar might be expected in North Dakota, the 

State between. 

That the valley was Tertiary is indicated by the geological section at 

Glass Bluff,* 4 miles southeast of Buford. “Glacial drift, 25 feet,” lies 

more than 160 feet above the Missouri,® or 2,100 feet above tide. This 

agrees well with the “Benny Pierre-Hay Draw” outlet, 2,200 feet above 

tide. Afterward the Yellowstone became a component of the Missouri , 

and cut down its present channel. 

POSTGLACIAL EROSION 

Dr. Leonard has concluded that the erosion of the Missouri River along 

its present course is too great to have been accomplished by that stream 

since the beginning of the formation of the Altamont moraine. The 

erosion at its greatest is not more than 500 feet in depth and a mile or 
two in width. From Montana we find that the erosion from the Missouri 
channel from Mussel Shell River to Milk River is from 600 to 1,000 feet. 
In the former case the material eroded is mostly clay and soft sand. In 
the latter it is consolidated sandstone. Below Great Falls the Missouri 
has been flowing over sandstone, so that it is readily seen the postglacial 
erosion is 150 to 250 feet in depth. Another point is that the preglacial 
valleys in a number of cases, especially toward the west, are cut very 
much deeper than those of postglacial origin. This is prominent in the 
case of an old channel of the Missouri near Great Falls, which by boring 
near Sand Coulee was found to be 270 feet deep.2° 

DIFFICULTY OF REMOVING DRIFT FROM CHANNELS 

From the map on page 38 we see how the erosion of a drift-filled chan- 
nel seems very little, if any, affected by harder rocks for the walls of the 

‘ Third Biennial Rept., N. Dak. Geol. Suryv., p19: 
* Bull Geol. Soc. Am., vol. 27, p. 300. 

10 U. S. Geol. Sury., Professional Papers, No. 50, p. 36. 
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valley. How much less, therefore, when both walls and filling are un- 

consolidated, as in most of the Dakotas. 

THE YELLOWSTONE AND LITTLE MISSOURI DIVERTED FROM THEIR 
TERTIARY CHANNELS 

Mr. Calhoun, from a study of the Keewatin deposits in Montana, traces 

the preglacial valley of the Missouri to Glasgow, on Milk River, and from 

quotation from others shows that it continues on to the northeast corner 

of Montana, and the Little Missouri likewise shows similar points in its 

history. 
“Tn the late Tertiary,” according to C. M. Bauer,’* “it occupied a well- 

marked channel extending northward from the first prominent eastward 

bend of the present stream to the head of Tobacco Garden Creek and 

thence along this valley to the present Missouri,” he adds, “to the Ter- 

tiary Yellowstone near Williston.” More likely the Tertiary Little Mis- 

souri crossed the Missouri near the mouth of Tobacco Garden Creek and 

ran north several miles farther before reaching the Yellowstone. 

During the maximum of the ice all three streams joined in a lake and 

for a time flowed eastward over the mid-course of the smallest stream. 

Eventually the Yellowstone and Missouri ceased to rise to Benny Pierre- 
Hay Draw. outlet, but found the course of the present Missouri River, 

the Little Missouri determined by an outlet of the lake. The Missouri 

and Yellowstone, on the withdrawal of the ice-sheet, found themselves in 

well-defined valleys from Poplar and Glendive respectively to Williston. 

The most plausible explanation of the new channels is that they were 

eroded by subglacial and preglacial streams during the advance, the 

culmination, and earlier recession of the early Wisconsin. Head erosion 

we deem to have been particularly efficient during the recession of the ice. 
It was a time of rapid deposition of stratified drift. 

SUMMARY OF EVIDENCE 

All of the arguments presented by Dr. Leonard for the origin of the 

channel of the Missouri as being preglacial or Tertiary are found to be 

negative or indecisive. In other words, the case as he presents it is not 
proven. ) 

_ The first positive argument for the glacial and Pleistocene origin of 
the Missouri channel is the evident relations of the latter to glacial dis- 
tribution and deposits. This argument is especially strong if no other 
theory is capable of explaining the facts. Dr. Leonard gives us no reason 

4U. S. Geol. Surv., Professional Pavers, No. 50,-p. 31. 

2 Journal of Geology, vol. 23, p. 55. 
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for the anomalous relation of the Missouri to the general slope of the 

country, namely, that the general course is nearly parallel with the strike 

of the slope of the surface instead of with the dip. This argument will 
stand, and the burden of proof les on the other side. 

The presence of stratified drift in the higher portions of the valley, 

together with the absence of till at lower levels of same, is strong evidence 

that the valley is glacial or postglacial in formation. If streams flowed 

at higher levels, they show the altitude of the plane of drainage at that 

time, and the absence of till at lower levels proves that the lower portion 

of the valley was not excavated ; for we can not conceive of the lower por- 

tion being filled with drift, especially till, and later have it all removed. 

The very nature of the case forbids it. 

An analogy with the cases studied in South Dakota and Montana 

strongly argues for the Glacial or Pleistocene origin of the valley of the 

Missouri in North Dakota also. 

PROVISIONAL HISTORY OF THE ORIGIN OF THE Missouri IN NoRTH AND 

SoutH DAKOTA 

GENERAL STATEMENT 

In this portion of the course of the Missouri it is crowded by the edge 

of the Wisconsin ice-sheet on the left from near its origin in Montana to 

the southeast corner of South Dakota. On its right side there lies an 
area over which the Wisconsin ice-sheet never passed. From Niobrara 

eastward, where the river forms the boundary of the State, there is a till- 

sheet formed by an older ice-sheet which extends over many square miles 

southward into northeastern Kansas. This is known as the Kansan ice- 
sheet, which is judged to be much older than the Wisconsin. 

In South Dakota no boulder-clay or till has been found west of the 

Missouri, although it is not unlikely that closer search may show con- 

siderable of the Wisconsin till outside the Altamont moraine. In North 

Dakota there are a few small patches of till lying 40 or 50 miles to the 

west or south of the river. In northeastern McKenzie County a portion 

shows not only patches of till of moderate thickness, but also distinct 

moraines. In the western part of .Montana, near the Highwood Moun- 

tains, there is a moraine 50 to 100 miles in length and so continuous as 
to change the course of streams in the vicinity. 

The general course of the moraines, both older and newer, is northwest. 
Dr. Dawson, of the Canada Survey, considers the older drift deposits and 
moraines next west of the Wisconsin stage in Canada to be Iowan. 
Tyrell, of the same Survey, considers them Kansan. Calhoun considers 
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the older deposits there to be early Wisconsin.** Leonard considers the 

older drift in North Dakota, especially that west of the Missouri, as 

Kansan, but also recognizes till east of the Missouri, outside the Altamont 

moraine, to be early Wisconsin. 

It seems not improbable that some of the morainic drift west of the 

Missouri belongs really to the early part of the Altamont moraine, as, 

for example, in eastern McKenzie County. It is generally agreed that 

the ice which was concerned in this case was also from the Keewatin 

center west of Hudson Bay, and that it was of the Wisconsin stage; and 

it seems probable that considerable of the drift outside of the Altamont 

moraine is to be included also under the term “early Wisconsin,” and 

that the great prominence of extra morainic till in Montana, and to a less 

degree in North Dakota, is to be attributed to the lower temperature of 

the ice at that higher latitude. 

GLACIAL ACTIVITY INCREASES WITH TEMPERATURE 

A principle that is generally recognized is that higher temperature 

promotes greater activity in glaciers—that is, that the velocity is much 

greater in summer time than in winter time. Moreover, much more 
water is discharged in all streams supplied with water from the ice, 

forcing them to put on a. torrential phase with maximum. A corollary 

from this principle would be that glaciers on the south tend to receive 
more heat, and consequently move more rapidly on that side. For some- 

what similar reasons glaciers seem to be more active on their south and 

west sides because of the greater influence of the sun’s heat. 

DURING THE ADVANCE OF THE WISCONSIN ICE-SHEET 

It will be readily seen that, so far as North and South Dakota are 

concerned, the ice approaches them from the northeast, and it is evident 

that it must have moved more rapidly in a southward direction; so that 
it may have, perhaps, reached the southern line of South Dakota nearly 

as early as the western part of Montana, and that its appearance opposite 

the angle northeast of Bismarck may have been considerably earlier than 

at the points already specified. At any rate, we may suppose that the age 

of the Altamont moraine is about the same throughout, although older 

~ portions—that is, near the outside and at higher levels, unless apt to be 

removed—may have been accumulating hundreds or thousands of years 

earlier than the inner portion of the same moraine. | 

Previous to the formation of the Altamont moraine, we may suppose 
that the valleys of all streams flowing north or east would become ob- 

1%7U. S. Geol. Surv., Professional Papers, No. 50, p. 52. 
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structed or dammed by the ice and changed into lakes, which would fill 

rapidly, not only from the glacier, but from the rainfall of regions farther 

west; so that in a short time each prominent river basin would contain 

a good-sized lake. Because of the eastward slope of the country, these 
different lakes would become deeper first next the ice, and the connecting 

streams escaping from the lakes would be first in the close vicinity of the 

ice. We may suppose that the line of lakes in both of the Dakotas would 

have several phases of development with each particular stage, but more 

or less contemporaneous through them all; and yet it would take longer 

for a large lake to pass through certain stages than a smaller and simpler 

one. 

THE NIOBRARA RIVER AND RED LAKE 

In the early stoppage of the stream we may suppose that the Niobrara 

River and Red Lake may have developed more promptly, although they 

may have begun later than the lakes farther north. They were able to 

cut through their respective barriers more promptly, and thus prepare the 

way for the draining of the lakes farther north. 
It is probably unnecessary to attempt to give the lakes in detail or in 

order, referring instead to the maps and remembering that the phase 

during the old history must have changed frequently. It may not be 

necessary to do more than call attention to some more striking points. 

We find evidence that the Yellowstone and the Missouri west of the 

Little Missouri became dammed by the ice on the north, which caused 

an overflow into the valley of the Little Missouri. . Leonard has assumed 

that the valley of the Little Missouri was Pleistocene, whereas we take 

it that its Tertiary channel was by way of Tobacco Garden Creek and 
northward until it found the Yellowstone. When the ice advanced, it : 

dammed the course of the Little Missouri and formed a lake, which 
received water for a time from the Missouri River and the Yellowstone 
through the Benny Pierre-Hay Draw outlet. 

The outlet of Little Missouri Lake was along the present course of the 
Little Missouri eastward. Patches of numerous boulders are found here 
and there marking the course of the Little Missouri around northeast and 
south of the Kildeer Mountains. Probably at its early stage it emptied 
into Knife River Lake, this lake in turn passing over into Heart River, 
and so on southward into Lake Arikaree. An old shoreline of this lake 
seems to have been the origin of Farmers Valley and of the escarpment 
south of it. As the lakes had their outlets cut down more and more, 
one marked effect would be that these outlets would be on the side next 
the glacier, for not only would the slope of the country tend to throw 
them farther east, but also the streams on that side would be much more 
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active and prevalent, and therefore their head erosion much more rapid. 
Eventually the lakes became less extensive, and as the ice withdrew 

to the east again the lakes in general would become filled and drained 

until they disappeared. The effect of the ice withdrawing to the east- 

ward would be to uncover more lake area lying adjacent to the front 

of the ice. 
The explanation of the larger streams lying not far from the perma- 

nent and larger moraine, known as the Altamont, is to be found in the 

principle already mentioned, that the head erosion is particularly active 

in the streams immediately supplying water from the ice. This explains 

why the present course of the Missouri was located quite early. This 

became permanent before the withdrawal of the ice from the Altamont 

moraine. In short, the waters from the moraine eroded quite rapidly, 

because the coarse material was dropped next the ice, so that erosion was 

accelerated at a short distance outside of the main deposition. We con- 

ceive of the Missouri cutting down deeper and deeper during the Pleisto- 

cene, excavating what Dr. Leonard has called “the preglacial valley.” 

This reminds us of a point of which we have said little, but which in its 

combined effect serves as a powerful argument for the similar origin of 

the Missouri in all three States under consideration. 

TERRACES 

In the valleys of the Missouri and its principal tributaries, there are 

many very striking river terraces. These terraces are mainly the result 

of erosion, the lower part of them being composed of bedrock and the top 

composed largely of coarse material, mainly from glacial drift, the finer 

silty material being largely washed away. A general statement applying 

to all these terraces may be given as follows: 

They vary in altitude above the principal stream from 20 to 450 feet. 

Those lower than 20 to 40 feet show few boulders and are known as “silt 

terraces’ or “second bottom.” They probably mark the erosion which 

has taken place since the disappearance of the ice. Those above 100 feet 

are usually largely composed of boulders in the upper portion. These 

boulders are the larger and more conspicuous, from 200 to 300 feet. 

_ These upper ones are called “boulder terraces,” and without doubt mark 

the intensity and altitude of erosion at different stages in the early Wis- 

consin stage. These terraces are as near level as usual under such cir- 

cumstances, except for several miles below Bijou Hills, where some of 

the terraces show a much steeper slope down the stream. This uniform 
arrangement corroborates more strongly the idea that the history of the 
streams in these three States have been unusually uniform. Not only 
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does it emphasize the similarity of the conditions of the different streams, 

but the different areas are parts of the same system; so that we can not 

conceive of one portion being cut down without the subsequent lowering 

of all connected with it. Hence it is inconceivable that Lake Arikaree 

could have drained until Lake Niobrara had cut down; in other words, 

not before the Pleistocene. On the other hand, we can not believe that 

the valley of the Missouri in North Dakota could have been excavated or 

formed during the Tertiary without excluding the Yellowstone and the 

Little Missouri on the one hand or the Cannon Ball on the other. 

We conceive that the erosion of the valley of the Missouri had cut 

down within 400 or 500 feet of its present level by the advance of the ice 

to form the Altamont moraine.. This would correspond to the boulder- 

topped terraces spoken of in connection with the Little Missouri and 

elsewhere. 

In the maximum extent of the ice, we find the time when the Pleisto- 

cene channels were first occupied—for example, the outlets of varicus 

lakes—and the lower boulder terraces mark the latest direct effect of the 

Altamont moraine upon the stream and its deposits. 

HEAD EROSION PROMINENT 

We have already alluded to the prominence of this function of streams, 

but we find it especially prominent in the history of this region. It has 

been especially the cause of the various streams approaching the Altamont 

moraine. While there may be traces of portions of the Tertiary courses 

of streams still occupied and later of Pleistocene courses, the portions of 
streams next the moraine which together form the present course of the 

Missouri have been formed by this action of streams, namely, head 

erosion. ‘To illustrate, we have the Tertiary course of the Little Missouri 

marked from its eastward bend to the mouth of Tobacco Garden Creek. 

The course from the bend eastward would be of Pleistocene origin, prob- 

ably during the maximum extent of the ice, and probably the earlier part 
of it was a lake which soon became drained. The course of the Missouri 

from the mouth of Tobacco Garden Creek to the presént mouth of the 
Little Missouri would be an example which was formed by head erosion 
and was probably not continuous and prominent until the latter portion 
of the Wisconsin. 

THE BIG BERTHOLD BEND 

What seems a unique but unmistakable example of this is illustrated 
in the Great Bend in Fort Berthold Reservation. It has already been 
suggested by several observers of that region that the curve of the great 
U-shaped bend marks the position of a moraine formed around the south- 
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western tip of a local ice-lobe, and the straight valley reaching across 

the top of the U is the bed of the preglacial course of the stream, and 

that in some way this straight valley—which, by the way, is more than 

100 feet higher than the present river and slopes downstream—became 

filled by ice in the advance of the glacier which formed a bridge for the 

onward motion of the ice. The suggestion is perhaps insufficient and 

presents several difficulties which we need not stop to consider. Mean- 

while the water of the stream above the U found its easiest pathway to be 

around the outer rim of the moraine. The head erosion acted along the 
more vigorous course of the water, namely, the outside of the moraine, 

until they completely connected the channel below with the channel above 

this U-shaped bend. This is a very unusual example of head erosion, 

the general tendency being rather to cut off bends than to form them. A ~ 

* portion of the ice may have fallen below the pressure of the ice behind 

and remained stationary, like a boulder pavement, except the stationary 

lower mass was ice instead of till. The rest of the glacier passes on to 

form the moraine. One fact favorable to this view is that the cross-valley 

is at right eee to the direction of the ice movement or the course of 

the glacier. 

In conclusion we note that from whatever direction we have approached 

the region we have been considering, we find that the present course of 

the Missouri River is more recent than the Tertiary and earlier than the 
end of the Pleistocene, or more dennitely during the Wisconsin Stage of 
the Glacial period. 

Moreover, we have been reading one of the most interesting chapters 
of glacial history, but let no one think that we have been reading the 

most interesting. We know no reason why the stream changes were not 
as numerous and striking in the Nebraskan or the Illinoian as we have 
found them to be in the Wisconsin. 



eb 

‘ 
é ‘ 
H Pea 

{ 

Sih 

wr 

ri 
P 'e 

ir ay iS 

> 

7 é: 
yes f 

ea, 

ar 

™~ 

wif f 
7:40 -at! 

, 

i A 

Fiat & 

6.0% 

+ 

¥ i oa 

% ; m ah: i * 

: ! ip wire ‘abit Lee 
ePaitey i 4 hata oe 

f 
<4 

boy 

F 
r 

a 

i 

yi 

te 



BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 

VOL. 34, PP. 495-498 SEPTEMBER 30, 1923 

’ MERGING OF CARLILE SHALE AND TIMPAS LIMESTONE 

FORMATIONS IN SOUTHEASTERN COLORADO! 

BY HORACE BUSHNELL PATTON 

(Presented before the Society December 29, 1922) 

CONTENTS 
Page 

RATAN OED ee rep tere Sc eins. 82S alae ee REE eS Anan as Rie Sel eAe ics Sh sb. 8 ee ee 495 

Cen OTe! METI 5 sicalsiic 1c, v2h ous nieces oe eenmye'e; sieleln # ee os yee SA eae 497 

Pate OSs inate: Dimpas. TMMESLOMEs viccxeyis cla fee eos we ee ec ee eee es 498 

INTRODUCTORY 

In connection with field-work undertaken for the Colorado Geological 

Survey the past summer in the vicinity of La Junta, Colorado, the author 

has had occasion to note a gradual transition or merging of two forma- 

tions that heretofore have been considered as belonging to two different 

groups, the Benton and the Niobrara groups. The present communica-- 

- tion is presented with the consent of the Director of the Survey. 

In southeastern Colorado the Benton group is developed as three 

readily distinguished formations. The lowest of the three is the Graneros 

shale, with some 200 feet of gray to black shales. The highest, or Carlile 

shale, has usually about the same thickness and is likewise composed of 

dark gray shales, which at the top change to a yellowish sandstone of 20 

feet thickness or over. The two are separated by some 50 feet of Green- 

horn limestone. The Niobrara group Has a twofold division—into the 

‘Timpas limestone at the bottom and the Apishapa shale at the top. The 

two together have a thickness of some 700 feet, of which 500 feet belong 

to the Apishapa and 200 feet to the Timpas. The upper 150 feet of the 

‘Timpas are composed of gray shales with occasional thin beds of white 

limestone. The lower 50 feet consist of massive beds of soft, almost 

chalklike limestone, one to two feet thick, separated by very thin shale 

partings. The contact between the basal limestone of the Timpas and 

the underlying top sandstone of the Carlile shale is usually very sharp. 

1 Manuscript received by the Secretary of the Society December 30, 1922. 
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FIGURE 1.—Part of general Section in which Transition Bed occurs 
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THE Uprer CARLILE MEMBER 

In writing of this Upper Carlile member, Darton? says: 

“At the top there is a bed of sandstone varying in thickness from a few 

inches to 20 feet, the amount increasing to the west. . . . The top sand- 

stone averages 10 to 20 feet in thickness west of longitude 104 and attains a 

maximum of 30 feet at Greenwood, on Hardscrabble Creek, and near Chandler, 

south of Canyon. Near La Junta it is three feet thick. . . . Usually it is 

soft, somewhat mixed with sandy shale, and of yellowish color. The fossil 

known as Pugnellus occurs abundantly in the formation in the southwestern 

portion of the area.” 

Writing of this same Upper Carlile member as it occurs in the Apishapa 

Quadrangle some 30 miles west of La Junta, Stose* describes it as fol- 

lows: 

“In most places yellow sandstone 10 to 20 feet thick occurs at the top. The 

sandstone is calcareous in fresh exposure and is generally very fossiliferous 

in the upper part, its fragments being marked by casts of a large, strongly 

ribbed coiled ammonite, Prionocyclus wyomingensis.” 

This upper sandstone member thins out on approaching La Junta and 

becomes three feet thick or less. At the same time it loses its sandy 

character and becomes a crystalline limestone of grayish color that 

weathers to a dark rusty brown. It is also very fossiliferous, containing 

the same fossils mentioned above by Darton and Stose and including 

abundant Ostrea and occasionally sharks’ teeth. Stose mentions the fact 

that the sandstone in the Apishapa Quadrangle in fresh exposure is 

calcareous. In the La Junta area it becomes altogether a limestone that 

is invariably crystalline. A typicai sampie of this rock dissolved in 

hydrochloric acid gave less than 1 per cent insoluble matter. 

This upper limestone member is, in most of the La Junta area, sharply 

defined from the overlying Timpas limestone; but northeast of La Junta 

a change is to be noted. The rock loses in part its crystalline appearance 

and its uniform brownish color and becomes mottled white and brown. 

The irregular brown spots appear almost like inclosed fragments in the 

prevailing grayish white mass; but the frayed nature of the boundary 

line of these brown spots shows that they are due to local oxidation of 

the furruginous contents or to infiltration. At the same time the stratum 

loses its sharply defined upper edge and it becomes impossible to draw 

the line between this supposed Carlile member and the overlying white, 

chalky Timpas limestone. The two are apparently one. 

2N. H. Darton: U. S. Geol. Survey, Professional Paper No. 52, 1906, p. 28. 

3 George W. Stose: Folio, U. S. Geol. Survey No. 186, 1912, p. 6. 

XXXITI—BwvuLut. Grou. Soc. AM., Vou. 34, 1922 
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The above described characteristics are well shown at the base of the 

cliff on the south side of Horse Creek, in the northeast quarter of section 

30, township 22 south, range 53 west, and they continue for 5 or 6 miles 

northeast of this point, which is as far as the field-work was carried. 

FIGURE 2.—Contact of Timpas Limestone and Carlile Shale 

The contact occurs in Anderson Arroyo, about 7 miles south of La Junta. The pho- 

tograph shows the soft black shale at bottom, the 3-foot brown limestone that marks 

the top of the Carlile shale in the middle, and the white, basal Timpas limestone at 

the top. 

CARLILE FossIL IN THE Timpas LIMESTONE 

In line with the observed merging of these two limestone members at 

the top of the Carlile and the bottom of the Timpas is the discovery of a 

recognized characteristic Benton fossil in the basal limestone of the 

Timpas. Near the center of the east half of section 27, township 22 

south, range 53 west, and about 3 miles east of the location above given, 

a specimen of Inoceramus was collected near the base of the Timpas 

limestone. This fossil has been identified by Prof. Junius Henderson, 

of the University of Colorado, as Inoceramus labiatus, a form considered 

characteristic of the Benton group and very common in the Greenhorn 

limestone member of that group. 

We have here, then, a case of a sandstone member thinning out toward 

the east and passing into a crystalline limestone, and the eventual merg- 

ing of that limestone into the basal limestone member of a higher group. 

We also have, associated therewith, the passing of a typical fossil of the 

lower group up into the higher group. 
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LAKE WAYNE AND LAKE VANUXEM 

Year by year the story of the Laurentian glacial lakes grows more 

complicated. The steadily falling waters of our youthful innocence are 

being replaced by a pulsating rise and fall due to rhythmic oscillations 

of the ice-front. One of these pulsations was long ago recognized by 

Fairchild? in his “free drainage” stage of lowered escape followed by the 

restoration of “Lake Vanuxem.” Fairchild has frequently predicted that 

the real history would prove to be more complex than existing knowledge 
revealed. 

Leverett and Taylor’s recent exposition® of the caprices of the ice on 

the thumb of Michigan instantly involves western and central New York, 

for the moment the water levels fell below the Grand River outlet they 
must go out by the Mohawk. The control channels of “Lake Wayne” 

must be sought at either Batavia or Syracuse. 

Herein is introduced a new element in the recognized New York lake 

1 Manuscript received by the Secretary of the Society May 1, 1923. 

? Bull. 118, N. Y. State Museum, p. 80; Bull. 127, N. Y. State Museum, pp. 50-59. 

#Mon. LIII, U. 8. Geol. Survey, pp. 364-370. 
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succession. Hitherto it had been believed that the first of the Erie Basin 

waters to gain admission into central New York (the Genesee and Finger 

Lake valleys) was Lake Warren. In Fairchild’s conception “Lake 

Vanuxem” stood as the earliest water body with easterly (Mohawk) es- 

cape, but he ascribed to Vanuxem no drainage from west of Batavia. 

Yet, if we correctly understand the relations, the episode of Lake 

Vanuxem and the “free drainage” interim is the only known place in the 

New York succession into which “Lake Wayne” can be fitted. 

The admission of the Warren waters into central New York, past the 

Batavia salient, without conspicuous channeling on that salient presented 

a real problem to Fairchild.* Practical coincidence of the merging water 

levels had to be subsumed. But if the Erie waters already flowed east- 

ward, the restored Warren level would reach to Syracuse from its initia- 

tion and this particular puzzle be eliminated. Rather, the problem is 

pushed back to Lake Wayne, leaving the apparent absence of channels 

north of Batavia still a matter of inquiry. Possibly the control point is 

actually somewhat farther east, near Le Roy, where there are heavy 

channels just below the Warren beaches. 

None of the Le Roy channels appears, however, to fulfill the require- 

ments for the long-lved Wayne spillway. They conform to the tem- 

porary paths of waters rushing to a new confluence, not to a stabilized 

outlet. For that we must turn to Syracuse. Here we find at once a 

splendid channel at the right altitude (about 40 feet below Warren) 

hitherto unreferred to any fixed water plane. This is the “Gulf” west 

of Marcellus.* It is confidently beleved that the “Gulf” channel carried 

the Wayne waters prior to Lake Warren, and that it did not function 

again subsequent to the Warren flooding. 

A curious fact concerning the “Gulf” remains, nevertheless. Below 

its intake it is distinctly depicted by Fairchild as a “two-story” channel 

(the only one he so represents), with the lower story much narrower than 

the upper, thus indicating diminished water flow. If this narrower inner 

channel were cut during the ice readvance following the “free drainage” 

stage, as seems likely, then the restored level (‘second Vanuxem”) would 

appear to have been robbed of the Erie drainage by readvance also at 

Batavia (or Le Roy?). This would mean that while “first?” Vanuxem 

included the Erie flow from Wayne downward to its minimum stand and 

extinction in “free drainage,” or even through the earlier rising levels 

of its restoration, there was no “restored Lake Wayne.” but only local 

waters of the restored (incorrectly “second”) Lake Vanuxem coursing 

* Bull. 127, N. Y. State Museum, pp. 51-52. 

° Bull. 127, N. Y. State Museum, pp. 26-30, pls. 4, 18, 19A. 
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through the “Gulf,” while the Erie Basin waters were obstructed at 

Batavia and thrown back on the Grand River outlet as Lake Warren. 

This ice advance would obliterate the earlier channels at Batavia, but 

there is still the old difficulty of getting the Warren level eastward again 

past this point without a trace. 

Lake Lunpy (?) OUTLET 

With the Wayne outlet at Marcellus (Syracuse), the fate of the Erie 

Basin waters during the “free drainage” interval remains to be consid- 

ered. Following westward (upstream) the capacious channels of this 

stage, and noting their extensive delta deposits where they cross the 

Genesee and similar valleys, one is impressed with the belief that they 

carried more than local flow. At their upper end, north of Le Roy, the 

channel is a splendid rock-cut, over a mile long, a hundred feet deep, and 

a quarter mile wide. Its col appears to have been originally some 20 feet 

or more under the plane of the neighboring Dana beaches, but to have 

been somewhat silted up during the Dana stage. Back of this broad 

intake at Fort Hill, with present altitude about 680 feet, must have lain 

a huge lake, stretching to Detroit, hitherto unrecognized as such. Its 

close correspondence in level suggests that its beaches in the Erie Basin 

have been confused with those of the long subsequent Lake Dana. 

Spencer in 1894 described the Lundy beach and once incidentally used 

the expression “the Lundy lake,” a name which thus seems to have no 

standing as against the properly proposed and worthy name of Lake 

Dana, subsequently given by Fairchild to his Geneva beach.* But should 

it appear on further study that the Lundy beach correlates with the Fort 

Hill channel, as is very possible, then both names will stand. Indeed, 

the Belcoda and other channels on the same meridian may eventually 

explain other features in the complex of beaches at this general horizon 

in the Erie Basin. 

RESTORATION OF LAKE AMSTERDAM 

During the “free drainage” stage the Mohawk Valley was necessarily 

unblocked at the east, giving passage to Fairchild’s “glacio-Mohawk 

River.” But Fairchild has shown’ that the east-leading channels of sub- 

sequent date from lowering Warren and Dana terminate east of Syracuse 

® See map, Bull. 127, N. Y. State Museum, pl. 2. 

* Amer. Jour. Sci., vol. 47, pp. 207-212. Said to be 25 to 40 feet out of harmony with 

Lake Dana, in U. S. Geol. Survey Mon. 42, p. 772. 

8 Amer. Jour. Sci., vol. 7, 1899, pp. 260-1; Bull. Geol. Soc. Amer., vol. 10, pp. 56-57. 

® Amer. Jour. Sci., vol. 7, 1899, p. 262; compare also 20th Ann. Rept. N. Y. State 

Geologist, pp. 112 ef sea., pl. 16; Bull. 160. N. Y. State Museum. p. 32. 
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(at Mycenae) considerably above the level of the Rome outlet, or higher 

than the free drainage channels. The inevitable conclusion is that they 

discharged into a restored Lake Amsterdam, due to reblocking of the 

Mohawk at its lower end (Schenectady). It is reasonable that any re- 

advance of the ice at Syracuse sufficient to restore the Grand River outlet 

must have been accompanied (or slightly preceded) by a powerful thrust 

in the Hudson Valley, of which we here have the confirmation. Appar- 

ently this forward shove was felt also (a bit later?) at Batavia, thus 

sundering Warren and Vanuxem as above intimated. 

EASTWARD REACH OF LAKE ARKONA 

More puzzling questions revolve around earlier reexpansions of the ice. 

Taylor thinks that Lake Arkona invaded central New York before the 

readvance extinguished it. The position of the overriding Alden moraine 

in the wider portion of the Genesee Valley (where the Warren beach is 

strong but single), and thence eastward to the Seneca Valley, is well 

above the Warren level and shows that the ice must have there destroyed 

any Arkona beaches, except far south up the valleys, where they would 

necessarily be weak. Careful search may yet reveal these; probable 

beaches and notches occur, 20 feet above the Warren shore, at and east 

of Geneseo, but the best record is found in the large 850-foot delta terrace 

at the mouth of the Mount Morris canyon, which could not have been 

built in Warren waters, because the canyon had been cut far back and 

deepened in the stage of lowered escape preceding Warren. The fact that 

the moraine of readvance barely sunders the Mount Morris and New- © 

berry levels at the critical points near Hast Bloomfield, Reeds Corners, 

and Gorham is evidence that even Newberry had been swallowed down 

into Arkona before that readvance occurred. (See the chart, page 506.) 

WESTWARD REACH oF LAKE NEWBERRY 

In his later writings and maps*® Fairchild carries Lake Newberry into 

the Genesee Valley from the east at this same moment in the history 

preceding Lake Hall. While the overriding ice has destroyed the records, 

making it impossible to say that Newberry did not have such an exten- 

sion prior to Arkona, yet it seems to the writer unlikely that the New- 

berry level entered the Canandaigua Valley before its restoration, and 

not immediately even then, being momentarily excluded by a restoration 

of the Potter Lake with new outlet east of Gorham. This presently fell 

to Newberry, and when the latter almost immediately coalesced with the 

10 Bull. 106, N. Y. State Museum, p. 32; Bull. 127, N. Y. State Museum, pl. 35; etc. 
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Genesee waters these were at the Pearl Creek outlet, so exactly coincident 

in elevation that a divided escape ensued until the unblocking of the 

Linwood channel established Lake Hall.*+ It should be noted that Hall 

thus becomes a fairly fixed water body, not a series of lowering stages, 

_ though it may have been let down once, some 20 feet, to the Stafford 

channels. 
A NEW GENESEE LAKE 

Studies now proceeding on the complicated history of the Genesee 

Valley lakes indicate that Lake Dansville was admitted into the Canan- 

daigua Valley by way of the Hunt Hollow strait following Lake Naples, 

and was then lowered down on this pass, instituting a new member in 

the Genesee succession, here named the “Livonia Lake.” By opening of 

the Bethany channels Livonia became the Mount Morris falling waters, 
whose intricate history involved one more brief escape to the Canan- 

daigua Valley by the Cheshire channels, as well as temporary separation 

from the Wyoming Valley by lowering on the Pearl Creek outlet channel. 

Hupson VALLEY LAKES 

Greater interest attaches to the behavior of the Hudson-Champlain 

Valley during ice-waning. Woodworth’s interpretation’? of this behavior 

involved a peripheral bulge and a wave of uplift. Fairchild, whose early 

conception of the uplift as a rigid tilting was opposed to Woodworth’s, 

has found independent evidence of the peripheral bulge in his work on 

the Susquehanna River.** Antevs, Daly, and others assert the existence 

of the bulge and of lakes restrained behind it. Of these lakes one must 

have occupied New York Harbor and its environs, perhaps continuous 

with that in Long Island Sound; for this the name “Lake Manhattan” 

is here suggested. As the ice waned and the pursuing bulge raised Man- 

hattan, the Tappan Zee would have held a water body which we may call 

“Lake Haverstraw.” Perhaps even a third stage, north of the High- 

lands, preceded the inception of Lake Albany, and this might suitably be 

called “Lake Newburgh.” The writer finds it difficult to conceive that 

any of these waters were salt, or with marine organisms. 

LAKE VERMONT AND LAKE Emmons 

It becomes necessary at this point to reinstate Woodworth’s Lake Ver- 
mont, for, like the preceding, this was sundered from the tides by the 

11 Bull. 106, N. Y. State Museum, p. 33, pl. 6. 

2 Bull. 84. N. Y. State Museum, pp. 229, 232. 

18 Science, n. s., vol. 57, no. 1465, p. 113. 
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migrating bulge. That it had no free communication with salt water: 

via the Hudson Valley is an inevitable corollary of Fairchild’s discussion 

of the Round Lake region.1* Analysis of that paper shows that long 

before the unblocking of the north end of the Adirondacks, while still 

Lake Iroquois was discharging through the Mohawk and cutting the 

Round Lake channel, the Hudson Valley at that point had lifted so far 

as to confine the Hudson River to the narrow trench it was reexcavating 

in the clays of the Lake Albany filling. Lake Albany was gone. There 

was no open strait of salt water (or any other water) from New York to 

Plattsburg, but a river of fresh water flowing (with a gradient) south- 

ward and holding Lake Vermont to superoceanic level. The true marine 

waters (Hochelagan Sea) entered the Champlain Valley only when ad- 

mitted from the northeast, past Quebec. By the original definition 

“Gilbert Gulf” is the portion of these marie (tidelevel) waters confined 

to the Ontario Basin, and the name should not be extended over the 

region in which Woodworth’s “Hochelagan Sea” has clear priority.” 

The Vermont beaches are finely developed at 740 feet above tide and 

down, both around Covey Hill and far into the Ontario-Saint Lawrence 

Valley. The true marine beaches are those originally recognized as such 

from 523 feet above tide down, on Covey Hill. Between these two sets 

is a gap of nearly 100 feet, marking the elevation of Vermont waters 

above sealevel just prior to their extinction. 

Above the Vermont beaches, between them and Iroquois, in the 

Ontario-Saint Lawrence Valley, lie the “Emmons” beaches of Fairchild, 

rediscovered and renamed “Frontenac” by Taylor.*® 

THE ALGONQUIN LAKES 

However intricately interwoven may be the Algonquin beaches, in 

point of historical sequence there are several distinct water bodies at 

present passing under the name “Lake Algonquin.” Leverett and Taylor 

discriminate (1) an “early Lake Algonquin” confined to the south end 

of the Huron basin, with Detroit (that is, Port Huron) outlet; (2) 

doubtfully a tripartite lake with outflow divided past Detroit and Chi- 

cago, which seems to be an expanded Lake Chicago; (3) the true Algon- 

quin, tripartite, with Trent River escape, and (4) the second Algonquin, 

restored to Port Huron outlet. To avoid confusion of speech, it is sug- 

gested that the first stage be called rather the primitive Huron, and that 

14 Bull. 195, N. Y. State Museum, pp. 12-15, and map pl.; compare also Bull. 215-6, 

N. Y. State Museum, pp. 28, 46, figs. 10, 11; Bull. 154, N. Y. State Museum, pp. 30-3, 

fig. 5; Bull. Geol. Soc. Amer., vol. 33, p. 525. 

16 Bull. 84, N. Y. State Museum, p. 220. 

16 Bull. 158, N. Y. State Museum, p. 34; Bull. 164, N. Y. State Museum, p. 22; Mon. 

LIII, U. S. Geol. Survey, pp. 325, 445; Proc. Roch. Acad. Sci., vol. 5, p. 138. 
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the almost resundered Huron waters during the later Nipissing-Ottawa 

outlet stage be named “Huronipissing.” The temporary lifting of Port 

Huron to level with or above the Chicago outlet and subsequent abate- 

ment witnesses to the migrating bulge hereinbefore advocated. 

CORRELATION CHART 

The relations of these water bodies as above understood are exhibited 

in the accompanying correlation chart, in which contemporaneity is hori- 

zontally represented and time reads from top downward. Proportional 

time values are not closely attempted with present inadequate knowledge, 

but attention is called to the rhythmically spaced ice maxima, which may 

have a coefficient of approximately 26,000 years. The purpose of the 

chart is to focus attention on outstanding problems and provoke fresh 

attack. 
A similar chart projected for the minor lakes of western and central 

New York is deferred to a future writing, but the following pertinent 

note is retained here: 

CATTARAUGUS LAKES 

Exploration in the Cattaraugus country during the past summer re- 

vealed a fine channel leading from the South Branch Cattaraugus Creek 

westward toward New Albion, with summit elevation about 1,430 feet 

above tide. As this is intermediate in altitude between the Lime Lake 

(Machias) and Persia outlets already recognized by Fairchild,’ the suc- 

cession of lakes in the Cattaraugus Valley gains a new member. Another 

probable outlet examined is the pass north of Ellicottville at about 1,640 

feet aneroid (sheet not issued). It would seem that the Dayton pass 

used by the Buffalo and Jamestown division of the Erie Railway must 

also have carried some overflow for a time, but there is no good channel 

across the col. ana 

SOME PREGLACIAL RIVERS 

In the nature of a supplementary proposal, the following names are 

tentatively put forward for certain fairly established rivers of preglacial 

drainage: “Allegowanda” for the ancient upper Allegany, with discharge 

by Gowanda to the lower Cattaraugus Valley; “Geneseraga” for the 

ancient Genesee past Sonyea into the Canaseraga trunk valley and, thence 

lower, through the Irondequoit trough, and “Senecahanna” for the 

ancient upper Susquehanna flowing out by the Seneca Lake Valley to 

the Ontarian River. ° 

17 Bull. 106, N. Y. State Museum, pp. 16-17, 35. 
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GENERAL RELATIONS 

The presence of Cambrian and early Ordovician sediments on the 

northwest edge of the Piedmont Province of Pennsylvania and Maryland 

has long. been known, but it has not been heretofore suspected that 

younger Ordovician strata not only overlap.these early Paleozoic sedi- 

ments, but also extend far southeastward onto the crystalline schists of 

the Piedmont. 

The Piedmont upland of eastern Pennsylvania is traversed by a lime- 

stone valley which extends southwestward from Schuylkill River, north 

of Philadelphia, to Littlestown, near the Maryland State hne. From the 

Schuylkill to Quarryville it is narrow and is called Chester Valley. Be- 

yond Quarryville it expands northward into the wider Lancaster Valley 

around Lancaster. West of the Susquehanna it again becomes narrow, 

is known as the York-Hanover Valley, and extends to Littlestown. The 

valley is underlain by Paleozoic limestones. It is bordered on the north- 

west in part by the overlapping Triassic sediments and in part by the 

Cambrian arenaceous sediments of the Pigeon and Hellam Hills and of 

Mine Ridge and North Valley Hills. It is bordered on the south by 

overthrust Cambrian and Pre-Cambrian schists. Its southwest termina- 

1 Manuscript received by the Secretary of the Society February 15, 1923 

Published with the permission of the Director of the U. S. Geological Survey and 

the State geologists of Maryland and Pennsylvania. 

(507) 
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tion at Littlestown is due to the overlap of the hmestone by the Triassic 

beds. The Frederick Valley of Maryland is the southwestward con- 

tinuation of the York-Hanover Valley and is due to the emergence of 

the limestone from beneath the Triassic cover. 

The limestones exposed in the Hanover-York-Lancaster-Chester Valley 

were until recently treated as a unit by workers in this area and: were 

called the Shenandoah limestone. Detailed study by the writers, espe- 

cially in the vicinity of Lancaster, has resulted in the distinguishing of 

seven limestone formations and one shale and the determination of their 

age and relations. Seven of these formations are found in normal undis- 

turbed sequence northeast of Lancaster, as follows: 

COCHITCO WSO ATEI. on ale ai atanarse aleradene lac bbe 
: | rdovician. 

Beekmantown limestone............. O 

Conococheague limestone............ Upper Cambrian. 

Hitborooks lHIMeStoney oo. ho wz eels eo 0 Middle Cambrian. 

HeMLET -COLOMTbE. Ss Oe ce wes ccs o's ava'e 

RGINZETS SROPMIGACIOM ic 2:5 edoe:k «as 20,8 4 are | Lower Cambrian. 

Nambace AOlOMIIte. sales Mele ele ol et | 

These correspond in part with the limestone formations that occur in 

the Cumberland-Lebanon Valley to the north. The three lower forma- 

tions are divisions of the Tomstown dolomite of that area, and the upper- 

most formation, the Cocalico shale, is the equivalent of post-Beekman- 

town limestones of the Cumberland Valley section. 

Walcott, in his study of the hmestones of the: York-Lancaster Valley,” 

called attention to coarse limestone conglomerates which he described as 

intraformational and stated that these conglomerates and all the asso- 

ciated limestones of this part of the valley were probably not younger 

than Lower Cambrian. 

In the detailed study by the present writers it was found that the con- 

glomerates occur at no definite stratigraphic position, but are associated 

with different beds at different places. They are also generally inter- 

bedded with thin-bedded, dark-blue, slaty, argillaceous limestones similar 

to some in the Kinzers formation, but of much greater thickness. Fur- 

thermore, in the southern part of the valley, especially around Lancaster, 

similar thin-bedded, dark-blue, argillaceous limestones, interbedded with 

distinctive blue granular limestone beds and dark graphitic slates, 

predominate. The relation of these beds to formations whose sequence 

was known led the writers to the conclusion that they belong to an over- 

lapping younger formation at the base of which limestone conglomerates 

2C. D. Walcott: U. S. Geol. Survey Bull. 134, 1896, p. 29. 
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occur in places, but it was not until fossils of probable Chazy age were 

found in slaty limestone beds interbedded with limestone conglomerate, 

near York, that the age of the formation was determined. It has now 

been established that this slaty lmestone of probable Chazy age, called 

the Conestoga limestone, laps progressively southeastward over the forma- 

tions below the Ledger dolomite down to the Harpers schist, on which 
it rests in many places in southern Pennsylvania and in Maryland. The 

extent of the formation from the Schuylkill southwestward into Mary- 

land and its overlapping relation to other formations are shown on the 

map (figure 1). 

DETAILS OF THE CONESTOGA OVERLAP 

The Conestoga limestone is restricted, so far as it has been observed 

at present, to the southeastern part of the limestone valley in the Pied- 
mont. At Lancaster, where it reaches about its northwesternmost posi- 

tion in the valley, it rests on the Ledger dolomite. Its unconformable 

relation to the dolomite is excellently shown in exposures in quarries and 

stream banks, just northeast of the city. An old quarry near the Lan- 

caster waterworks, on Conestoga Creek, excellently exposes the sharp 

unconformable contact of coarse basal conglomerate, containing white 

marble blocks as much as 5 feet across, on an eroded surface of well- 

bedded Ledger dolomite (see figures 2 and 3). At the Pennsylvania 

Railroad bridge over Conestoga Creek at the Lancaster waterworks solu- 

tion crevices 3 feet wide and 20 feet or more deep, in pure white marble, 

are filled with limestone breccia containing smaller blocks of similar 

white marble (see figures 4 and 5). The white marble, apparently a bed 

in the Ledger dolomite, had been partly eroded prior to the deposition 

of the Conestoga, and fragments of it were included in the conglomerate 

that fills the solution crevices in the partly eroded masses of white 

marble. The conglomerate rests on the floor of Ledger dolomite in adja- 

cent areas where the marble bed had been entirely removed. These lime- 

stone conglomerates are interbedded with dark-blue, slaty, argillaceous 

limestone of Conestoga type, some of which weathers ribbed (see figure 

9). The variable character of the sedimentation of the, Conestoga is 

shown in a small quarry near Leaman Place, where thin-bedded siliceous 

ribbed limestones pass abruptly into thick-bedded granular limestone and 

lenticular beds of coarser conglomerate (see figures 6 and 7). 

Southeast of Lancaster the Conestoga overlaps onto lower and lower 

beds of the Ledger until, near Leaman Place, it is nearly down on the 

Kinzers formation. At the Bellemont quarries, 2 miles southeast of 
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FIGURE 2.—Limestone Conglomerate at Base of Conestoga Limestone unconformable on 

Ledger Dolomite 

In old quarry 2 miles northeast of Lancaster. 

FIGURE 3.—Unconformable Contact of Limestone Conglomerate containing subangular 

Blocks of white Marble at Base of Conestoga Limestone on Ledger Dolomite 

Closer view in old quarry 2 miles northeast of Lancaster. 
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FIGURE 4.—Solution Crevice in white Marble of the Ledger Dolomite filled with Lime- 

stone Breccia at base of Conestoga Limestone 

View taken on the west bank of Conestoga Creek, at Lancaster waterworks. 

FIGURE 5.—Closer View of Limestone Breccia at hase of the Conestoga Limestone in 

Solution Crevice in white Marble of Ledger Dolomite 

View taken on the west bank of Conestoga Creek, at Lancaster waterworks. 
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FIGURE 6.—Rapid Change in Character of Sediment of the Conestoga Limestone; also 

Bed of Conglomerate (uprer right) 

Wall of quarry a half mile north of Leaman Place. 

FIGURE 7.—Thick-bedded granular Dolomite passing into finely laminated impure Ribbed 
Limestone typical of the Conestoga Limestone 

Closer view of wall of quarry a half mile west of Leaman Place. 

XXXIV—BuuLuL. Grou. Soc. Am., Von. 384, 1922 
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Leaman Place, limestone conglomerate and associated slaty limestone of 

the Conestoga rest on the Vintage dolomite (see figure 8). Although 

the Kinzers formation is fully exposed in the Pennsylvania Railroad cut 

just to the north, the Conestoga is nowhere seen resting on the Kinzers. 

This overlap is apparently concealed by a thrust-fault that passes between 

these two exposures. 

A little farther south, on the north flank of the Mine Ridge anticline, 

the Conestoga almost completely overlaps the Vintage dolomite, and on 

the south flank it entirely overlaps the Vintage and rests on Harpers 

schist. The Conestoga limestone north and east of Quarryville has been 

recrystallized into compact gray and white banded micaceous marble, 

which is closely folded and fluted (see figure 10). The local extreme 

anamorphism is described by E. B. Knopf and A. I. Jonas in a paper on 

the Quarryville region.’ } 

The Conestoga limestone covers the whole floor of Chester Valley from 

its southwest end, at Quarryville, nearly to Coatesville. Hast of Coates- 

ville it is restricted to the southeast side of the valley, and the Cambrian 

limestone formations appear one by one toward the northeast, progres- 

sively emerging from beneath the overlapping Conestoga (see map, 

figure 12). East of Downingtown the overlapping limestone is locally 

preserved in a narrow synclinal fold in the middle of the valley where it 

retransgresses the boundaries of two of the higher formations (see map, 

figure 13). The Conestoga here is not so greatly metamorphosed and is 

made up of conglomerates interbedded with argillaceous, somewhat 

micaceous, limestone and thin graphitic slates. Still farther northeast 

the Conestoga limestone occupies only a small southern part of Chester 

Valley, the Cambrian formations occupying the larger northern part. 

Near the Schuylkill River the Conestoga apparently overlies the Beek- 

mantown limestone, but this area has not been studied in detail by the 

writers. 

West of Lancaster the Conestoga gradually overlaps the Ledger dolo- 

mite and rests on the Kinzers formation, and further west on the Vintage 

dolomite. It forms almost the whole of the limestone valley around 

Columbia, only a narrow band of the Vintage lying between it and the 

Cambrian quartzite and schist of the Chestnut Hill anticline on the north 

and of two anticlines of the Harpers schist on the south. Limestone 

conglomerates here persist as an integral part of the basal beds of the 

Conestoga and are finely exposed in the Wrightsville quarries. Certain 

peculiar blue and black earthy shales and sandy beds that appear near 

3 Am. Jour. Sci., 5th ser., vol. 5, January, 1923, pp. 59-61. 
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FiGuRE 8.—Thick bed of Limestone Conglomerate with underlying thin-bedded dark 

calcareous Slate of the Conestoga Limestone unconformable on 

massive Ledger Dolomite 

View of north face of Bellmont quarry, 2 miles southeast of Leaman Place. Photo- 

graph by C. D. Walcott. 

FIGURE 9.—Thinly laminated impure Limestone characteristic of the “Conestoga 

Limestone 

Exposed in floor of quarry one mile east of Lancaster. 
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FicurRE 10.—Closely folded and fluted gray and white banded micaceous Marble of the 

Conestoga Limestone in a small overturned Syncline 

Face of quarry a half. mile northwest of Quarryville. 

FicurE 11.—Ffossiliferous Beds in the Conestoga Limestone 

Massive beds of dolomite and limestone conglomerate are overlain at left by dark 

argillaceous ribbed fossiliferous limestone. View taken at York Lime & Stone Co.’s 

quarry, 6 miles east of York. 
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the base of the formation in the vicinity of Columbia increase in thick- 

ness westward and in the vicinity of York give rise to prominent low 

ridges and hills capped by sandstone. 

Southwest of York the overlap relation, which in itself is complicated, 

is further confused by thrust-faulting. The Conestoga limestone is 

largely restricted to the southeast side of the valley, but some outliers 

of the basal sandstones and conglomerates of the formation cap hills 

near the north border of the valley. Several excellent exposures of the 

contact of the basal beds of the Conestoga on the Ledger dolomite were 

seen in the Pennsylvania Railroad cuts northeast of Spring Grove, where 

folding has brought the underlying dolomite to the surface. Here con- 

glomerates of white marble fragments inclosed in a matrix of siliceous 

argillaceous limestone occur near the base, and slaty limestone beds fill 

hollows in the underlying Ledger dolomite. A narrow crevice in the 

dolomite, filled to a depth of about 15 feet with limestone breccia and 

masses of oolitic limestone, is laid bare in the railroad cut. In the 

vicinity of Hanover the Conestoga spreads out over the larger part of the 

valley and is faulted and overthrust on the Cambrian limestones. South- 

west of Hanover the Triassic sediments transgress southward, first cover- 

ing the Cambrian limestones and then the Conestoga limestone, so that 

beyond Littlestown the limestones are entirely concealed and the York- 
Hanover limestone valley ends. 

‘South and southeast of the York-Hanover Valley there are narrow 

belts of blue slaty limestone in the Harpers schist which are regarded as 

infolds of overlapping Conestoga limestone. During a recent survey of 

Carroll County, Maryland, the junior author has found similar blue 

limestone along a belt of valleys extending from the State line south of 

Littlestown to and beyond Union Bridge, Frederick County, Maryland. 

This blue slaty limestone is believed to be a southern occurrence of the 

Conestoga formation that overlaps the Harpers schist and is infolded in 

synclines in the schist. The Conestoga limestone and Harpers schist are 

similarly associated in a small elongated area southwest of Emmitsburg, 

in Frederick County, Maryland, where these rocks are locally exposed 

west of the Triassic belt. 

In Frederick County, Maryland, limestones again emerge from be- 

neath the cover of Triassic sediments and form the Frederick Valley. 

The Conestoga limestone is not known to be present in this valley, but 

a somewhat similar limestone, called the Frederick limestone, ‘overlies 

the Beekmantown limestone, apparently conformably. It contains a 

small fauna, some forms of which are the same as those in the Conestoga, 

and the two limestones are probably in part of the same age. 
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FossILs AND CORRELATION 

Before fossils were found in the Conestoga limestone its overlapping 

relation to the underlying formations had been observed and worked out 

in the vicinity of Lancaster. The Conestoga was known to be younger 

than the Ledger dolomite, on which it rests, with a marked unconformity 

near Lancaster. Within 5 miles northeast of Lancaster, the Ledger 

dolomite is overlain by the Elbrook, Conococheague, and Beekmantown 

limestones, in normal sequence. As none of these formations in any 

way resemble the Conestoga in lithology, it is reasonable to assume that 

the Conestoga is younger than they are—that is, post-Beekmantown. 

The first fossils found in the limestone were small segments of crinoid 

stems collected in the vicinity of York, and they determined the age of 

the rocks to be not older than Ordovician. Later, brachiopods and 

crinoid plates were collected from slaty impure limestones interbedded 

with thick conglomerate beds at the York Lime & Stone Co.’s quarry 6 

miles northeast of York (see figure 11). The only species of shell that 

is determinable is Strophomena stosei, a form not previously known else- 

where except in the Frederick lmestone of Maryland, which has been 

described by Bassler.* The crinoid plates are not determinable, but are 

apparently of Ordovician types. The Frederick lmestone has yielded, 

besides Strophomena stoset, other shells and trilobites identified by 

Bassler as Acidaspis ulricht, Triarthrus sp., and undetermined species 

of Reteocrinus?, Cameroceras, and Isotelus. These forms are not known 

to occur in any other formation, but are regarded by Bassler as probably 

Chazy. 

Near Oregon, 7 miles northeast of Lancaster, the Beekmantown is 

overlain by the Cocalico shale in which graptolites of Normanskill type 

have been found and which is therefore also probably of Chazy age. 

Similar shales of Chazy age have been discovered in the Lebanon Valley, 

where Normanskill graptolites were collected by the senior author near 

Highspire, southeast of Harrisburg, and the shale belt was traced east- 

ward as far as Reading. The shales outcrop on opposite sides of the 

Triassic kasin and probably are parts of a shale mass that underlies the 

cover of Triassic sediments. 

The Conestoga limestone is characteristically a dark-blue crystalline 

limestone and dark argillaceous limestone with graphitic slate partings 

and shale beds, some of which are of considerable thickness. Even the 

pure marble conglomerate beds at the base are interbedded with slate and 

#R. S. Bassler: The Cambrian and Ordovician deposits of Maryland. Maryland Geol. 

Survey, Cambrian and Ordovician, 1919, p. 117. 
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hard slaty ribbed limestones (see figures 6 to 9). These impurities are 

chiefly argillaceous matter similar to that which forms the Cocalico shale. 

It is believed, therefore, that the Cocalico shale and Conestoga limestone 

are approximately of the same age and were deposited in the same sea, 

the argillaceous matter predominating where the Cocalico shale was de- 

posited, and a mixture of lime silt and argillaceous mud being deposited 

in the area of Conestoga limestone. 

SUMMARY 

The history of Cambrian sedimentation and deformation and the 

Conestoga overlap in early Ordovician time may be summed up as fol- 

lows: 
During early Cambrian time a shallow arm of the sea occupied the 

western part of the Piedmont area of Maryland and Pennsylvania and 

the adjacent part of the Appalachian trough, in which sediments were 

deposited. First, sandy and argillaceous detrital material, eroded from 

an uplifted land area farther southeast in the Piedmont Province, was 

washed into the sea and deposited, forming the siliceous Lower Cambrian 

sediments. This deposition was followed by a period in which the eleva- 

tion of the Piedmont land area was insufficient to cause large quantities 

of detrital material to be washed into the sea, and lime silt was deposited. 

Small amounts of siliceous and argillaceous silt were included as impuri- 

ties in some of the beds, giving rise to shaly and impure limestone beds 

which occur chiefly in the Kinzers, Elbrook, and Conococheague forma- 

tions. Lime silt was deposited apparently continuously throughout the © 

rest of Cambrian time and the early part of Ordovician time, although 

there may have been epochs when deposition ceased and the sea-bottom 

may even have been temporarily raised above sealevel. Such breaks in 

sedimentation were most likely to have occurred along the axis of the 

Mine Ridge uplift, for the sediments observable on its flanks are some- 

what thinner than those in the trough to the northwest, but the beds 

that were originally on its crest are now entirely eroded so that their 

former extent can not be determined. 'The formations in Chester Valley, 

southeast of the axis of uplift, are also thinner than those in the Lan- 

caster Valley. In the diagrammatic section (figure 14), which shows 

the writers’ conclusions as to the deposition of sediments in the area, the 

deposits are represented as thinner over the rising axis. 

At the end of Beekmantown sedimentation further uplift along the 

Mine Ridge axis brought the newly deposited sediments above sealevel 

and subjected them to erosion. All the softer lime-silt formations, which 
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AND OVERLAP SECTIONS SHOWING SEDIMENTATION 

‘M
O[

SO
1O

 
AQ
 

WO
OF

 
Ju
os
o1
d 

aA
jo
y}
 

01
 

po
dn
po
ar
 

Ay
jU

eN
bo

es
qn

s 
o1

0M
 

pu
ke

 
UI
T}
 

d
I
O
Z
O
o
]
 

e
q
 

O}
R]

 
UL
 

po
yJ
Id
n 

pu
re

 
po

jp
ne

j-
js

n1
y}

 
pu
r 

po
p[
oO
y 

A[
os
o[
d 

O
1
0
 

S
U
O
T
J
R
U
 

LO
Z 

S
u
T
A
L
I
o
p
u
n
 

oy
} 

PU
B 

oU
OJ

SO
UT

] 
B
S
O
S
0
U
0
,
)
 

Su
rd
dv
yp
ro
ao
 

o
y
.
 

U
O
I
s
O
A
 

pu
Ud

 
““

Bl
ud

yQ
 

‘
O
u
r
p
l
o
y
 

A
a
,
0
'
7
7
T
—
 

L
T
 

D
U
n
Y
1
 

Y
T
 

P
N
 

arate 
N
G
 hg NON 

in 
Nites 

NEN 
N
e
 
N
o
 

Ne 
S
S
N
 
S
S
 
y
y
 
“
s
 

Jot 
as 

we 
" 

- 
é 
a
i
 

y
 
—
 

Z
 
s
e
 

Y
 

‘ 

p
F
 

a
 

a
e
 a
e
 o
p
 Sb 

B
i
e
r
s
 
a
t
 

P
N
 
O
N
G
,
 

F
e
s
 

N Neo N
A
N
,
 

WN E
W
 

Oa, 
Z 

L
o
y
 

Z
A
 
o
F
 

- 
» 

y
 

O
e
y
 

of 

(
m
e
s
 

a
N
 

.
-
 

\ 
\
 
y
,
 

\
 
7
 

-
 

C
4
 

te 

Ce 
Ne ots 

eNO e
g
 

~ 
D
e
 
L
e
s
 

e
 

Z
a
 

' 
‘ 

5 
Sawn 

wel 

z
 
=
 
=
 
N
O
N
 

v
e
 
y
i
 
a
s
 
a
 
S
 

>
 

P
R
Y
.
 

s
e
i
 

Y
 

—
F
I
e
 

y
.
 

W
a
s
 

R
W
 

W
o
 

SR 
ca 

a 
oe 
O
Y
 

- 
I
S
S
 

W
Q
S
 

Q
I
N
R
R
 

O
i
 

a
8
 F
N
 

‘ 
e
s
 

P
S
 
S
Y
S
Z
N
!
 

>
 

S
 

o
N
 

i
 

g 
a
 

S
S
R
N
 

1
 

A 
a
w
a
 

L
L
 
S
e
e
 

ID 
En 
a
s
 

W
h
 
E
E
 

Daly 
\
A
~
e
@
|
4
a
a
o
 

S
h
o
n
e
n
 

h
a
e
 
c
a
 

oo 
N
O
 
S
a
a
t
 

=4E 
ey 

INOLSIW/IT 
R
i
e
 

TOT 
eet 

a
i
 

na 
ae a

a
 

a 
V
I
O
L
S
I
N
O
D
 

p
e
e
 

2
 S
e
e
 
e
S
 
—
 
e
e
e
 

o
D
 p
a
y
e
e
 

O
I
D
I
T
V
I
O
D
 

‘O
SB
 

O
M
S
 

dq
} 

JO
 

AT
O}
 

V
U
I
T
X
O
I
d
d
e
 

OG
 

0F
 

Po
OA

ST
[O

G 
91

8 
P
U
e
 

Y
S
T
T
O
S
 

s
u
o
d
e
y
T
 

oO
} 

0}
 

U
M
O
P
 

O
U
T
P
O
T
U
V
 

VS
pP

IY
 

O
U
T
 

94
} 

JO
 

S
y
u
R
y
 

oy
} 

WO
 

S
U
O
T
I
V
U
I
I
O
S
 

LO
pT
O 

[[
V 

A
R
L
A
O
A
O
 

Y
O
Y
 

“
S
M
O
T
)
V
U
L
I
O
F
 

V
S
O
}
S
O
U
O
,
)
 

P
U
R
 

OD
IT

RI
O;

) 
oY
} 

JO
 

S
O
U
O
J
S
O
U
T
]
 

S
H
O
V
D
R
]
[
I
S
I
w
 

A
T
V
Y
S
 

P
U
B
 

So
[e

Vy
S 

p
o
z
r
s
o
d
e
p
 

‘
o
w
l
,
 

(
A
z
e
y
D
 

A
l
q
e
q
o
i
d
)
 

U
v
I
d
I
A
O
P
A
G
 

UL
 

19
}V

l 
“V

os
 

OY
} 

JO
 

W
O
I
S
S
X
I
S
S
U
B
A
J
O
I
 

OT
T,
 

U
D
J
A
I
V
Q
 

PU
D 

WO
UY

DZ
LW

OU
WI

PI
Y 

W
H
W
I
A
O
P
A
Q
 

W
O
Z
D
T
—
O
T
L
 

W
A
Y
 

—=———— 
—————— 

Pree y
S
U
v
r
e
N
e
r
e
r
r
i
g
e
e
t
 

e
s
 

S
e
 

a
 

e
a
 

a
y
 

M
Y
A
W
y
 
7
 

I
M
S
S
 

S
 
v
7
 

N
/
 

J 
; 

S
t
y
 

Y
O
s
 

=
—
—
=
=
=
 

a
 

a
 

7 
ip 
y
e
a
 

L
F
]
 

IN
IV

IH
IO

IQ
NO

 
I
=
 

—
—
—
 

F
F
F
 

e
e
e
 

e
e
e
 

e
e
e
 

=
 

= 
: 

S
S
 

i
 O
M
 

S
a
 

6
3
 

S
S
 

i
 

S
e
 

e
e
 
S
S
 

S
S
 



5Y4 gsTros—E AND JONAS—ORDOVICIAN IN PIEDMONT PROVINCE 

had been more or less consolidated into limestone by pressure, were 

eroded on the flanks of the uplift and the older and harder siliceous sedi- 

ments were laid bare and also partly eroded. The beveled edges of the 

limestone formations thus appeared one after another on the flanks of 

the bowed-up siliceous sediments, as shown in the diagrammatic section, 

figure 15. The reinvasion of the sea later in Ordovician time, probably 

in the Chazy epoch, spread a mantle of sediment unconformably over the 

beveled edges of the older formations, as shown in figure 16. Fragments 

of limestone from the waste of the eroded underlying or adjacent forma- 

tions were included in the initial sediments, giving rise to thick lime- 

stone conglomerates. Fine black argillaceous silt that was carried into 

this sea was apparently not washed from the Piedmont land area to the 

southeast, but was probably brought from some more distant source at 

the head of the bay to the northeast. This argillaceous silt formed the 

Cocalico shale in the open part of the basin, where currents supplied it 

freely, and at approximately the same time it probably contributed the 

argillaceous matter to the impure slaty Conestoga limestone on the south- 

east side of the basin, where the water was shallower owing to the Mine 

Ridge uplift, and the currents were thus deflected or retarded, so that a 

larger proportion of lime silt was there deposited. Later, the further 

upbowing of the Mine Ridge anticline and of minor anticlines on its 

flanks, accompanied by thrust-faulting, resulted in the emergence of the 

land above the sea and the erosion of the folded strata, as shown’, in 

figure 17, which presents conditions as they are today. 
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INTRODUCTION 

In a paper given at the 1921 annual meeting of the Geological Society 

of America, entitled “A volcanic ash-bed in the Ordovician of Tennessee, 

Kentucky, and Alabama,” the following statement was made in regard 

to a new theory of the formation of bauxite deposits: 

“Experiments made on bentonite show that when boiled with five times 

normal solution of sulphuric acid for five hours the colloidal properties are 

destroyed; that about 85 per cent of the aluminum oxide goes into solution 

as aluminum sulphate, along with the alkalies present, but that all the silica 

except a trace remained undissolved. This fact offers a possible solution to 

the origin of bauxite, as laboratory experiments show that such a solution of 

aluminum sulphate is precipitated by a solution of tannic acid after standing 

for a few days. Deposits of bentonite occurring in contact with pyritiferous 

rocks would readily have part of their aluminum contents dissolved out by 

the sulphuric acid in the ground-water, and such a solution of aluminum 

sulphate, it seems, would be precipitated by natural reducing agents, such as 

tannic acid or acid peat-forming bacteria, and thus form certain of our present 

bauxite deposits.” 

Following these experiments, it was decided to visit the Chattanooga 

bauxite deposits and make a detailed study of the geology of the Mission- 

1 Manuscript received by the Secretary of the Society January 29, 1923. 

(525) 
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ary Ridge section, lying just east of the city, to see if the bed of altered 

voleanic ash, the bentonite, which should occur in the Ordovician rocks 

on the west side of Missionary Ridge, was present. 

The area in East Chattanooga lying at the west foot of the ridge and 

directly to the west of the large bauxite mines of the Kalbfleisch Chem- 

ical Corporation was visited and a fine exposure of the bentonite found 

at the top of Bragg’s quarry, located at the intersection of Bragg Street 

with the Southern Railway, and later a good exposure was found in the 

yard of the Avondale school, about five-twelfths of a mile farther south. 

Two-thirds of a mile east of these outcrops occur the bauxite mines of 

Missionary Ridge. 

PHYSIOGRAPHY 

In the Chattanooga area there are a number of well defined peneplains, 

and it is thought that one of these played an important part in the for- 

mation of the bauxite. They present a most striking aspect when viewed 

from Lookout Mountain, the top of which is the highest of these old 

plains. It was called the Cumberland tableland by Safford.? This pene- 

plain has been considered as of Carboniferous age by Hayes.* Going to 

the east, we find as the next lowest level the top of White Oak Mountain, 

with an elevation of from 1,300 to 1,500 feet. From White Oak 

Mountain on the east, to Waldens Ridge on the west, is a distance from 

12 to 18 miles, and in this intervening area are located a number of low- 

lying ridges of different elevations and the main valley of the Tennessee 

River. A study of the region shows that Missionary Ridge, with an 

elevation of 1,000 feet above sealevel, may represent the remnant of 

another peneplain, and that a series of parallel ridges whose crests are 

all of approximately the same elevation (850 feet), and which lie between 

Missionary Ridge and the White Oak Mountain, is the most recent pene- 

plain of this section, with the exception of the present plain of the 

Tennessee River, with an elevation at Chattanooga of 670 feet. 

It is the old peneplain, now lying at an elevation of approximately 

850 feet, which particularly interests us in our study of the origin of the 

bauxite deposits, for the bauxite occurring on the east side of Missionary 

Ridge is found at this elevation. At that geologic time the present topog- 

raphy would indicate there existed between Missionary Ridge, on the west, 

and White Oak Mountain, on the east, a broad, flat, featureless plain, 

8 to-10 miles wide, with swamps occurring along the eastern base of what 

is now Missionary Ridge. Bordering the banks of a mighty river then 

2 J. M. Safford: Geology of Tennessee, 1869, p. 10. 

°C. W. Hayes: Sixteenth Annual Report, U. S. Geol. Survey, part iii, 1895, p. 592. 
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meandering in its sluggish course across this ancient land (the fore- 

runner of the present Tennessee) were large marshy, swamp areas coy- 

ered with dense plant growth. In this area, along the eastern base of 

this ridge, occurred many springs, bringing up large quantities of water 

charged with mineral salts, which quickly precipitated on coming in 

contact with the acid swamp waters and bacterial life of this old geologic 

plain. 

Watson‘ states that “the formation of this plain was probably during 

Eocene time. . . . In this event they [the bauxite deposits] must 

have been formed near the close of the period of the Eocene baseleveling.” 

The peneplain of which the top of White Oak Mountain is a remnant 

is capped by Mississippian rock and very probably is an isolated eastern 

remnant of the Highland Rim peneplain of Middle Tennessee, which on 

the western side of Middle Tennessee is covered by upper Cretaceous 

gravel of the Tuscaloosa formation. 

Along the western edge of the White Oak Mountain-Highland Rim 

peneplain are a number of well defined terraces along the Tennessee 

River. The terraces have been described by Wade,’ who distinguishes six 

distinct terraces below the top of the White Oak Mountain-Highland 

Rim peneplain, occurring at approximately 780-800 feet, 620-700 feet. 

600 feet, 500 feet, 420 feet, and 380 feet, the last being about 10 feet 

above the floodplain of the present Tennessee River, and considers the 

upper two terraces, occurring at 780-800 and at 620-700 feet, to be of 

Phocene age, while the terraces occurring at 600 feet and lower he re- 

gards as of Pleistocene age. These terraces should tie into peneplains 

formed during those periods, and it is considered that the peneplain on 

which the bauxite deposits at Chattanooga were formed, and which occurs 

approximately 450 feet below the top of the White Oak Mountain-High- 

land Rim peneplain at Hast Chattanooga, corresponds in age to the river 

terrace occurring at 600 feet elevation, mentioned above by Wade as 

having been formed at the beginning of the Pleistocene period. This 

terrace occurs approximately 450 feet below the White Oak Mountain- 

Highland Rim peneplain. 

In this connection it is interesting to compare the table of terraces of 

the Pleistocene and upper Pliocene periods, prepared by Osborn and 

Reeds,® with the above conclusions. Their highest river terraces, stated 

*Thos. L. Watson: Georgia Geological Survey, Bull. 11, 1904, p. 130. 

> Bruce Wade: Gravels of West Tennessee Valley. Tennessee Geol. Survey. Rec. of 

Tennessee, vol. 7, 1917, pp. 55-90. 

®°H. F. Osborn and C. A. Reeds: Old and new standards of Pleistocene division in 

relation to the prehistory of man in Hurope. Bull. Geol. Soe. Am., vol. 33, no. 3, 1922, 

fig. 13, pp. 411-490. 
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to have been formed at the beginning of the Pleistocene period, are shown 

to occur at 90 to 100 meters above existing beds of large rivers, which 

checks in roughly with the 600-foot Tennessee River terrace discussed 

above, as it occurs approximately 260 feet above the Tennessee River. 

Osborn and Reeds consider this to have been the period of Nebraskan 

glaciation. | 
It is considered that the bauxite deposits of the Chattanooga district 

were formed at a much later date than the Eocene, and that one is justi- 

fied on the basis of the above correlation of tentatively placing their age 

as of early Pleistocene. Following the close of this baseleveling period 

came an upward warping of the earth’s crust, and this Highland Rim- 

White Oak Mountain peneplain was uplifted and tilted upward toward 

the east, so that at the foot of the Cumberland Plateau this peneplain 

has only an elevation of 1,000 feet as against the elevation of 1,300 feet 

of the White Oak Mountain, or a progressive uplift toward the east of 

300 feet. This upward movement, which probably started gradually 

during the Phocene or at the beginning of Pleistocene time, with a tilt- 

ing upward of the rocks to the east, naturally caused a migration of the 

streams flowing on this old peneplain to the western side of whatever 

valleys they occupied, and in this particular valley between Missionary 

Ridge and White Oak Mountain caused a shifting of the stream up close 

to the eastern base of Missionary Ridge and the location of river swamp 

areas in this particular region. 

A study of the Kalbfleisch bauxite mines in this region shows lying 

to the west of the bauxite deposits and contiguous to it a deposit of dark 

brown lignite and lgnitic clay, which was measured where exposed as 

being 36 feet long and having a maximum thickness of 25 feet. The 

presence of this lignite deposit in connection with the bauxite ore shows 

very clearly that this ore was formed on an old peneplain which now has 

an approximate elevation of 850 feet, and that the bauxite was formed 

in an area where swamp conditions existed suitable for peat formation 

and deposition and where the surface waters were of the acid swamp- 

water type, full of tannic and humic acids. 

GEOLOGY 

Starting at Bragg’s quarry, in Hast Chattanooga, and going up the 

west side of Missionary Ridge, one finds an excellent section, beginning 

at the base of the Lowyille formation of the Black River group, of Ordo- 

vician age (in which the bentonite occurs), and extending up into the 

red shales and. limestones of the Rockwood formation, of Silurian age, 



GEOLOGY AND STRUCTURE 529 

which are here overlain by cherty Knox dolomite thrust over the Silurian 

from the east and forming the cap of Missionary Ridge. 

STRUCTURE 2 
fe) 
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fF Quarry 
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faulted and folded in a 
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of the Appalachian re- 
gion, and such folding 
and faulting has been 
given the name of Ap- 
palachian structure. 

A cross-section of the 
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a line extending in a 

roughly west-east direc- 
tion from Bragg’s quarry, 

in East Chattanooga, 

across the crest of Mis- 

‘sionary Ridge and on to- 
ward the White Oak 
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Lowville formation con- 
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A study of this section 
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to 30 degrees, all to the 
southeast, and that the 

strata dip under the west 
side of the ridge. The 
strata quickly turn up- 
ward as they near the 
line of the thrust-fault 
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overturned toward the 
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One of the major thrust-faults of the region, having a low angle of 

thrust to the northwest and having its strike in a north 30 degrees east — 
course along the west side of the crest of Missionary Ridge, has thrust 

over the closely compressed fold, of Silurian and Ordovician rocks, the 

cherty Knox dolomite of Canadian and Ozarkian ages. ; 

The bauxite deposits occur on the east side of Missionary Ridge, a 

short distance below the crest, at a point where the line of the thrust- 

fault is still very near to the surface. 

At this point, which was at the time of formation of the bauxite an 

old peneplain, the ground-water circulating upward along this fault 

readily came to the surface through the few feet of fractured chert and 

dolomite lying between the fault-plane and the ancient land surface on 

which these underground waters came forth. 

BENTONITE AND BAUXITE 

The bentonite layer outcropping at the top of Brageg’s quarry dips 

underground to the eastward and, as is shown by the accompanying cross- 

FicuRE 2.—Bed of Bentonite 

The bed outcrops at the top of the Bragg limestone quarry, East Chattanooga, 

Tennessee. Photograph by Wilbur A. Nelson. 

section, quickly turns upward and is cut off by the thrust-fault just above 

which is now found the bauxite deposits. 

The bentonite outcropping just five-eighths of a mile to the west of 

the Kalbfleisch bauxite mines measures 40 inches in thickness. It rests 

on the massive pure limestone of the Lowville formation and is overlain 
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in the quarry by 2 feet of yellow, earthy, mud-cracked limestone. An 

analysis’ of the bentonite is as follows: 

Complete Analysis of Bentonite, Bragg’s Quarry, East Chattanooga 

Per cent 

Ss DSR SILER AOR ats an Spt cit ARUN aes a 51.88 

HANTS Bele Ts ae SR SIR Fa ee 3 ht co Mie i oe a ao pe 1943 

aruba AO, EBS ef I AO rebate arcana. =) e Sic ate. ie ere eater Sule )o es 3.08 

SOAOIE SS sire wale tae sane ete eye Roe ie epee Sle Sie haber aya hota 8 ahh ackie s 4.54 

jE OS A RS Bc yk SAN Arcata OD ae aI ea OO 4.86 

BMF ocranes aye raisesre aus en atest an ee Sa on eA lalne ba wets be we 1.56 

Me eR Octo he co hers a ede se tinea Y ada de Ri R OPE RUDD ar aS Ciel oie i's. Si'n alu'’e a 1.94 

RUN A ba ot tact Nena val ahs (Sn rts Shn Siae tw con ot nae Akane oy tags Se ere ower oe ‘ec Rs .48 

MSE Seen te ica, he ER see ened oetawa eb vield scsid'sialwlsie aie as .005 

conc nats PM Le oes whe ce eee Shea ns Seale oe nll ae aoe 2.94 

H.O expelled at 100-110 degrees centigrade.......... 3.56 
H,O expelled at 150-160 degrees centigrade.......... ro 

H.,O expelled at 200-210 degrees centigrade.......... .30 

Hipvexpeieds ate ted Meat. io .5.2 was aie ke tio «viele Sosa o's 8 a 5.24 

\ 
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LEE 

Bauxite 

Si 

Bottom of Pit 

FIGURE 3.—Diagrammatic Sketch of west Side of Isabella Stewart Bauxite Mine 

A detailed description of the Isabella Stewart mine of the Kalbfleisch 

Chemical Corporation, lying five-eighths of a mile west of the bentonite 

‘All analyses on this and succeeding pages were made by D, F. Farrar, chemist, 

Tennessee Geological Survey. 
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ANALYSES OF BAUXITE 

Hard Ore, National Method 

Per cent 

CIPS SS ESS ee 2 ea et pe eg ee a 9.17 

Pee Shor A. Sis ee a ee oe Snes B's 's Sniwio. ose eo oo 59.47 

eee aa. creas IN (rate Pe a he ere eas wie Swe Swe 1.05 
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Complete Analysis 

Per cent 

SOS ne ne ele ee et ee eee 5.98 

PE Ne ers? Sa fers On dct SER aso wid a ee eS ee ee 60.08 

MUP nA ah eRe hs Sata 2A eho chat here ata wa, cl aTaiatadn e's “ost 1 Ra 

Re Sonate te Pre tee te COSA Poca olds Pla eee 3.02 

Penta ee Faas ea eee eee Mare ood OPS So ee es Us 29.80 

Soft Ore, National Method 

Per cent 

Senet Pe es Cee CS Os ee cette ake isc aes eo 5.49 

ce PTT Se ad 8 Eg i ae et hie ee ee ee 60 . 00 

EN CM one Set lene ONS 3G ore Bik Goats elena limnvem 1.04 

i MMM IONE, “0, UD os os eos ae eee se aoe ewe ss are 

ape ee as ee gt ee oe SE OS ie cece tk amet 32.68 

Complete Analysis 

Per cent 

PILE TE STE gale eek ee Lae i ag ed ee in ene ar 2.40 

wa ETE SG) TN are ee oe ee ey ee ee eee 60.46 

CUTE ESTEE fr 1S) RS ie ee Pa ei ee a it 42 

cern IONIOe, (PIO). soe cs okie Cee > cee oh eos 3.52 

Ne ee nt ee ene eer Se ete en kam dnt a Sune Soc 

ANALYSIS OF KAOLIN 

National Method 

Per cent 

MRR ES ee ynr sd er Sis nt Ae ea eR eye oe aioe eee a kis 8 51.14 

ne te ser Pe NS TERY tage: ke ee eke 34.68 

LEE De See re EO EES St pai ce iad cir age gh 12 
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Complete Analysis 

Per cent 

SiOG v4« vcve ahreetle as ain eee es peers woth Ratt te ee Conc 44.76 

PV ers at cept ae any wate fy even eda oie, Bea lactase Ss a A ee 42.38 

by 2 © Miers rig een eh A Pe yn Me Panay er a Se eh <I 6 3) 18 

VIS UAT hee ow wee tela aac OOheoe w le alent w es ats aes Eee 1.04 

i Gi ert Male BUCH ety Mp iets Seth EIN Da ee auc CM ge) Mee ee eS 2 18 

WES GS ESRI ofaic te eiede Mie 2s ais Soe eee aoe Sete one tits ie trace 

K Grands NasOinn caer 2 os ee oe hee we ae le ee Sere yy) 

ANALYSIS OF LIGNITE 

Per cent 

DT GISGUEE cass Soe wa nr cain ap Re orate are niece ane eee 7.30 

Volatile: combustible matters. s 2. os, ht eles een ee 54.88 

EXO + CABO. eo eis Aros in herent ae ake ee cosh ete at tele eae eee 15.45 

ASIN Ge SASS & Poles kewenca tat Siectncaliertatin aia tat st sia toed St eae art wes eS 22.34 

SUI POATAT™.. 235.4 Cale vare edoia re terse co alee ioe eke otelete eeeee ee Mee sia 1.60 

Analyses of lignite, as given by Moore,® show that the above analysis 

makes this material fall into the limits of the lowest grade lignite. The 

analysis of the ash of this lignite is as follows: 

ANALYSIS OF LIGNITE ASH 

Per cent 

LQ aeeios a es stake asade: maw tel rarer a iat ey eae aaah a ane aed sree eae 47.82 

PT On FS aah ate 5 hla o tele UATE ale ee aR mem a a teres ial ar atecauat ie hater erem anes 48.80 

HeOs? ee es AU es hie Sra ree ea tae aretees: aiiters ere ee eee trace 

THEA 5x aidstia, wh cle AUR eet tee hes ead tats oahu ize Pein, areas ta 4 teehee aaa 2.40 

GAO CGE iis Sam ceria a ede age ear Ba sae ahaa lateness tote tetarel ei Siepaile! Costa ORs 12 

IE ee peal hasci's a atoho elie int ate sue anise ais va ok cotta wel race n vatalen ine ye ape eee 64 

99.78 

This ash burns to a white powder. The volatile matter in this sample 

(B-385) was determined according to the method for the proximate 

analysis of coal. The result is probably a lttle high, on account of 

mechanical loss. 

The analysis of the siliceous material is as follows: 

ANALYSES OF SILICEOUS MATERIAL 

National Method 

Per cent 

EATS OL TUID DES ee as tas wel on dno, a nj oun eeu moe wwe clea re ale Beate 89.95 

BONS op Mas ghatie Oke walla asia w'wym al SURED e ea ace htre fol ace Doe ean See te 6.18 

BCLS 2s sist inte 6 aa s,s, aoe arareaetia ands has ee Oe Oe ee ee 86 

TSS Tcpaeens eee tev ee he Lie sre S's a ean eras a we ee ah Sere aes 70 

8. S. Moore: Coal. John Wiley and Sons, 1922, p. 84. 
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Complete Analysis 
Per cent 
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RS OO! WIEST CCMA IS sie ey ce suela oie eints. sm siete s, w.c-ule pellaie) sie nl 19) 

Ee GOR NTIS ee CMU ie 2 -vals a cholo toda le cue feheiaty. aia ests ct aie 6.26 

SOLEUS: OO G COUMEL IS) Ae eo re SS, «cis ato oh 5) « ll Sal wllela case ot ajar 6 1.98 

SLMS IIS IND EULER LSS, isiietiay ete cusue ier trae ee) ey avik 72 fell «wre 8 mn 24.86 

BUOGOMCRUalS. «rs. sdaee se ees Ci ike i Ne tell 59.75 

100.00 

The presence of lignite intimately associated with the kaolin and 

bauxite of the Isabella Stewart mine shows that the bauxite was depos- 

ited just before swamp conditions existed on the edge of this old pene- 

plain, and shows conclusively that the bauxite was formed on such an 

old peneplain probably. just before the end of this baseleveling period 

and just before a slight subsidence which permitted the accumulation of 

the lgnite. 
According to Hayes,® the Appalachian deposits, of which the above is 

a typical example, were formed imbedded in residual clay derived from 

the weathering of limestone. His résumé of this theory is as follows: 

“The limestone overlies a great mass of shales (lying 500 to 4,000 feet below 

the surface), and the formations are intersected by numerous faults, along 

which water has in the past found easy access to great depths. The shales 

are made up largely of silicate of aluminum. They also contain considerable 

iron sulphide in the form of pyrites. It is believed that the surface waters, 

carrying oxygen in solution, gained access to these shales and, by oxidizing 

the pyrites, set free sulphuric acid. This, under the conditions present, de- 

composed the aluminous shales, forming alum and sulphate of aluminum. 

Ascending currents carried these salts in solution to the surface, and, coming 

in contact with the limestone during their upward passage, they were decom- 

posed, forming sulphate of lime and aluminum hydroxide, together with basic 

sulphate of aluminum, which was subsequently changed to aluminum hydrox- 

ide on exposure to the air. The aluminum hydroxide thus produced formed 

a gelatinous precipitate which collected about vents of springs. It was kept 

in motion by the ascending water and thus formed concentric structures. The 

reactions indicated above are all known to take place in nature and the process 

is one which is readily understood.” 

°C, W. Hayes: Twenty-first Annual Report, U. S. Geol. Survey, part iii, 1899-1900. 

p. 461. 
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Hayes’s theory of the origin and mode of occurrence of the Appa- 

lachian bauxite deposits has been considered correct by Watson,*® who 

studied the Georgia deposits in 1904. 

As before stated, Watson recognized that the bauxite deposits were 

formed during a period of baseleveling, and considered the age of this 

old peneplain to be Eocene. Shearer follows Watson and considered 

the north Georgia deposits to have been formed near the surface during 

a period when the land was nearly baseleveled, and states this condition 

existed during Eocene time. Ashley’? considers the Chattanooga de- 

posits to be of the same type as the Alabama-Georgia deposits, and to be 

an extension of this field, and that the Chattanooga deposits all occur at 

approximately the same elevation, but ends in stating that much more 

extended studies of the Tennessee deposits will be necessary to determine 

which theory is correct in accounting for their origin and method of 

formation. 

LABORATORY EXPERIMENTS 
~ 

On boiling both the bentonite from Bragg’s quarry and the bauxite 

from the Isabella Stewart mine with a sulphuric acid, in accordance with 

the “National method,” it is seen from the analyses given on pages — 

and — that practically all the aluminum goes into solution. The 

“National method” is as follows: 

“Boil for three hours with reflux condenser 2 grams of sample (finely 

ground) in 20 eubie centimeters of exactly 50 per cent sulphuric acid; solu- 

tion is then diluted with a little hot water and filtered; the residue is re- 

ported as ‘insoluble.’ The filtrate is received in a 200-cubic-centimeter vol- 

umetric flask, diluted to the mark, an aliquot portion taken out and precipi- 

tated with ammonia in the usual manner, precipitate ignited and weighed as 

Al.O, plus Fe,O,. Another aliquot portion is removed, on which iron is deter- 

mined (volumetrically or colorimetrically) and calculated to Fe.O;. (ALO. 

plus Fe,O,;) — Fe.O, equals Al,O,.” 

The results obtained by treating the two minerals in this manner are 

as follows: 

10Thomas H. Watson: Bauxite deposits of Georgia. Georgia Geol. Survey. 1904. p. 

126: 

uA. K. Shearer: Bauxite and fullers’ earth of coastal plain of Georgia. Georgia 

Geol. Survey, Bull. 31, 1917, p. 23. 

1 George H. Ashley: Bauxite mining in Tennessee. Tennessee Geol. Survey, Resources 

of Tennessee, vol. i, 1911, pp. 211-219. 
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“National Method” 

Bentonite Bauxite 

TSO aes See eee SG eS 56.80 5.49 

(AD: O)2- (Stew ata Mona ee ahohay es ataveia ter ice 17.01 60.00 

MELO x Cpe mre ah wo ake atageiete se 4:3 Deak 1.04 

DE orci Se ae as So aaee apt Bi (2 56 

Ea tone? ace en tea OCS: [| gaia beer Oe 
RECESS ar ete Metre a oe wick oe yl 5 eee PE 

EO seer ie ee choses aware 14.54 32.68 

100.00 99.77 

A small amount of sulphuric acid in the ground-waters would dissolve 

out the constituents listed as soluble in the above analysis, and the waters 

carrying these salts in solution, on coming to the surface in a region of 

acid swamp or surface water containing tannic acid, etcetera, would 

readily deposit them so as to form the bauxite deposits of the Chatta- 

nooga section. 

_ Laboratory experiments made on a sulphuric acid solution of bentonite 

show that on treatment with tannic acid the alumina is precipitated. 

The experiment was as follows: 

Samples of bentonite were prepared by treating with 25 per cent sul- 

phuric acid, boiled 3 to 4 hours with reflux condenser, filtered; filtrate 

evaporated about to dryness, taken up in water, boiled, and filtered. 

Samples were all made up to 500 cubic centimeters and contained 

about 1 per cent free sulphuric acid. 

The tannic acid used was “tannic acid—pure,” from Eimer and 

Amend, New York. The formula is C,,H,,O,. This is a monobasic 

organic acid; may also be written H.C,,H,O, or C,,H,O,.COOH. 

Sample number 1 contains sulphuric acid soluble matter from 25 

grams bentonite plus 5 grams tannic acid (dissolved in a little water) 

and the whole diluted to 500 cubic centimeters (5 per cent bentonite 
plus 1 per cent tannic acid). 

Sample number 2: 5 per cent bentonite plus 0.5 per cent tannic acid. @ 

Sample number 3: 5 per cent bentonite plus 0.1 per cent tannic acid. 

Sample number 4: 2 per cent bentonite plus 1.0 per cent tannic acid. 

Sample number 5: 2 per cent bentonite plus 0.5 per cent tannic acid. 

Sample number 6: 2 per cent bentonite plus 0.1 per cent tannic acid. 

Sample number 7: 1 per cent bentonite plus 1.0 per cent tannic acid. 

Sample number 8: 1 per cent bentonite plus 0.5 per cent tannic acid. 

Sample number 9: 1 per cent betnonite plus 0.1 per cent tannic acid. 

The above samples were put up in 500-cubic-centimeter flasks, stop- 
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pered with rubber stoppers containing capillary tubes, and allowed to 

stand in the laboratory. 

Within two days a residue appeared in flasks number 1, number 4, 

and number 7. After four days residues appeared in number 2, num-. 

ber 3, and number 5, and after a week in number 6, number 8, and 

number 9. From then on no marked change appeared to occur in any 

of the samples.. After standing for 814 months, they were filtered, 

residue washed thoroughly with cold water (residue consisting of organic 

matter and alumina with a faint trace of iron), and alumina determined 

in this residue. 

Weight of Weight of Weight of - Per cent of 
Sample number bentonite tannic acid Al,O, precipitated A1,0, precipitated 

5 a ie 25 grams 5 grams .0038 gram OF 

Diane etek 25 grams 2.5 grams .0034 gram ay 1 FG 

Bee Sette 25 grams 0.5 grams .0036 gram OT 

2 eae See ee 10 grams 5.0 grams .0034 gram ” me 

Wiehe nae 10 grams 2.5 grams .0012 gram . 06 

Niece ole 10 grams 0.5 grams .0010 gram .05 

ease 5 grams 5.0 grams .0028 gram ee . 

Saisie: 5) grams 2.5 grams .0011 gram Pal 

Sets eat ee 5 grams 0.5 grams .0010 gram £6 

Assuming that bentonite is 20 per cent alumina. 

Now, if we arrange these with reference to the ratio of tannic acid to 

alumina (weights) in sample treated, we notice as follows: 

Weight of tannic 

acid divided by 

weight of alumina Precipitated Al,O, 
Sample number ratio (per cent) 

ih See 5.0 times as much tannic acid as alumina 28 

OE aa 2.5 times as much tannic acid as alumina mel LT 

Se tastte et 2.5 times as much tannic acid as alumina hs 

istets Fhe 1.25 times as much tannic acid as alumina . 06 

fe ae 1.0 times as much tannic acid as alumina OT 

ea .) times as much tannic acid as alumina OT 

ele a .) times as much tannic acid as alumina 0 

Sra ceo .l1 times as much tannic acid as alumina 07 

Gums .1 times as much tannic acid as alumina .05 

From this it appears that the greater the ratio of tannic acid to 

alumina present, the greater the precipitated alumina. The relative 

concentration of the solution seems to be of minor importance. A pre- 

liminary test was made with a sample containing sulphuric acid soluble 

matter from .5 gram bentonite plus 1 gram of tannic acid. Thirty days 
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after the solution was made the sample was filtered. The alumina ob- 

tained was 2.20, or 0.11 gram. ‘The percentage of (AI,O,) alumina 

precipitate to the entire alumina in bentonite was 11 per cent. In this 

sample the ratio of tannic acid to alumina is 10, or twice as great as in 

any of the 814-month tests; yet the percentage Al,O, is 11 per cent, 

which follows the ratio as shown above, except the results in this case 

seem excessively high. 

GENERAL CONCLUSIONS 

These experiments show that the bentonite may very readily be the 

source of the alumina in the bauxite deposits of the Appalachian region. 
It is known that this bentonite bed occurs from Birmingham on the south 

to Ohio on the north and probably over the entire area of the Lowville 

sea ;1° wherever these bentonite beds occur in a faulted region, not far 

below the surface of one of our old or recent peneplains, one might well 

look for bauxite deposits. 

It is considered that the Chattanooga district bauxite deposits obtained 

their alumina from the bentonite beds of Ordovician age, and that the 

deposits were formed on an old peneplain at Ens beginning of the 
Pleistocene period. 

DISCUSSION 

C. A. Bonine: I would like to ask Mr. Nelson to clear up a matter 

for me. Is the dolomite older than the rocks thrust over on it? 

NeEutson: Yes. 

BontneE: How does bentonite get over the surface ? 
Newtson: That is not bentonite. It is bentonitic material mixed with 

bauxitic material. 

A. C. Lane: One of my students found a sample with characteristic 

sign of oxide deposits in this region. 

*% Wilbur A. Nelson: Volcanic ash-bed in the Ordovician of Tennessee, Kentucky, and 
Alabama. Bull. Geol. Soc. Am., vol. 33. 1922, pp. 605-616. 
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PRECAMBRIAN CRYSTALLINES 

A glance at the geological map of that part of the United States lying 

between the Mississippi River and the Rocky Mountains will reveal six 

regions of mountain uplift, namely, the Black Hills, the Ozarks, the 

Ouachitas, the Arbuckles, the Wichitas, and the Llano Mountains (some- 

times called the Central Mineral Region) of Texas. The general struc- 
ture of all these mountains is essentially the same, being in each case a 

1 Manuscript received by the Secretary of the Society February 7, 1923. 

(541) 
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truncated dome. Except in the case of the Ouachitas, the sedimentaries 

have been removed by erosion oyer the core of the uplift and the sub- 

jacent crystalline rocks have been exposed (see figure 1). 

The greater part of the igneous rocks exposed in the cores of these 

various mountains is Precambrian in age, and the rocks vary consider- 

ably, both in composition and in texture. In the Black Hills the crys- 

NEBRASKA 

@ Pxe-Camasanian CRYSTALLINE 

O + PosT-CAmMeRIAN CRYSTALLINE 

Figure 1.—Location of Occurrences of Crystalline Rocks on the Plains 

talline rock is largely gneiss, schist, and granite; in the Ozarks it con- 

sists chiefly of granite and rhyolite, with intrusive dikes of diabase; in 

the Arbuckles the igneous rock is chiefly coarse granite and gray and 

reddish porphyry; in the Wichitas it is largely red and black granite, 

gabbro, and porphyry, while in the Llano Mountains the igneous rock 

consists largely of schist and gneiss, with intrusions of granite, gabbro, 

and ciabase. 
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The sedimentaries exposed, dipping quaquaversally along the flanks 

of these various mountain ranges, vary in age from Cambrian to Ter- 

tiary. In the Black Hills the sedimentary rocks include Cambrian, 

Ordovician, Carboniferous, Triassic, Jurassic, and Cretaceous  sedi- 

mentaries; in the Ozarks, Ouachitas, and Arbuckles there are rocks of 

each of the Paleozoic systems. In the Wichitas and Llanos, Cambrian, 

Ordovician, and Carboniferous sediments are exposed. 

From time to time each of these mountains has been studied in much 

detail by various geologists, and there has accumulated a large amount 

of literature on each of the groups. It is not the intention at this time 

to enter into the discussion of the crystalline rocks in the mountain 

uplifts, nor, in fact, to do more than to briefly mention their occurrences. 

CRYSTALLINES OF LATER AGE 

GENERAL STATEMENT 

Besides the Precambrian igneous rocks which occupy the cores of the 

various mountain ranges, there are on the plains several widely scattered 

regions in which occur crystalline rocks of Paleozoic or later age. The 

greater part of these rocks are considered to be intrusive. They vary 

greatly, both in composition and in character. 

OCCURRENCES NEAR THE ROCKY MOUNTAINS 

' Along the western margin of the Great Plains, and usually at no great 

distance from the east flanks of the Rocky Mountains, there are numer- 

ous exposures of crystalline rocks. The Texas Geological Survey? lists 

16 ranges or groups of mountains in Trans-Pecos, Texas, south of the 

line of the Texas and Pacific Railroad, which contains igneous rocks, 

the greater part of which are intrusives. Basalt dikes are known to 

occur in southeastern New Mexico, where they cut the Tertiary; also 

near Santa Rosa, in Guadaloupe County, east central New Mexico, where 

the volcanic rock penetrates Triassic Redbeds. | 

The most notable example of volcanic action on the plains is the Raton 

Mesa region of northeastern New Mexico and southeastern Colorado, 

extending from near the foothills of the Rockies eastward for a distance 

of 100 miles, into extreme northwestern Oklahoma.? There are in this 

region scores, possibly hundreds, of volcanic cones. Some are compara- 

tively young, like Capuline, which stands 1,300 feet high and is a perfect 

type of cinder cone, with a crater a quarter of a mile in diameter near 

1 For references see page 558. 
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its summit. Others are much older, like Sierra Granda, which, although 

it now stands 2,500 feet above the plain, is so old that the crater has 

been almost wholly destroyed by erosion. There are in this region great 

numbers of surface lava flows, many of which now form high mesas, such 

as Raton, Johnson, Barillo, Mesa de Maya, Bartlett, and Chicorica. 

Still farther north, along the Rocky Mountain front, is the Spanish 

Peaks country, with its wonderful system of radiating basalt and mon- 

zonite porphyry dikes; also in the region of Tertiary rhyolites near Castle 

Rock, between Denver and Colorado Springs. 

OCCURRENCES IN THE ARKANSAS-TEXAS REGION 

In central Arkansas there are a number of exposures of intrusive 

igneous rocks, which have penetrated the sedimentaries, sometimes the 

Paleozoics of the Ouachita region and sometimes the Cretaceous of the 

Coastal Plains. Crystalline rocks exposed south and southeast of Little 

Rock and near Benton, some 20 miles southwest of Little Rock, are 

chiefly syenite, known locally as gray granite. These rocks are of par- 

ticular importance to the economic geologist on account of the fact that, 

associated with them and with the adjacent Tertiary sediments, are the 

most important known deposits of bauxite in America. In the Ouachita 

Mountain region igneous rocks, chiefly syenite, are found in Magnet 

Cove, about 12 miles east of Hot Springs. Scattering basic dikes of 

later age than the syenites are also found from the syenite area near 

Little Rock, westward to within about 30 miles of the Oklahoma-Arkan- 

sas boundary. In Pike County there are four small exposures of peri- 

dotite which form the source of the Arkansas diamonds.* According to 

Drake, it is generally believed that the syenites and Pike County peri- 

dotites were intruded during middle Cretaceous times, probably during 

the land interval separating the upper and lower Cretaceous, while the 

basic dikes of the central Ouachita region are probably Tertiary in age. 

Along the Balcones fault zone, in southwestern Texas, there are 

numerous exposures of intrusive igneous rocks, consisting largely of 

basalt and phonolite. These rocks were probably brought to the surface 

in very late Cretaceous or early Eocene times. The chief exposures are 

near Austin* and in Uvalde and Kinney counties. In discussing the 

occurrence of these intrusions in the Uvalde region, Vaughan says’ that 

no surface flows of lava are known, but that the intrusions may be 

divided into the following classes: (a) bosses, stocks, or necks; (b) 

laccoliths; (c) laterally intruded sheets, and (d) dikes. Something like 

65 separate exposures of igneous rocks may be noted on the Uvalde 

quadrangle. 



OHIO VALLEY-BALCONES LINE OF DISTURBANCE 5AD5 

OHIO VALLEY-BALCONES LINE oF DISTURBANCE 

In the President’s address before this Society last year,® Professor 

Kemp warns us, and reiterates the warning, that we are never safe from 

igneous rocks. The statement was made in connection with his reference 

to the row of peridotite dikes which occurs along a line extending south- 

westward from western New York, crossing Pennsylvania and Kentucky, 

as far as the dikes in Pike County, southwestern Arkansas. This row of 

dikes, especially as they outcrop in Pennsylvania and Kentucky, has also 

been noted by James H. Gardner in his paper published in the bulletin 

of this Society in 1915,’ in which he calls attention to a practically con- 

tinuous line of stratigraphic disturbance in the Ohio Valley, extending 

from the Appalachian plateau in Pennsylvania to the Ozark Mountains, 

a distance of over 500 miles. In Pennsylvania:and northern West Vir- 

ginia this structure is known as Chestnut Ridge anticline; in southern 

West Virginia it is the Warfield anticline; in eastern Kentucky it is the 

Campton anticline ; farther west it is the Kentucky River-Dividing Ridge 

fault; in western Kentucky it is the Rough Creek uplift, while in Illinois 

it is the Shawneetown and Bald Hill anticlines. 

While keenly recognizing the fatal fascination of long-distance corre- 

lation, it has occurred to me that this line of weakness, characterized by 

faults, folds, igneous dikes, and other earth movements, all of them indi- 

cations of lines of weakness, might possibly be carried a step further. 

Udden, Baker, and Bose,* in discussing the Austin-Uvalde occurrences 

of igneous rocks along the Balcones fault zone, have suggested that the 

Arkansas dikes belong to the same line of igneous activity. They say: 

“This belt is a portion of a larger belt of igneous activity which extended 

from the Arkansas River at Little Rock, Arkansas, west-southwestward to 

beyond the Rio Grande—a belt in which the igneous rocks are SLE Gig 

by the presence of the minerals nepheline and augite.”’ 

In other words, Kemp ties up the Arkansas dikes to New York, while 

the Texas geologists tie them to the Uvalde intrusives. The question 

naturally arises, Who is right? Obviously, both may be right. The idea 

that there may be a transcontinental line of weakness, of which the Ohio 

Valley disturbance, the Balcones fault zone, and the various igneous 

dikes are all visible expressions, is therefore presented at this time with 

the hope that it may invite suggestion and criticism. 

In this connection Mr. Gardner says, in a letter dated December 6, 

1922: 

XXXVI—BULL. GEOL. Soc. AM., Vou. 34, 1922 
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“Since the New York-Pennsylvania-Kentucky zone is so long, and since the 

other zone is correspondingly long, and since the two are more or less lined 

up. it certainly does look like it may be a transcontinental feature. 

“The Ozark region of isostatic adjustment could easily be an area related - 

to it or a swell on it. The Ozark uplift being a long time in isostatic equilib- 

rium, at a later period this long diastrophic disturbance could easily be an 

expression of adjustment running from Appalachian folding (recurrence) 

G INTRUSIVE IGNEOUS 

CHIEFLY PERIDOTITE 

FIGURE 2.—Relation of hypothetical Balcones-Arkansas-Ohio Valley Line of Weakness 

to adjacent Mountain Masses; also Exposures of igneous Rock 

down across the Cincinnati uplift and across or adjacent to Ozark uplift and 

on down east of Llano-Burnett into Mexico. I recall an expression of Cham- 

berlain to this effect: ‘diastrophism works against isostasy,’ which is worth 

thinking about in this connection.” 

Professor Kemp, however, is inclined to be rather cautious in this 

correlation. In a letter December 12, 1922, he says: 

“IT have never attempted to plot in detail the peridotite dikes of Arkansas, 

nor have I ever in my own mind connected them with the Balcones fault zone 

of Texas. . . . This is also true of the others from this region clear through 
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to New York. I do not think they are along connected lines of disturbance, 

but follow the local lines of weakness. I know that near Ithaca they are 

parallel with the master joints.” 

The map presented (figure 2) will show the relation of the Balcones- 

Arkansas-Ohio Valley line of weakness and the igneous exposures to the 

adjacent mountain masses. 

Another thought comes to mind. It is possible that the New Madrid 

earthquake, the center of which was very near, if, indeed, not in direct 

line with this zone of weakness, might have been caused by slipping along 

this fault zone. | 

SCATTERED OCCURRENCES OF. CRYSTALLINES 

GENERAL STATEMENT 

In addition to the Precambrian crystalline rocks exposed in the moun- 

tain uplifts, and the various post-Cambrian intrusives occurring either 

in the Arkansas-Texas zone of weakness or in the region near the base 

of the Rockies, there are on the plains several localities where crystalline 

rocks of various sorts have been brought to the surface. One thinks at 

once of the Sioux Falls quartzite and associated rocks, which outcrop 

over considerable areas in Minnesota and South Dakota and which have 

been found in many wells in regions adjacent to the outcrops of these 

crystallines. 

There are at least five places in the plains where very small and incon- 

spicuous exposures of crystalline rocks occur. These occurrences, which 

will be discussed in brief detail, will serve to illustrate that Kemp’s pro- 

nouncement that “we are never safe from igneous rocks, no matter how 

innocent flat strata look from the surface.” 

SPAVINAW CREEK, OKLAHOMA 

For many years we have known that an exposure of granite occurred 

along Spavinaw Creek, in Mayes County, eastern Oklahoma. This rock 

was first mentioned by D. D. Owen, and later visited by Drake,? who 

referred to it as a granite dike. Snider’? and others who have published 

on this locality have generally followed Drake in considering it a dike. 

The exposures, consisting of red granite which has the general appear- 

ance of the granite of the Wichita Mountains, are about 1,200 feet long 

and 50 feet wide. 

Fritz Aurin, who recently studied this exposure, says!" 

“It is not an igneous dike, as is generally thought, but is a granite peak of 

the old Precambrian basement. Overlying the granite is a siliceous, dolomitic 
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limestone sev Baur hundred feet in thickness correlated with similar limestones 

of Cambro-Ordovician age in other localities.” 

CAMDEN COUNTY, MISSOURI 

In Camden County, south central Missouri, there is a single exposure 

of igneous rock. Arthur Winslow describes it as follows :?? 

“On the Camden and Laclede County line, at the Wheeler mine, in section 

32 of township 27 north, range 16 west, is an area of intense local disturbance. 

With this is associated an erupted dike or boss of pegmatite. Special interest 

attaches itself to this outcrop, as it is the only one of post-Archean age found 

in the Mississippi Valley, with the exception of the Mesozoic eruptives of 

Arkansas. Further, it is the only indication we have that igneous action or 

metamorphism accompanied the crustal movements of the Ozark uplift. The 

actual exposure of pegmatite does not exceed a few square yards, and, had it 

not been that the locality was prospected for lead, its presence might never 

have been detected. 

“The rocks of the dike consist of a graphic granite or pegmatite and of 

white mica. -These do not seem to be disturbed or arranged in any special 

order, unless it be that the mica prevails near the contact with the surround- 

ing rocks. The dike seems to have the form of a boss or neck, which has 

pushed its way up through the rocks. It is not probable that this intrusion 

or eruption ever reached the surface.” 

Edward M. Shepard says, in a personal communication dated Noyem- 

ber 2, 1922: 

“The pegmatite exposure in Camden County is, without any doubt in my 

mind, a voleanic dike. The immediate contact with adjoining rocks shows 

metamorphism in the formation of beautiful yellow, contorted muscovite, 

schist, and quartzite. The galena in the neighborhood is badly decomposed. 

The rocks for many acres around, representing the lower formations, either 

stand on edge or are greatly tilted.” 

WOODSON COUNTY, KANSAS 

On an area of about 120 acres in southern Woodson County, Kansas, 

granite boulders varying in size up to seven feet in diameter are strewn . 

on the surface. Professor Twenhofel, who has studied these rocks and 

their mode of occurrence, was first of the opinion that these “boulders 

reached the position in which they are found through the agency of ice, 

either glacial or floating, but more probably the latter.” 1* Later studies 

of metamorphism in adjacent areas, however, have caused him to suggest 

that possibly “the facts may be explained on the hypothesis that the 

boulders mark the weathered outcrop of a dike.” 74 

In a letter dated November 1, 1922, Professor Twenhofel says: 
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“The possible occurrence of igneous rocks in Kansas, which are known to 

me from personal observation, are at Silver City and near Rose, both in Wood- 

son County. Each occurrence is associated with, and in each instance perhaps 

related to, a dome or anticline which, for the eastern portion of Kansas, has 

comparatively steep dips. 

“The anamorphosed sediments at Silver City are best explained by the oc- 

currence of an igneous intrusion at no great distance beneath the surface. At 

Rose the igneous rocks are at the surface and consist of granite blocks with 

linear distribution. Holes drilled to the south of these blocks are not known 

to have penetrated igneous rocks, although some of them were but a short 

distance away. . . . I have made the interpretation that these granite 

blocks may possibly have reached their present positions through deposition 

from floating ice. Their marine distribution, the association with decided 

doming of the strata, the reported occurrence of anamorphism, and the near- 

ness to the occurrence at Silver City support the hypothesis that the Rose 

granites represent an intrusion which may have occurred at the same time as 

that at Silver City. If the latter be the correct interpretation, it is probable 

that a well properly located would encounter similar granites at Silver City.’ 

RILEY COUNTY, KANSAS 

A single exposure of igneous rock in west central Riley County, Kan- 

sas, has recently been described by Moore and Haynes.1*> This exposure, 

which hes about 20 miles northwest of Manhattan, is an outcrop of a 

dark green rock, an igneous breccia, forming a low, domelike, grass- 

covered mound with a maximum elevation of about 30 feet. The total 

area of the mound is not more than one acre, and the weathered frag- 

‘ments of the dark green rock were not found more than 100 feet beyond 

the limits of the symmetrical mound. The conclusion is reached that 

the mass is a rather small volcanic neck or pipe, of post-Permian age. 
Mr. Howard Tomlinson, who studied the rock in this section, pronounces 
it kimberlite or porphyritic peridotite. 

LAMAR, COLORADO 

In southern Prowers County, southeastern Colorado, there is an ex- 
posure of igneous rock which Prof. R. D. George, in a personal com- 
munication dated November 8, 1922, describes as follows’: 

“South of Lamar there is a laccolithic area in the southeastern part of 
township 27 south, range 46 west. The main part of the igneous area is in 
section 35, but extends over into section 36, and, according to a new survey 
made, may extend into sections 1 and 2 of township 28 south, range 46 west. 
The rocks of the main laccolithic bodies are very basic syenitic types. 
Associated with the laccoliths are 50 or more dikes of various lengths aia 
touching the adjacent corners of the four townships. On one of these areas 
is a body of porphyritic granite . . . 100 yards long and 15 to 20 yards 
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wide. Gilbert, in Journal of Geology, volume IV, page 821, says: ‘Fragments 

of various rocks are included in the laccoliths and dikes, and are of interest 

as revealing the nature of the lower lying terranes through which the ascend- 

ing liquid passed. Besides sandstones and shales similar to those constituting 

the wall rocks, the most abundant as well as the most notable rock is a 

porphyritic granite with conspicuous crystals of gray feldspar.’ This suggests 

his belief that the granite is an inclusion in or mass floated up by the basic 

igneous rocks forming the laccolith. There are at least three granite lacco- 

liths, but I am not entirely certain that the two smaller granite masses are in 

place. While I have made no petrological examination of the granite, its 

general appearance suggests quartz monzonite rather than a true granite.” 

SUBSURFACE CRYSTALLINE Rocks 

GENERAL STATEMENT 

It is, however, chiefly with subsurface igneous rocks that this paper is 

concerned. We may safely say that within the past five years our knowl- 

edge of the subsurface geology of the Great Plains, especially in certain 

parts of Oklahoma, Kansas, and Texas, has increased several hundred 

per cent. This condition has been largely brought about, either directly 

or indirectly, by the work of the geological departments of the various 

oil companies. In these States the geologist is now considered as an 

integral part of any oil organization, and his advice is not only sought, 

but acted upon, by men making large investments of time and money. 

A number of highly trained and very efficient men, young men for the 

most part, in these States are now devoting the greater part of their 

time to subsurface work. Logs of wells are studied and compared, and 

in this manner many subsurface structures of which there are no surface 

indications sometimes have been plotted. Considerable literature is al- 

ready accumulating on the subject, but the most comprehensive paper 

on subsurface crystallines was published by Sidney Powers.'® 

The net result of the work of the various geologists who are now work- 

ing on subsurface problems has been to throw a vast amount of new light 

on the underground stratigraphy and structure of the region. Unfortu- 

nately, much of the material collected is not yet available to the public, 

largely for the reason that relatively few of the oil companies have yet 

reached the stage where they can afford to be philanthropists; also, many 

of the managers of these companies. being anything but scientific men, 

have not yet been brought to appreciate the true worth of broadly dis- 

seminated scientific investigation. There is still much needless and ex- 

pensive duplication of work and much attempt to conceal data which 

would be of the greatest value in the solving of vital problems. Never- 

theless, each year more and more new facts are coming to light and the 
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members of the geological fraternity are gradually accumulating a vast 

amount of useful information. 

Ten years ago relatively little was known regarding the subsurface 

formations of the Great Plains. Academically, the geologist knew, of 

course, that granite or other crystalline rocks underlaid all this region, 

but little was known as to the character and thickness of the sedimen- 

taries. Occasionally a driller reported granite in a deep well, but at that 

time neither the oil man nor the geologist paid much attention to his 

statements. 
NEMAHA MOUNTAINS 

‘During the years 1914-1915 several wells located on well-defined anti- 

clines in northern Kansas began to encounter crystalline rocks, and since 

that time something like 30 wells have been drilled to granite in this 

State. The results have shown a very peculiar geological phenomenon, 

namely, the presence of a buried granite ridge, now known to extend 

from somewhere near the mouth of Platte River, in southeastern Ne- 

braska, entirely across the State of Kansas and into northern Oklahoma, 

a distance of over 200 miles. Prof. R. C. Moore, who is our best au- 

thority on the subject, has very fully discussed the matter in two publi- 

cations, one in the bulletin of the Geological Survey of Kansas’ and the 

other a paper read before this Society.** He has named this subsurface 

ridge the Nemaha Mountains. Professor Moore states that at a point 

near the Kansas-Nebraska line “the crystalline rocks approach to within 

550 feet of the surface and attain an elevation of nearly 600 feet above 

sea level”? The elevation of the crest of the buried ridge gradually de- 

clines toward the south, granite being encountered at 3,420 feet some 25 

miles north of the Oklahoma line and at 4,800 feet near Newkirk, Okla- 

homa. In addition to the writings by Moore, there has already grown up 

quite a literature on the granite ridge, particularly the writings of 

Haworth,’® Taylor,?° Powers,?? and Wright.?? 
Studies made by different geologists of the records of wells which 

touched crystalline rocks have shown some very interesting facts. While 

the data are still far from complete, enough facts are now available to 

postulate the presence of several granite ridges on the plains other than 

the Nemaha Mountains, already discussed. 

AMARILLO MOUNTAINS 

In 1905 the writer discovered along the Canadian River, in the north- 

ern part of the Panhandle of Texas, a series of large structures. These 

were duly embalmed in the literature and straightway forgotten.?* In 
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1917, happening to mention the fact to some business men of Amarillo, 

their interest was aroused, with the result that the region was revisited 

and a careful survey made of the largest of these structures, the John 

Ray Dome, in Potter and Moore counties, some 20 to 30 miles north of 

Amarillo. It was found that this dome had an area of over 100 square 

miles, with a lift of about 500 feet. The first well drilled on this struc- 

ture encountered gas, and since that time about a dozen gas wells have 

been drilled on this dome, producing up to 107,000,000 cubic feet of gas 

daily. Wells drilled on the 6666 dome in Carson and Hutchinson coun- 

ties have produced both gas and oil. Other domes have proved to be 

nonproductive. 

One very interesting thing about these structures is that as more and 

more wells have been drilled we have learned that they are superimposed 

upon buried crystalline rocks. The greater number of the wells reach 

either an arkosic sand or felsite, somewhere between 2,000 and 3,000 feet, 

and at least two wells on each of the three domes—Bravo, J ohn Ray, and 

6666—appear to have penetrated solid granite. 

Now, by projecting the main axis of the Arbuckle-Wichita uphft to 

the northwest, it will be seen that these domes are practically in line with 

this projection; also, there are four granite wells in southwestern Okla- 

homa and the eastern part of the Panhandle, making in all ten granite 

wells in practically a straight line with the Arbuckle-Wichita axis.2* In 

the light of present knowledge, therefore, it would seem safe to postulate 

a buried granite ridge extending from the west end of the Wichitas north- 

westward for a distance of at least 200 miles. 

In this connection it may not be amiss to call attention to the fact that 

granite has been encountered in wells near Caney, Oklahoma, southeast 

of the Arbuckle granite. It has been suggested that the Arbuckles, and 

possibly the Wichitas, are connected with Llanoria.?? At any rate, the 

line along which crystalline rocks, either surface or subsurface, occur 

extends from southeastern Oklahoma, along the axis of the Arbuckle and 

Wichita Mountains, and entirely across the Panhandle of Texas, as far 

as northeastern New Mexico, a distance of nearly 400 miles. | 

If a name be desired for this buried mountain range northwest of the 

Wichitas, perhaps none better can be found than the name “Amarillo 

Mountains.” Powers has already used the term “Amarillo Hills” 

describe the buried structures under the oil- and gas-producing structures 
in this region,”® but he did not include the gap between the 6666 dome 
in Carson County, Texas, and the Wichitas. 
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RED RIVER UPLIFT 

Powers has also called attention to several granite wells along Red 

River, in northern Texas and southern Oklahoma, in what he calls the 

Red River uplift, extending eastward from the Petrolia oil field. The 

presence of at least five wells, more or less in line, which have reached 

granite, in this region would lead to the assumption of the possibility of 

the presence of a buried ridge at this place. Figure 3 shows the location 

of the Nemaha and Amarillo Mountains and of. numerous wells which 

have touched granite. 

BURIED GRANITE RIDGE IN NEW MEXICO 

John L. Rich has described a “buried granite mountain range under- 

neath the western margin of the Great Plains, 30 to 70 miles east of the 

Front Range of the Rockies,” *’ reaching from Corona, New Mexico, 

northeastward for a distance of nearly 300 miles. Mr. Rich bases his 

conclusions on certain outcrops of igneous rocks as well as on granite in 

several wells along the broad geanticline which separates the synclinal 

basin east of the Front Range from the long monoclinal eastward dip of 

the rocks across the plains. Regarding this matter, Mr. Rich says in a 

letter dated December 4, 1922: 

“East of the Estancia Valley of New Mexico, for a distance of over 50 miles 

north and south, there are outcrops of granite and other rocks of the base- 

ment complex which represent the tops of a mountain range which was buried 

under sediments of Permian age and later partly exhumed. The Hills of 

Pedernal are monadnocks, near the northern end of the exposed portion. of 

this range. A few miles north of them, in the area covered by the Permian 

sediments, several wells have encountered granite at shallow depths imme- 

diately below the Permian rocks. At the Anton Chico well, township ‘11 north, 

range 19 east, granite was found at about 2,000 feet immediately beneath the 

Permian Redbeds. In a well drilled by the Continental Oil Company, in town- 

ship 31 north, range 33 east, on the broad anticlinal area east of the Raton 

coal basin, granite was struck immediately below the Redbeds at about 2,500 

feet. These facts, taken in connection with the general structure of the re- 

gion, lead to the conclusion that an extensive mountain range of Pennsylva- 

nian or early Permian age lies buried under the plains 30 to 70 miles east of 

the present Front Range of the Rocky Mountains.” 

MISCELLANEOUS GRANITE WELLS 

From the map shown in figure 3, it will be noted that there are quite 

a number of granite wells in the region west of the Ozarks. In Kansas, 

six wells are reported east of the Nemaha Mountains. In northeastern 

Oklahoma there are 15 granite wells; also six wells in Missouri and two 
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in northwestern Arkansas. Some of these wells, as, for instance, two in 

the Cushing field, are known to be on well-marked anticlines, which have 

yielded large amounts of petroleum, while others occur where there is 

little surface indication of structure and where no oil has been found. 

It must be remembered that out of several thousand wells drilled in 

southeastern Kansas and northeastern Oklahoma only a very few have 
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FIGURE 3.—Location of buried Granite Ridges in Kansas, Oklahoma, and Texas; also 

Location of Wells which have reached Granite 

passed entirely through the sedimentaries. The common interpretation 
of the presence of granite in these wells is either that they were drilled 

at a place where the granite basement was comparatively near the sur- 

face, or that the well chanced to be located over a buried monadnock. 

I realize very keenly the tendency to derive conclusions from insuffi- 

cient data, and to postulate buried ridges in likely regions. While it may 
be a geometrical axiom that three points in a row indicate a straight line, 
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it is not necessarily true that three granite wells in a row mark a buried 

ridge. One might easily take a granite well map of southeastern Kansas 

and northeastern Oklahoma and draw lines in every direction, some of — 

which might possibly be located along a buried ridge. 

The data set forth in this paper have been secured from many sources, 

chiefly from State geologists and from the chief geologists of the various 

oil companies, as well as from many private investigators, to each of 

whom is due my sincere thanks. No pretense is made to completeness 

in this paper, for new granite wells are constantly being drilled. Doubt- 

less many wells which have encountered granite have never come to the 

attention of geologists, while in many other cases the information can not 

yet be divulged for “business reasons.” This paper must, therefore, be 

considered nothing more than a progress report. However, it is believed 

that the locations hereby given will represent in a fair manner our 

present available knowledge of the subject. 

LIST OF GRANITE WELLS 

The following tentative list shows the location and depth of the granite 

wells of which the writer now has a record, in the States of Nebraska, 

Kansas, Missouri, Arkansas, Oklahoma, Texas, and eastern New Mexico: 

Nebraska 

Depth, feet * 

Township 1 north, range 12 east 522 Pawnee County. 

2 north, range 12 east 600 Pawnee County. 

3 north, range 12 east 600 Pawnee County. 

Kansas 

Depth, feet 

Section 36, township 32 south, range east 3,420 Sumner County. iw) 

7, township 22 south, range 4 east 3,300 Marion County. 

1, township 23 south, range 4 east 3,530 Butler County. 

11, township 26 south, range 4 east 2,675 Butler County. 

12, township 26 south, range 4 east 2,805 Butler County. 

17, township 28 south, range 4 east 2,800 Butler County. 

2, township 7 south, range 5 east 2,520 Riley County. 

25, township 20 south, range 5 east 3,040 Marion County. 

12, township 23 south, range 5 east 2.500 Butler County. 

14, township 23 south, range 5 east Zool Butler County. 

16, township 23 south, range 5 east 2,139 Butler County. 

26, township 23 south, range 5 east 2,545 Butler County. 

6, township 24 south, range 5 east Sears Butler County. 

5, township 18 south, range 6 east 2,515 Chase County. 
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Depth, feet 

Section 15, township 18 south, range 6 east 2,427 Chase County. 

19, township 18 south, range 6 east 2.410 Chase County. 

7, township 19 south, range 6 east 2. D85 Chase County. 

24, township 15 south, range T east 2,512 Morris County. 

11, township 16 south, range 7 east 1,900 Morris County. 

34, township 17 south, range 7 east 2.506 Morris County. 

24, township 17 south, range 7 east 2,092 Morris County. 

4, township 18 south, range 7 east 2,110 Chase County. 

34, township 19 south, range 7 east 1,805 Chase County. 

township 20 south, range 7 east 1,890 Chase County. 

ea) east 3.470-3,855 Greenwood Co. 

east 1,850 Pottawatomie Co. 

east 928 Waubaunsee Co. 

east 95S8-1,050 Waubaunsee Co. 

township 27 south, range 

24, township 9 south, range 

28, township 10 south, range 

26, township 10 south, range Ooo © 

1, township 11 south, range 9 east 1,180 Waubaunsee Co. 

12, township 10 south, range 10 east 2,300 Waubaunsee Co. 

19, township 3 south, range 11 east 940 Nemaha County. 

34, township 6 south, range 11 east 960 Pottawatomie Co. 

6, township 2 south, range 12 east 600 Nemaha County. 

6, township 2 south, range 12 east 600 Nemaha County. 

22, township 29 south, range 13 east 2,500 Wilson County. 

.., township 14 south, range 15 east 2,835 Osage County. 

17, township 25 south, range 15 east £15 Woodson County. 

29, township 26 south, range 17 east 2,405 Woodson County. 

3, township 9 south, range 19 east 3,175 Jefferson County. 

34, township 29 south, range 19 east 2,035 Neosho County. 

29, township 25 south, range 20 east 1,827 Allen County. 

16, township 17 south, range 23 east 2.260 Miami County... 

13, township 33 south, range 25 east 1,761 Cherokee County. 

Missouri 

Feet 

Phelps County, Rolla o.6% wn. oid Ahn, Seong dead eee ee ee 1,800 

Jackson ‘County, Carthage... 6.6 choca ct ee nek eee bas 6 ee oe ee 1.800 

Jackson County, FRAYtOWM «oie oon oes oc oe oe ep re mao ohn Se 

haclede (yunts, Lebanon. 2... 26 6.20. cobs, acento eon eee eee bee 1,900 

Howell County, .Pomotia «. ... 6. . se ne f= ca eee a eee 2,000 

Arkansas 

Washington County, township 15 north, range 31 west. 

Benton County, township 10 north, range 31 west. 

Oklahoma 

Depth, feet 

Section 35, township 19 north, range 25 east 1,776 Cherokee County. 

19, township 25 north, range 20 east 1,925 Craig County. 

28, township 15 north, range 19 east 3,071 Muskogee County. 

34, township 29 north, range 19 easf 2,015 Craig County. 
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Depth, feet 

Section 2, township 23 north, range 19 east 1,540 Mayes County. 

4, township 15 north, range 18 east 3,235 Muskogee County. 

4, township 15 north, range 18 east 2,980-3,037 Muskogee County. 

35, township 20 north, range 17 east 480 Rogers County. 

14, township 20 north, range 17 east 1,226 Rogers County. 

27, township 27 north, range 16 east 2,070 Nowata County. 

31, township 22 north, range 15 east 2,765 Rogers County. 

30, township 28 north, range 13 east 2,548 Washington Co. 

22, township 29 north, range 13 east. 2,500 Washington Co. 

25, township 25 north, range 12 east 2,340 Osage County. 

22, township 19 north, range 11 east SOs Tulsa County. 

25, township 23 north, range 8 east 3,000 Osage County. 

22, township 19 north, range 7 east 3,760 Creek County. 

22, township 17 north, range 7 east 3,670-3,700 Creek County. 

17, township 17 north, range 7 east 3,667 Creek County. 

18, township 28 north, range 3 east 4,790 Kay County. 

35, township 6 south, range 5 west 2,240 Jefferson County. 

14, township 7 south, range 6 west 2,600-2,760 Jefferson County. 

15, township 1 south, range 15 west 1,400 Tillman County. 

35, township 3 south, range 16 west 2,985 Tillman County. 

31, township 6 north, range 17 west 730 Kiowa County. 

31, township 4 north, range 18 west 515-700 Kiowa County. 

1, township 5 north, range 18 west L232 Kiowa County. 

29, township 7 north, range 20 west 3,000 Kiowa County. 

34, township 7 north, range 20 west 900 Kiowa County. 

8, township 6 north, range 20 west 850 Kiowa County. 

17, township 5 north, range 21 west 1,400-1,730 Greer County. 

35, township 6 north, range 21 west 380 Greer County. 

9, township 7 north, range 22 west 1,640 Greer County. 

36, township 6 north, range 22 west 840 Greer County. 

27, township 7 north, range 25 west 2,950 Beckham County. 

21, township §8 north, range 26 west 2,415 Beckham County. 

Texas 

Feet 
Cooke County, 14% miles northwest of Meunster................. 2,620-2,700 

Momacsne County, o miles north Of St, Joe. sss... 0.6 ee se Se ee wn 3,007 

Montague County, 7 miles north of Nocona............ Seen ate 2,490 

Sie neounminy, “metmOla Tel. se oc fees cise cls ccs hee sce Cece elcuscs'e 4,240 

SAE MOUMMny Cet Oia MEM. oisrsetc cc aise cic fic ce cou eclew acces 2,030—2,200 

Beer County, Amarillo, -MasterSOn. .........<cceccceccelcaece: 1,600—2,200 

Eek MOoumiy, Amarillo,  MaSteRSOM.....i...occb ces fee ccc ee aces 2,350-2,370 

Patou OOuteys) OOOO, bAmnamgle ls... cccue la ckee coawe Cesc cece eee 2,800 

ROME UTM OMA PME MV. Ol. ues Seve @ aleisisldcs iaice Oc calc eee ceceeeees 2,560 

EDNCMTM Ae OMEN AP ME TCORN: eis sesh eis hele ord ce Cua ds suse c csc caeet ees 2,380 

Dee OTM SMELGOWOs . cesckciciss kv ccicc ecg aecdevlescavseeeces 2,460 

Gray County. 

Collingsworth County. . 
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A number of wells in the Waco region, in central Texas, reported to 

have reached a schistose material are purposely omitted from the list for 

the reason that at this writing there is some difference of opinion as to 

whether or not these wells actually passed through the sediments. 

New Meszico 

Depth, feet 

Section 30, township 11 north, range 19 east 2,000 Guadaloupe Co. 

6, township 31 north, range 33 east 2,(20 Union County. 

21, township 11 south, range 18 east 2,000 Lincoln County. 

25, township 2 north, range 20 east 2,560 Guadaloupe Co. 

.., township 1 south, range 19 east 2,000 Lincoln County. 

8, township 8 north, range 13 east 1,110-1,176 Torrance County. 

32, township 20 north, range 31 east 2,400 Union County. 

.., township 18 north, range 11 east 2,450 Santa Fe County. 

DISCUSSION 

Mr. R. S. Knappen: It is interesting to note that the so-called “Gran- 

ite Ridge” of Kansas does not consist of one granitic intrusion but is 

rather a crystalline complex such as is common in other Pre-Cambrian 

areas of North America. Cuttings from wells at Winchester, Seneca, 

and Frankfort (Kansas) have revealed the presence of several types of 

igneous rocks, ranging from acid pegmatites to gabbros, and of rocks 

which are in part certainly metamorphosed sediments. In addition to 

gneiss and schist, which are of doubtful origin, crystalline hmestone has 

been penetrated in the Seneca and Winchester wells. 
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STATEMENT AND SOLUTION OF THE PROBLEM 

During a detailed geological survey of the North Thompson Valley 

map area? in south-central British Columbia, carried out for the Geo- 

logical Survey of Canada during the summer of 1921, the writer was 

fortunate enough to encounter certain highly fossiliferous members of 

the early Tertiary coal-bearing beds which lie at the bottom of the North 

Thompson River trench from 40 to 55 miles north of the city of Kam- 

loops. In the hope that the topographical location, structure, and age 

* Manuscript received by the Secretary of the Society November 6, 1922. 

Published with the permission of the Director, Geological Survey of Canada. 

*Summary Rept., Geol. Surv. Canada, part A, 1921, pp. 72-106. 
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of the beds might reveal some precise information concerning the char- 

acter and date of the Laramide revolution and Tertiary faulting in the 

southern interior, special importance was attached to their study, and 

fairly complete collections of fossil plant remains were obtained. 

The upland surface into which the North Thompson River has cut a 

valley about 3,000 feet deep is, at least locally, a peneplain.. The age of 

the coal-bearing beds has been definitely determined as Middle or Upper 

Eocene. The topographical position of the beds at the bottcm of the 

trench establishes the fact that the peneplain was uplifted about 3,000 

feet at or before the beginning of Eocene time. This uplift in the 

interior plateau country is believed to have synchronized with the 

mountain-building of the Laramide revolution. 

In order to make the evidence on which these conclusions are based 

available and intelligible to the reader, the following outhne of the 

topography and general geology of the trench is presented: 

LocATION 

The North Thompson River runs through south-central British Co- 

lumbia, rising on the eastern side of the Rocky Mountains in the vicinity 

of Téte Jaune, and flowing in a general southerly direction for a distance 

of nearly 200 miles to join the South Thompson at Kamloops. From 

this point the combined rivers flow westerly and then southerly as the 

Thompson, joining the Fraser at Lytton. 

In this paper only that portion of the North Thompson River which 

hes within the region of the interior plateaus from its junction with the 

Clearwater River to its mouth at Kamloops is discussed (figure 1). 

TOPOGRAPHY OF THE TRENCH 

The present North Thompson River flows through a steep-walled 

trench, deeply incised in the upland plateau. The trench varies in width 

from rim to rim from 2 to 10 miles, with an average width of about 5 

miles. The bottom of the valley is comparatively even, consisting of 

broad river flats and low benches. Its width varies from one-half mile 

to 5 miles, with an average of approximately 2 miles. The average slope 

of the rocky walls of the valley is about 45 per cent, representing a rise 

of 45 feet per 100 horizontal. 

The elevation of the upland plateau varies in this district from 3,500 

to 4,500 feet above sealevel. In general, it is 500 to 600 feet higher on 

the east than on the west side of the trench. The North Thompson 

River has an elevation of 1,320 feet at its junction with the Clearwater 
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and of 1,120 feet at Kamloops. It flows, therefore, along a gradient of 

3 feet per mile and is entrenched in the plateau to a depth varying from 

2,300 to 3,200 feet. 
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The upland plateau is characterized by gently undulating ground of 

low relief, usually drift-covered and thickly timbered. A few bold peaks 
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and rocky ridges stand as monadnocks in high relief above its general 

level. 

In places where the valley consists of a single depression it is broad 

and up to 3 miles in width at its base. In other places, as near Louis 

Creek and Mount Olie, the valley consists of two or more longitudinal 

trenches, separated from one another by high ridges, whose tops repre- 

sent isolated remnants of the plateau. In these cases the river is found 

to flow through one of these subsidiary trenches and is consequently 

quite constricted (see figure 2). 

GENERAL GEOLOGY OF THE TRENCH ° 

THE ROCK FORMATIONS 

The rock formations of the vicinity may be divided into three main 

groups: (a) the pre-Tertiary complex, (b) the Tertiary sedimentary 

and volcanic series, and (c) the post-Tertiary lava flows and unconsoli- 

dated sediments. 
PRE-TERTIARY COMPLEX 

This consists of several series of metamorphosed rocks, chiefly sericite, 

chlorite and hornblende schists, slates, quartzites, crystalline limestones 

with highly altered volcanic tuffs, and pillow lavas, cut by many stocks, 

sills, and dikes of gabbro, granite, grandiorite, and a batholith of granite. 

No fossils have yet been found in the rocks of the complex, so that it is 

not known whether they belong individually or collectively to the Pre- 

cambrian or the Paleozoic. The age of the intrusive rocks has not been 

definitely determined. Some of them may be of Precambrian age, some 

of them are believed to be Jurassic, and others may even be Tertiary. 

The attitudes of the foliated or bedded rocks are not parallel to the 

main northwesterly Cordilleran trend. They strike east, northeast, or 

northwest with very little tendency to exhibit any regularity. 

TERTIARY ROCKS 

These are of two ages—Middle or Upper Eocene and Miocene. 

The Eocene, or Chu Chua formation, consists of a series of basal con- 

glomerate (or agglomerate), highly feldspathic arkose, sandy shale, and 

sub-bituminous coal. These rocks occur in the bottom and along the 

lower slopes of the North Thompson trench, in isolated erosion remnants, 

the highest exposures found being at an elevation of about 700 feet above 

the level of the river (see figure 4). They underlie a few narrow low 

3 For full discussion see Summary Rept. Geol. Surv. Canada, part A, 1921, pp. 72-106. 
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ridges, constituting foothills to the main valley slopes, on either side of 

the river. In all of the exposures the formation strikes parallel to the 

trend of that part of the trench in which it lies, but in each case the beds 

dip 20 to 25 degrees toward the eastern side of the trench. No complete 

stratigraphic section is exposed from which the thickness of the forma- 

tion could be determined. The lmited evidence which is available, 

however, points to a thickness of at least 2,000 feet. 

Andesitic and basaltic lavas of Miocene age occur in the lower portions 

of the valley, chiefly below the 2,500-foot contour. On Skull Hill, in 

the vicinity of Louis Creek, the lavas are found between elevations of 

Figure 3.—North Thompson Trench from Skull Hill 

The view was taken looking south down the trench and shows the side slopes of the 

present valley and portion of upland plateau. 

2,000 and 3,000 feet, producing a flat, mesa-hke top. The erosion rem- 

nants of these rocks may be seen as rock-defended terraces along both 

sides of the valley, in many places overlying the sediments of the Chu 

Chua formation. The separate flows are nearly horizontal, but locally 

show dips up to 20 degrees. 

POST-TERTIARY ROCKS 

These are of three types: (1) the glacial drift and erratics which 

mantle the gently undulating uplands beyond the rim of the trench; (2) 

the glacio-fluvial and Recent gravels, sands, and silts are now carved 



GEOLOGY OF THE TRENCH 567 

into a series of flats and terraces clinging to the sides of the main valley 

and its tributaries to a height of 1,000 feet above the bottom, and (3) 

Recent lava flows of small ascertained extent, covering some of the Recent 

valley: fill in U-shaped glacial tributary trenches. 

CRETACEOUS PENEPLAIN 

When one views the topography in the vicinity of the trench from an 

altitude of 4,000 or 4,500 feet, he is struck by the fact that he is stand- 

ing on a gently undulating elevated plain, into which the North Thomp- 

Ficurn 4.—North Thompson River at Chu Chua 

The view was taken looking east across the river. The foothills on the east side -of the 

river are underlain by early Eocene sediments. 

son and its tributary streams have incised deep youthful channels. From 

such an elevated point in the vicinity of Chu Chua, for example, a view 

down the valley to the south reveals four important physiographic fea- 

tures: (1) a dissected upland plain, (2) several steep rocky monad- 

nocks, (3) the deep youthful valleys, and (4) a very broad, shallow, 

elongated depression of the upland surface, paralleling the course of the 

North Thompson Valley, intermediate in position between the top of the 

present river valley and the general level of the undulating plain. This 
depression varies from 15 to 25 miles in width, and its axis lies along 
the course of the present North Thompson River. It represents the 
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valley of the ancestor of the present river as it flowed with a very low 

gradient, bounded by relatively flat valley slopes, over the peneplain, 

characterized by physiographic old age. The peneplain is early Eocene 

or pre-Eocene (probably late Cretaceous) in age, and the depression is 

the valley of the pre-Eocene (probably Cretaceous) North Thompson 

River. 

Earty Eocene UPLirt 

This peneplain was slowly uplifted in pre-Middle Eocene time. Since 

Eocene sediments occur in the trench at a depth of 3,000 feet below the 

upland, the uplift must have been approximately of that magnitude. It 

was of sufficiently slow development to allow the river to maintain 

throughout the course it had previously carved out for itself and to cut 

its present trench beneath its former peneplain valley. The initiation 

of the uplift can not be definitely dated, but it was sufficiently pre- 

Middle Eocene to allow the river to cut down through 3,000 feet of hard 

pre-Tertiary rock formations. A slow rejuvenation of the river accom- 

panied the progressive uplift, and by the time of the commencement of 

sedimentation, in Middle Eocene, the river had entrenched itself to a 

depth of about 3,000 feet. The uplift was completed when sedimenta- 

tion began, or by the middle of the Hocene. 

It is probable that this early Hocene uplift ropeceanied the Laramide 

revolution as it affected the southern interior of the province. If so, the 

Laramide revolution was one of slow progress which commenced in late 

Cretaceous or very early Tertiary time and was completed before the ~ 

end of the Eocene. 

MippLeE To Upper EOCENE SEDIMENTATION 

The Chu Chua formation preserves a fragmentary record of the topog- 

raphy and geology of the trench bottom after it had been cut in. Middle 

to Upper Eocene times. As stated above, this formation consists of a 

basal conglomerate varying in thickness up to 200 feet, evenly bedded, 

highly feldspathic arkose, sandy shale, intraformational conglomerate, 

and seams of coal. 

The hthology, stratigraphy, and structure of the upper part of the 

formation indicate that it was deposited under conditions of still or very 

sluggish water. The basal conglomerate is a tumultuous deposit char- 

acterized by a heterogeneous mixture of large and small angular frag- 

ments of the greenstone which is the adjacent country rock, interspersed 
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with heavy stream wash, consisting of subangular to rounded fragments 

of granite and granodiorite, rocks which intrude the greenstone at a 

distance of 1 to 2 miles back from the trench. This conglomerate repre- 

sents alluvial fan or cone deposition from tributary valleys. The over- 

lying arkose and shale, which are characteristically thinly bedded and 

lack cross-bedding, are the products of deposition in quiet waters, with 

very little or no current. The coal seams represent stages in the valley 

filling when back sloughs and lakes were prominent, in which large 

areas of the valley fill were at the level of the water and were covered 

with a thick growth of evergreen and deciduous trees. Spasmodic recur- 

rences of this condition and periodic downfaulting of the basin would 

account for the accumulation of upwards of 2,000 feet of sediments, in 

which are interstratified at least fourteen:seams of coal. 

From the shales of the Chu Chua formation the writer collected several 

suites of plant fossils, which were submitted to Prof. Edward W. Berry, 

of Johns Hopkins University, for determination. Professor Berry places 

them definitely in the Middle or Upper Eocene.* The Chu Chua forma- 

tion, therefore, constitutes the first discovery of definitely established 

Kocene sediments in the southern interior of British Columbia. Daw- 

son,” Daly,® Mackenzie,’ Drysdale,* and others report the occurrence of 

similar groups of rocks, but they have been placed in the Ohgocene or 

loosely connected with some part of the early Tertiary record. 

OLIGOCENE DIASTROPHISM AND EROSION 

BLOCK-FAULTING 

Following a partial consolidation of the Eocene sediments, the forma- 

tion was block-faulted probably during the Oligocene, along lines run- 

ning in northeasterly directions, parallel to the trend of the valley. As 

a result of this faulting the rocks of the series are now found as strike 

ridges on both sides of the trench, but dipping uniformly at 20 to 40 

degrees toward the east. In other words, they dip away from the valley 

side and into the trench on the west side of the river, and away from 

the trench and into the valley side on the east side of the river. 

This diastrophism caused the rejuvenation of the river. Erosion by 

the river then beveled the upturned edges of the sedimentary series. 

*Summary Rept., Geol. Surv. Canada, part A, 1921. pp. 85-86. 

> Ann. Rept. Geol. Surv, Canada, 1894, pp. 66-76 B. 

® Geol. Surv. Canada, Mem. 38, part 1, pp. 86-88. 

7 Geol. Surv. Canada, Mem. 87, pp. 31-39. 

.’ Summary Rept., Geol. Surv. Canada. 1912, pp. 140-144. 
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Owing to the absence of continuous exposures, the extent and depth of 

this erosion can not be estimated. 

This block-faulting may possibly be correlated with that period of 

tension which followed the compressive stresses of the Laramide revolu- 

tion. Daly® and Mackenzie‘ found similar faulting of the early Tertiary 

measures along the international boundary and in the Flathead Valley 

in southern Alberta. It is probable that these crustal movements are all 

of the same age, and in the North Thompson basin they can be defi- 

nitely placed between the end of the Eocene and the period of Miocene 

vulcanism. 

In reference to the deformation of the peneplain as a result of the 

Oligocene block-faulting, it may be noted that the western side of the 

trench is much lower than the eastern; and this may be due to the com- 

bined effects of the Oligocene and post-Miocene diastrophism. 

MIOCENE VULCANISM 

During the Miocene period extensive subaerial floods of andesitic and 
basaltic lava poured out over the southern intérior of the province. 

Within the region in question these flows were mostly hornblende- and 

augite-andesite, usually highly scoriaceous and amygdaloidal. Agate, 

hyalite, zeolites, and native copper are found as fillings of the amygdules. 

The lavas flooded the valleys and depressions and covered the upturned 

and eroded measures of Eocene age. In the valley of the Clearwater 

River, a southerly flowing tributary of the North Thompson, great ter- 

races of this lava still remain as remnants from post-Miocene erosion, 

and underneath the lava may be seen cliffs of bleached and kaolinized 
granite, the result of pre-Miocene weathering. 

POST-MIOCENE DIASTROPHISM AND EROSION 

Further faulting within the trench followed the extrusion and solidifi- 

cation of the lavas. Along a fault zone running north and south through 
the center of the trench, the western wall of the valley was down-faulted 
with respect to the eastern wall. This faulting was accompanied by the 
production in the lava of closely spaced shearing planes parallel to the 
strike of the main fault. Owing to the displacement, the flows which 
overlie the Eocene sediments on the west side of the river are now at the 
same level as the coal measures of the Eocene on the east bank. The 
vertical displacement along this fault was at least 600 feet and probably 
as much as 1,000 feet. Evidence of this faulting is still preserved in 
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the difference of elevation of the upland on the east and west sides of the 

trench. 
Erosion, accompanying and following the diastrophism, succeeded in 

_removing a large part of the lava cap and underlying Eocene sediments 

‘from the valley. The only portions of the Miocene lavas which re- 

mained at the end of the Pliocene consisted of rock terraces rising to 

heights of 800 feet above the bottom of the valley. The central portion 

of the trench was reexcavated to a depth about equal to that which ob- 

tained at the inception of Eocene sedimentation. 

PLEISTOCENE GLACIATION AND SUBSIDENCE 

A Pleistocene ice-cap which filled the valley and extended to a height 

sufficient to glaciate and groove rock hills at an altitude of 7,500 feet 

covered the southern interior and flowed in a general southeasterly direc- 

tion. The ice removed the weathered rock from the ridges, deposited 

erratics and till, and produced a “‘roche moutonnée” effect on the rocky 

slopes of the valley and intratrench ridges (Mount Ole, Queen Bess 

Ridge, Fennell Mountains). It supplied to the glacial river great quan- 

tities of boulders, sand, silt, and mud, which were deposited lower down 

as a thick valley fill. Thick deposits of white silt (the “White Silts” of 

Dawson®) were deposited at this time, covering the glacio-fluvial gravels. 

Remnants of these may now be seen as terraces up to altitudes of 2,250 

feet along the sides of the North Thompson Valley. The presence of 

these silts on top of the glacio-fluvial gravels indicates a submergence of 

the land surface, probably below sealevel. 

RECENT UPLIFT, EROSION, AND VULCANISM 

Following the period of the deposition of the “White Silts” there was 

a considerable uphft of the southern interior, which caused a rejuvena- 

tion of the streams. The North Thompson Valley was reexcavated in 

the unconsolidated Pleistocene sediments, and the ‘White Silts” and 

glacio-fluvial deposits were carved into a series of finely developed hang- 

ing terraces. The eroded portions of the unconsolidated formations were 

reassorted in Recent times and are now found constituting the lower 

benches and river flats, which are such marked features of the valley 

bottom. Asa result of this post-Pleistocene or Recent erosion, the North 

Thompson Valley was again deepened so that its bottom is now in a great 

many places at approximately the same stratigraphical depth as it was 

in Middle Eocene and Pliocene times. 

® Ann. Rept., Geol. Surv. Canada, vol. vii, 1894, pp. 283-291 B. 
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In the postglacial gorge of Mann or Blackwater Creek, two 10-foot 

flows of basic lava cover Pleistocene or Recent unconsolidated stream 

erayels. These flows point to a recurrence of volcanic extrusion in 
Recent times. 
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INTRODUCTION 

Only the northern part of the Columbia Plateau is concerned in this 

study and only waters from the Cordilleran ice-sheet. Two glacial 

epochs are involved—one the Wisconsin, the other as vet undated. Be- 

sides contributing to the geological history of the region, this article 

endeavors to show that glacier-born streams, under proper conditions, 

are erosive agents of great vigor over large tracts far from the front of 

the melting ice. 

1 Manuscript received by the Secretary of the Society January 10, 1923. 
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Or Cr TOPOGRAPHIC FEATURES 

TOPOGRAPHY AND DRAINAGE 

The Columbia basalt plateau is separated from several mountain 

ranges on the north and from the Cascade Range on the west by the 

trench in which flows Columbia River. On the east, the plateau abuts 

against and interfingers with the Coeur d’Alene Mountains of Idaho. 

When the Miocene basalt flows of this region ceased, the lava plain 

abutted in a similar fashion against the mountains on the north and 

west. The cutting of the Columbia Valley between mountains and plain 

in the great are known as the “Big Bend” has partially isolated this 

portion of the former lava plain and thus given it the character of a 

plateau. The Columbia Valley north of the plateau is a great canyon, 

1,500 to 2,000 feet deep, its bottom less than 1,000 feet above the sea. 

It does not, however, serve for the complete northern boundary of the 

plateau. Spokane River, its tributary from the Coeur d’Alene Mountains 

on the east, may be considered as marking the northern limit of the 

pleateau east of the. Columbia in Washington. The canyon of Snake 

River in Washington marks the southern margin of that portion of the 

plateau with which this study is concerned. ; 

Widespread, gentle warping of the Columbia basalt flows in Washing- 

ton has made a great shallow, structural basin, the rim of which is 

roughly the margin of the plateau on the west, north, and east. The 

flows, originally horizontal, are 2,500 feet above tide about the eastern 

and northern margins and 4,000 to 6,000 feet above tide in the Cascade 

Range, along the western margin. The lowest tract in the basin is the 

general vicinity of the junction of Columbia and Snake rivers. Here 

the basalt flows dip below the:Columbia, perhaps below sealevel. Drain- 

age escapes to the Pacific through the Columbia Gorge, cut in the Cascade 

Range, the greatest water gap on the North American continent. 

The expression “the plateau” will be understood in this paper to denote 

that portion of the Columbia Plateau bounded by Spokane, Columbia, 

and Snake rivers and the mountains of Idaho. 

There are many lesser basins of structural origin in the great feature 

above outlined and many sharp flexures, particularly in the western part, 

near the youthful Cascade Range. Most of the drainage lines of the 

plateau are consequent on its warped surface. The Columbia is the great 

exception. It approaches the rim from the north, but, instead of cross- 

ing and entering the basin, it swings westward and then southward in 

the Big Bend already described, before entering the basin. As a conse- 

quence of this, no waterway of importance enters the Columbia from the 

concave side of the Big Bend. Drainage of the plateau is centripetal, 
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and the master stream finally enters the basin after it has skirted the 

northern and western sides in part. Only after it enters does it receive 

the drainage of the plateau. 

The northern rim of the plateau is the highest part. It is a broad 

divide extending from Spokane west to the southward bend of Columbia 

River at the foot of the Cascade Range, parallel to Spokane and Colum- 

bia rivers and on the average only 10 miles south of them. Down its 

southern slope flow numerous tributaries to Palouse River and Crab 

Creek. These two stream systems and Moses Coulee, farther west, are 

intimately concerned in the glacial drainage history to be outlined. 

Palouse River is the largest stream on the plateau north of Snake 

River. Its drainage area lies in the southeastern quarter of the plateau. | 

Its system consists of a large number of minor centripetal streams which 

flow westward toward the central part of the basin. It enters Snake 

River in the middle of the plateau’s southern margin. Crab Creek 

gathers the small centripetal streams from the north-central part and 

carries their discharge westward toward the Columbia, which it enters. 

not far south of the middle of the western margin of the plateau. 

Crab Creek has the largest drainage area of any stream on the basalt 

plateau of Washington, but there is so little rainfall and so much evap- 

oration in this area that no water today flows to the Columbia. It has 

been otherwise in the past. The area possesses a complete system of 

streamways. Some of them are normal valleys in maturity, only the 

rainfall in some more humid times of the past having formed the 

streams. Others are canyons of noteworthy, even spectacular, depths, 

intimately related to the history of the glacial drainage of the plateau. 

STRATIGRAPHY 

The dominant formation of the plateau is the Columbia lava. It has 

been completely covered by sedimentary deposits of silt, ash, and loess. 

These have suffered much from glacial and fluvial erosion, but still per- 

sist and give character to the topography and soils of more than half of 

the plateau. In the western part of the plateau this sediment is presumably 

the Ellensburg formation. It is intimately related to the basalt, its 

deposition beginning in some places before the great basalt flows had 

ceased, and in other places later and minor basalt flows occurring after 

its accumulation had well begun. If the sedimentary formation, or its 

lower part, is Ellensburg, its presence indicates clearly that the plateau 

is determined by the original surface of the Miocene lavas, not by any 

later erosional plans developed on the basalt. 
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PHYSIOGRAPHY 

The surface of the plateau bears two strikingly different physiographic 

aspects. Locally, one is known as “Palouse Hills” and the other as 

“Scabland.” Not alone are these sharply contrasted areas in close juxta- 

position, but they are interfingered and interlocked. Every one of the 

seven counties of the plateau possesses areas of both types. 

The “Palouse Hills” topography is best shown in Whitman County 

south of Spokane and in the eastern half of the Palouse River system. 

The region is essentially all in slopes, a network of drainage lines covers 

it, the soils are fine and deep, and ledges of basalt are exposed only on 

I'IGURE 2.—Steptoe Butte and the maturely dissected Palouse Region east cof the 

“Scablands” 

lower slopes and rarely on these. Profiles are cortvex only on hilltops; 

all valley slopes are strikingly concave. The “Palouse Hills” topography 

is typically mature. It is developed in the super-basalt sedimentary in 

large part. Its relief averages about 250 feet. The main streams now 

are in canyons in basalt below the floors of the mature valleys. This 
type of topography (figure 2), with the same soils and underlying forma- 
tion, is widely distributed elsewhere on the plateau, but the drainage 
pattern is not so intricately detailed farther west, where rainfall since 
the uplift of the Cascade Range has been less. 

The “Scablands” are lowlands among the groups of “Palouse Hills,” 
plane in a general way, but diversified by a multiplicity of irregular and 

XXXVITI—BvULL. Grou. Soc. AM., Vou. 34, 1922 
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commonly anastomosing channels and rock-basins eroded in- basalt, and 

containing meadows, swamps, and lakes (figures 3 and 4). The local 

name refers to the absence of soil over much of these tracts, the basalt 

outcropping in ledges and over considerable level areas. The “Scab- 

FIGURE 3.—Channeled “Scabland”’ of Spokane Age 

This area is on the plateau near the head of Grand Coulee. 

FIGURE 4.—Spokane Drainage Channels in Mid-length of Moses Coulee 

The narrow inner channel is of Wisconsin age. 

lands” are commonly elongated tracts, with their channels and rock 

basins elongated in parallelism. Some of these channels are canyons 

several hundred feet deep. Almost all of the lakes of the plateau lie in 

the Scablands (figure 5). None occur in the Palouse Hills. 
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GLACIATION 

Probably the entire highland area north of the plateau was buried be- 

neath the Cordilleran ice-sheet during the Pleistocene glaciations. At 

least three times the Cordilleran ice forced a crossing of the Columbia 

Valley and advanced onto the plateau. The latest of these, of Wisconsin 

age, has been described ; the earlier ones thus far have been but noted in 

the literature. Farther east, where Spokane River serves as the bound- 

ary, only two glacial invasions of the plateau are known, both of which 

are pre-Wisconsin, and only brief notes exist regarding them.” The 

latter of these two glaciations is well recorded in the topography. With 

it and the Wisconsin glaciation on the northwestern part of the plateau 

this paper chiefly deals. 

‘Tur SPOKANE GLACIATION 

GENERAL STATEMENT 

Observers for years have been noting the existence of granite boulders 

scattered over the basalt plateau of .Washington far beyond the limits 

reached by the Wisconsin ice. They are now known to belong to four 

categories: (1) derived from knobs of granite buried in or projecting 

above the basalt flows, (2) berg-drifted in a widespread ponding during 

late Wisconsin time,* (3) glacier-borne during glaciations earlier and 

more extensive than the Wisconsin, and (4) berg-carried in great streams 

born of one of these earlier ice-sheets. 

The precise lmits reached by the earlier ice-sheets are as yet un- 

mapped, but enough is known to indicate that the latter of the two 

crossed the Columbia and Spokane valleys from the northern highlands, 

pushed well up on the rim of the plateau, and in the vicinity of Spokane 

advanced south of the rim divide as far as Spangle and nearly to Cheney. 

No prominent morainal margin now exists, if one ever was formed, but 

the till, the striated erratic boulders, the deposits of outwash material, 

and the drainage channels constitute adequate evidence of the glaciation. 

It is here named the Spokane glaciation. Details which are essential to 

a conception of the character of the Spokane glaciation, so far as it is 

now known, are here presented. 

* Frank Leverett: Bull. Geol. Soc. Am., vol. 28, 1917, p. 143. 

M. M. Leighton: Bull. 22, Wash. Geol. Survey, 1919. 

Thomas Large: Science, vol. 56, 1922, p. 335. 

J. T. Pardee: Science, vol. 56, 1922, p. 686. 

°J. H. Bretz: The late Pleistocene submergence in the Columbia Valley of Oregon 

and Washington. Jour. Geol., vol. 27, 1919, pp. 489-506. 
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SPOKANE RIVER AND PALOUSE RIVER DRAINAGE 

Vicinity of Spokane——The city of Spokane is built in a valley eroded 

in the basalt, not more than 10 or 15 miles from the margin of the pla- 

teau. To the east rise the mountains of Idaho—an older, higher land 

surface whose embayed and spurred flanks make an irregular contact 

between mountains and plateau. Moran Peak, about 8 miles southeast 

of Spokane, is one of many isolated peaks of the older mountains, stand- 

ing out in the plateau. Remnants of the plateau extend perhaps 20 

miles north of Spokane, separated by the valleys of the Spokane and its 

tributaries and terminated on the east and north by higher hills of crys- 

talline rock. These remnants constitute mesas, such as Pleasant Prairie 

and Five-Mile Prairie, about 2,400 feet above tide and about 400 feet 

above the surface of the Wisconsin valley trains in the intervening val- 

leys. The summits of these flat-topped hills apparently mark essentially 

the original surface of the Columbia lava flows. West and south of 

Spokane the Columbia plateau extends for many miles, interrupted only 

here and there, near the margins, by island-like hills or mountains of 

older rock.* 

' Boulders of various crystalline rocks, igneous and metamerphic, with 

characteristic glacially planed, beveled, and striated surfaces, lie scat- 

tered on the surface of the Columbia plateau about Spokane, extending 

as far south as the base of Moran Peak and the village of Spangle, close 

to the base of the Palouse Hills. They have not been found, however, 

in this maturely dissected country, nor at altitudes much above 2,500 

feet above tide on the northern slopes of Moran Peak and Mica Peak, 

east to the Idaho line. 

~ Outwash gravel deposits’ at similar elevations and close to the driftless 

Palouse Hills are known at Pantops, along the Inland Empire Highway, 

and elsewhere. The deposit at Pantops is at least 30 feet deep and pos- 

sesses current bedding with southward dip. It lies on the basalt plateau 

not more than a mile west of the base of Moran Peak, at an altitude close 

to 2,400 feet above tide. The gravel in the deposit is not stained or 

cemented; it looks as fresh as Wisconsin gravel in the Great Lakes re- 

gion. Scattered through it are hundreds of granite boulders averaging 

3 feet in diameter, many of them exceeding 10 feet. The gravel is not 

coarse, there are no cobble phases in it, and the boulders are wholly out 

of accord with the gravel as a stream deposit. Furthermore, the boulders 

are subangular and show considerable decomposition of the granite on 

their less-rubbed surfaces. They doubtless are a local contribution, de- 

+Named ‘“‘steptoes” by Russell. 
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rived by glacial plucking of the decayed granite on the northern flanks 

of Moran Peak and Mica Peak. They are boulders of decomposition and 

doubtless were easily quarried by the ice. Their abundance in the gravel 

and the little rubbed condition are clear indications that the front of the 

ice-sheet did not advance far beyond this place. 

Despite the fresh appearance of the gravel at Pantops, the topography 

gives no clue to its presence. From what can be seen now, it is difficult 

to determine whether the Pantops gravel is a kamey deposit or is a rem- 

nant of a valley train or outwash plain. It blends into the lower slopes 

of Moran Peak and the basalt plateau. 

There are other gravel deposits on the plateau immediately south of 

Spokane, similar to that at Pantops in altitude, bedding, freshness of 

material, and absence of flnvio-glacial forms, but none possess the 

eranitic boulders of decciuposition. 

Vicinity of Spangle—-The village of Spangle is 12 miles almost di- 

rectly south of Pantops and 15 miles south of the eastern part of Spo- 

kane. Maturely dissected driftless country lies to the east and south, a 

scabland plain to the west (figure 6). Striated erratics have been found 

‘here as high as 2,500 feet above tide, on the slopes which face the oe 

land, and within 100 feet of the hill tops. 

The drainage of this part of the Palouse country is northwestward, 

toward the scabland tract. When glacial ice stood at the limit marked 

approximately by the north-south line between Pantops and Spangle, 

this drainage was blocked and a lake was formed for which another dis- 

chargeway was necessary. The waters of Latah (Hangman) Creek and 

its tributaries, Rock Creek, California Creek, Mica Creek, etcetera, aug- 

mented by a great volume of water from the ice, spilled over the divide 

west of Latah Creek, about 6 miles southeast of Spangle, and entered 

North Pine Creek, a minor tributary of Pine Creek, flowing thence 

southwestward 20 miles across the unglaciated Palouse hill land to enter 

the scabland region at the north end of Rock Lake. The prominent spill- 

ways were eroded across the divide into North Pine Creek Valley.®> The 

floor of each of the cols is on basalt at about 2,450 feet above tide and is 

essentially a scabland tract. ‘The glacial waters back of this double spill- 

way doubtless were ponded in Latah and Rock Creek valleys. 

During the occupation of the spillways these waters eroded deeply in 

the basalt. The larger spillway is half a mile wide at the col. Both are 

well shown on the Oakesdale topographic map and on -the Spokane 

County soil map. Near the junction of North Pine Creek and Pine 

° Thomas Large: The glaciation of the Cordilleran region. Science, vol. 56, no. 1447, 

L922 Dewey: 
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Creek and in the larger valley are great bars and terraces of coarse 

basaltic gravel, poorly sorted and much of it subangular. Mingled with 

it are a few cobbles and small boulders of granite and quartzite. The 

material farther down Pine Creek Valley is finer and better sorted. It 

seems clear that most of the debris was derived by erosion of the spuill- 

ways themselves, only a small amount of foreign material crossing the 

lake on ice-rafts from the front of the ice-sheet. 

The valley during this episode in its history was but a channel. The 

elacial stream filled it from side to side for a depth of tens of feet. This _ 

is shown a few miles above Malden, where the stream flooded over a low 

shoulder of basalt, cutting a channel in the rock at least 40 feet deep, 

though the main valley alongside was wide open and received gravel 

deposits. North Pine Creek now flows through this channel. The main 

current of the stream here cut across a curve in the preexisting valley. 

The gradient of this glacial stream was close to 30 feet to the mile in its 

upper part and about 20 feet to the mile in the lower part. | 

The character of the terraces in Pine Creek Valley below the junction 

of North Pine Creek is instructive. Like the Pantops deposit, there are 

no well defined depositional forms. The terrace tops do not abut sharply 

against the hillslopes, but instead waste has crept out on the gravel de- 

posits from the slopes above, and the valleyward edges of the terraces 

have become rounded and notched by widened gullies until the terrace 

form is obscure. This is well shown at Kenova, where the Chicago, Mil- 

waukee and Saint Paul Railroad has opened a large pit in the gravel. 

Furthermore, these terraces are only fragments here and there of what 

was once a continuous filling. Despite these evidences of considerable 

age, the material in the deposits appears fresh. It is unstained and 

uncemented. 

Only one other glacial drainage route across the mature Palouse coun- 

try is known, and this was but a tributary to the Pine Creek channel. 

Waters from glacial ice spilled southward through a low place at Miea 

between Moran Peak on the west and Mica Peak on the east. The alti- 

tude of the col at Mica is hardly 10 feet above that southeast of Spangle. 

Ponded waters of the Latah Valley must have backed up almost to the 

village of Mica. Whether or not a considerable lake Iay to the north of 

the Mica col,® it is certain that the ice-sheet was hard against the north- 

ern flank of Moran Peak and its drainage probably passed through a 

settling basin before entering the short Mica channel. A few erraties, 
one of them striated, have been found in the channel, but no glacial 

®**Lake Spokane’ of Large. 
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stream gravel. Nor was the Mica channel eroded to any extent. Prob- 

ably ponded waters were backed up from the south until the last stages 

in erosion of the North Pine Creek channel. 

Vicinity of Cheney.—Cheney lies 15 miles southwest of Spokane and 

10 miles northwest of Spangle. About this town are recognizable the 

same elements in the topography as already outlined—the higher pre- 

basalt hills, the Palouse type of maturely dissected hills, and the lower 

scablands. The scablands have less relief than either of the other ele- 

ments, but are much rougher. They are commonly a maze of minor 

channels and depressions eroded in the basalt. 

Cheney lies at the head of the largest tract of scabland on the pla- 

teau—a tract which extends from Spokane River to Snake River. It is 

not uninterruptedly scabland, however. It contains isolated groups of 

Palouse Hills. One of the largest of these groups lies immediately north 

of Cheney and has an area of about 13 square miles. Many of them are 

not a square mile in area. In topography and in soil, these tracts are 

identical with the Palouse wheat country to the east and southeast; but 

the gentle, concave lower slopes of maturity, so characteristic of these 

hills, is absent on the peripheries of the isolated groups. Instead, these 

outer slopes are much steeper and are generally convex. They meet the 

roughened plain of the scabland with a definite angle. The bounding 

slopes clearly are much younger than the valley slopes among the hills. 

The hill groups are elongated northeast-southwest, in harmony with 

the elongation of the channels on the basalt surface and with the scab- 

land tract as a whole. In many of these linear groups there are longi- 

tudinal valleys, not of the mature type, but with steep sides and scabland 

floor. All such valleys pass completely through a hill group, leading 

from the rocky plain into the rolling hills and out again to the plain. 

Another feature of this great scabland tract is the presence of many 

widely scattered granite boulders. Nowhere (with one exception, to be 

detailed later) has this foreign debris been found back among or on the 
slopes of the hill groups. Associated with it, but much less common, 
are terraces of gravel composed largely of basaltic debris, but with 
granite and other foreign material distributed through it. Such deposits 

commonly le on the southwest sides of recky shoulders or hills in the 

channels. They have been opened for railroad ballast and road metal at 

many places over the whole scabland area. _ 
From a survey of the patches and groups of the Palouse Hills scat- 

tered over the scabland plain south of Cheney, it seems clear that they 
are but remnants of a once continuous cover of the basalt, and that the 
scablands have resulted from remoyal of the Palouse Hills by erosion in 
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some unusual way. The basalt of the scablands is the firm and resistant 

foundation on which the hills stand. The overlying sedimentary deposit 

is the formation whose etched surface constitutes the hills. 

The seabland does not extend north of the Palouse Hills about Cheney 

and Medical Lake, though it does extend among them in great river 

channels to their northern limits. Farther north, there is neither scab- 

land nor Palouse Hills. The area is a basalt plain with widely spaced 

mature valleys and broad, low, flat divides. The whole is thinly covered 

with glacial drift, some of it a stony till with hummocky morainic topog- 

raphy, some of it washed and stratified glacial sand and gravel. The 

ice-sheet clearly covered this plain. It, however, did not extend south- 

ward into the scabland area, except for a minor lobe between Moran Peak 

and the Cheney Hills, which reached as far south as Spangle. The asso- 

‘ciation of broad undissected divides with shallow, mature valleys, all in 

resistant rock (for example, Deep Creek and its tributaries) is anoma- 

lous. It is believed to be the result of the glaciation of a tract which 

possessed a typical Palouse mature topography, developed largely in a silt 

or ash deposit, but etched in the deeper valleys into the surface of the 

underlying basalt. The ice removed every trace of the hills in the weaker 

formation, bringing the whole down to the surface of the basalt ; in effect, 

it cut off the hills well down to their bases without greatly modifying the 

main valley bottoms. 

Vicinity of Lamont.—Twenty miles to the southwest of Cheney the 

escaping glacial waters had become largely concentrated between Sprague 

and Lamont. The eroded tract here is nearly 10 miles wide and without 

a surviving Palouse hill. A sheet of torrential water must have spread 

completely across the scabland between these two towns. It rapidly re- 

moved the weaker material of the Palouse Hills and then scoured out 

channels in the basalt. By the close of its occupancy it had concentrated 

in certain channels and eroded them approximately 100 feet below the 

surface of the basalt. Colville (Sprague) Lake lies in one of these 
channels. 

Between Lamont and Rock Lake, to the east, is a linear tract of 

Palouse Hills about eight miles wide and traversed by but one valley 

possessing bare rock in its floor and scattered granite fragments. Sepa- 

rating this tract from the Palouse country of Whitman County is a great 

river channel, occupied now by Rock Creek and several elongated lakes. 

Rock Lake is the largest of these and, save one, is the largest and longest 
lake on the Columbia Plateau of Washington. Rock Lake (see figure 5) 

is bounded on both sides by sheer cliffs of basalt 200 feet and more in 

height. There is no damming of consequence in the channel at the lower 
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end of the lake. Rock Lake exists because the ancient river here exca- 

vated more deeply in its bed than it did a little farther down stream. 

Rock Lake is typical of most lake basins of the Columbia Plateau in 

Washington, in that it is a much elongated true rock-basin in an ancient 

river channel in a scabland area. The only part played by glacial ice in 

the formation of these basins is that of supplying the stream. Factors 

essential for development of these rock-basins made by streams are (1) 

large volume abruptly introduced, (2) high gradient, and (3) rock which 

is closely and vertically jointed. The excavation was accomplished by 

plucking, rather than by grinding. 

Vicinity of Kahlotus—About 25 miles south of the latitude of Rock 

Lake the scabland is more restricted. So far as now known, all channels 

but one entered Snake River in the vicinity of the present junction of 

the Palouse. The one channel which escaped the control of the Palouse 

system is traceable westward, by way of Washtucna, through Kahlotus, 

to Esquatzel Coulee at Connell. It is a splendid abandoned channel, in 

places 250 to 300 feet deep. Throughout its length it has all the char- 

acters of the channels of the scabland tract to the east and northeast 

except that it does not le in such a tract. It probably was sufficiently 

deep at the inception of the flood to contain the waters which came its 

way. A few miles above the junction of Washtucna Coulee, Esquatzel 

Coulee has none of these characters, but possesses the broad, graded 

slopes of maturity. 

Vicermiy of Sprague.—The westernmost channels among the Palouse 

Hills near Cheney which discharged to the Palouse system enter the 

broad scabland between Sprague and Fishtrap. The roughness of these 

channel floors, due to the gashed basalt, is in striking contrast with the 

smooth flowing contours of the inclosing hills. One needs but little 

imagination to see again from these hilltops the torrents of glacial waters 

invading from the north and following the lower valleys southward to 
jom the scabland between Sprague and Lamont. These hills, like those 
im the Palouse wheat lands, are composed largely of a fine-tertured 

unindurated sediment, probably of lacustrine origin.’ 
It does not seem probable that any water, other than that which occu- 

pied Washtucna Coulee, escaped westward from the Palouse drainage 
during the Spokane epoch. There are two possible routes, however, of 
such discharge, namely, one by way of Keystone, near the lower end of 
Colville (Sprague) Lake and Ritzville; the other by way of Ralston. 
Both enter Lind Coulee at Lind. The altitude at the head of the Ritz- 

“M. R. Campbell: Guidebook of the Western United States. Part A: The Northern 
Pacific Route. U.S. Geol. Survey, Bull. 611, 1915, p. 163. 
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ville route is 53 feet above the surface of Colville Lake in the adjacent 

scabland, and Ralston is not 100 feet above the floor of the Cow Creek 

channel. Along both routes are deposits of stream gravel.* Yet no scour 

of the floor by glacial waters, nor steepened valley walls, nor scattered 

erratic boulders or cobbles were seen.® It is possible that these routes 

were used for but a short time early in the glacial flooding, or it may be 

that the gravels are older than the Spokane glaciation. It may be, also, 

that the gravels in channels near Winona and Lacrosse, south of Rock 

Lake, are of pre-Spokane age. 3 

The scablands of the Palouse drainage, with channeled basalt, deposits 

of stratified gravel, and isolated linear groups of Palouse Hills, their 

marginal slopes steepened notably, bear abundant evidence of a great 

flood of glacial waters from the north. This flood was born of the Spo- 

kane ice-sheet. Its gradient was high, averaging, perhaps, 25 feet to the 

mile, and it swept more than 400 square miles of the region clean of the 

weaker material constituting the Palouse Hills. The hills which have 

disappeared averaged 200 feet in height, and in some places the glacial 

torrents eroded 100 to 200 feet into the basalt. This flood originated at 

several places along the ice-front. Great river channels exist among the 

remaining hills in the flood-swept region. The area overridden by the 

ice itself has lost every trace of Palouse Hills.?° 

CRAB CREEK DRAINAGE 

General statement.—By at least ten different routes, glacial waters 

from the Spokane ice-sheet west of Cheney and Medical Lake converged 

to Crab Creek. Another discharge way, still farther west, that of Moses 

Coulee, found its own way to the Columbia above the entrance of Crab 

Creek drainage. The glacial streams tributary to Crab Creek, named 

from east to west, were Rock Creek (Lincoln County), the headwaters 

&’M. M. Leighton: The road building sands and gravels of Washington. Wash. Geol. 

Survey, Bull. 22, 1919, pp. 104-105. Leighton clearly recognizes that the Spokane re- 

gion had been glaciated (p. 246), that numerous glacial drainage courses exist on the 

plateau (p. 34), and that the scablands are due to erosion of the sedimentary material 

by escaping glacial waters (p. 279). 

* Campbell. op. cit., also notes the absence of the granite boulders along the Northern 

Pacific Railroad, which follows the Ritzville route, west of the lower end of Colville 

Lake. 

1 Explanation should here be made of certain glacial deposits which are older than 

te Spokane drift. In an abandoned clay pit near the Cheney Normal School is a very 

old clayey till first reported by Frank Leverett (Bull. Geol. Soc. Am., vol. 28, 1916, p. 

143). It contains striated quartzite boulders and cobbles. One such boulder also has 

fine chatter-marks on it. Granite is present, but is crumbling or etched to such an ex- 

tent that no ice-marked surfaces remain. This till also is exposed along roadsides south 

and east of Granite Lake, and striated erratics have been found back in the mature 

valleys of this hill group. It seems probable that the old till underlies much of these 
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of Crab Creek, Coal Creek, Duck Creek, Lake Creek, an unnamed creek 

west of Lake Creek, Connawai Creek, Wilson Creek, Spring Coulee, and 

Grand Coulee. The first eight originated from the ice on the northern 

rim of the plateau between Hellgate and Medical Lake. The other two 

entered the plateau from the Columbia Valley by one route, upper Grand 

Coulee, and separated at Coulee City. The location of the edge of the 

Spokane ice near the head of Grand Coulee is as yet unknown. 

The glacial river courses are all youthful canyons in basalt. They are 

quite unlike the associated drainage lines of comparable length which 

never received glacial waters and which are typical valleys in maturity. 

The youthful canyons, however, were not eroded by the streams which 

occupy them. Despite their size, most of them are but the deepened 

channels of ice-born rivers, and not true valleys. Like the scablands of 

the Palouse region, invading, but short-lived, floods traversed the area; 

but they failed in the main to produce broad, stream-scoured surfaces of 

bare rock. Where they entered preglacial valleys in basalt they were not 

able to broaden them much, Extensive scablands have been formed only 

where the preglacial drainage pattern was eroded in a weak, super-basalt 

sedimentary deposit. 

The limits reached by the Spokane ice-sheet west of Cheney and Med- 

ical Lake are not well known, since there is no morainal ridging along 

the margin. The approximate boundary, as shown on the accompanying 

map, has been located along the southern hmits of a basalt plain with 

much bare rock and a scattering of glacial debris. South of this margin 

are unglaciated loess-covered hills of mature aspect and the scoured, and 

in many places canyon-like, glacial drainage channels. The limits as 

drawn are, perhaps, too far south in places. The ice is not known to 

have crossed the Columbia between Hellgate and the head of Grand 

Coulee. It did cross, however, in Douglas County, farther west, and ad- 
vanced far enough to discharge its waters into Moses Coulee. The Wis- 

hills. The till is covered with several feet of loess at Cheney. The loess is deep on all 

Palouse Hills of eastern Washington, but does not occur on the seablands or on the 

glaciated plain to the north. It therefore is older than the Spokane glaciation. Since 

this Cheney till is beneath the loess and probably underlies the Palouse Hills, it is 

much older than the mature topography. There is no more suggestion of glacial over- 

riding in the shapes of these hills north of Cheney than there is in the typical Palouse 

region of Whitman County. 

On the other band, certain large pre-basalt hills west of Medical Lake, rising high 

above the Palouse Hills of the region, do show a prevailingly steep northern slope and 

gentle southern slope, as though they had been overriden by glacial ice. If this profile 

has had such an origin, it must be ascribed to the pre-Spokane, pre-loess glaciation. 

The glacial till reported by Pardee (op. cit.) at ‘‘scores’’ of places over large parts of 

Lincoln, Spokane, and Adams counties, and as far south as Kahlotus, probably is simi- 

larly related to the loess which deeply mantles the Palouse Hills of those counties. 
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consin glaciation of northern Douglas County was more extensive than 

the Spokane and obliterated all records left by the Spokane ice. 

There are scablands in the northern part of some of these spillways, 

notably between Davenport and Rocklyn and in the vicinity of Telford. 

The detailed relations of the largest, at and southwest of Telford, are 

not yet well known; but concentration in preexisting valleys in basalt 

was completed in most cases within 10 miles or so of the edge of the ice, 

and rock-walled canyons with elongated lakes in the bottoms are the rule. _ 

The altitudes of the heads of these spillways are not the same, and had 

not the ice been hard against the unglaciated hills south of the basalt 

plain, marginal drainage would have carried all waters to the lowest of 

the group. 

Gravel deposits and scattered granite boulders and cobbles are well 

distributed in these coulees. Gravels are chiefly of basalt and appear as 

fresh as in the scablands of the Palouse drainage. The terrace forms are 

indefinite, wide-open gullies have dissected them, and they are but rem- 

nants, perhaps miles apart, of former probably continuous fillings. This 

also is comparable to the gravels of the main Palouse channels. 

Because of the prominence of cliffs in these canyons of Crab Creek 

drainage, another feature is well presented—the talus piles which have 

formed since the glacial streams abandoned their channels. The cliffs 

are, without exception, composed of the Columbia lava, and, with very 

few exceptions, the flows are horizontal or but gently inclined and possess 

columnar jointing. The conditions of origin produced essentially ver- 

tical cliffs, and the rock structures and arid climate have maintained 

vertical faces during all subsequent wasting of the cliff and growth of 

the talus. 

Except in Grand Coulee and Moses Coulee, which carried Wisconsin 

glacial waters also, these canyons have been occupied by inconsequential 

streams since the Spokane glacial floods subsided. The present talus, 

therefore, is a measure of all post-Spokane disintegration in the vertical 

walls of jointed lava. In the great majority of cases the talus extends 

from the rock-floor of the canyon three-fourths to four-fifths of the way 

to the top (see figures + and 7). In the lower cliffs it has climbed even 

nearer the summit, and rarely the cliff has become obliterated by the 

mounting waste. The talus slopes range between 20 degrees and 30 de- 

grees, with the average probably between 25 degrees and 30 degrees. 

Since conditions of origin, of rock structure, and of climate are suffi- 

ciently alike in the Crab Creek and Palouse drainage areas, it follows 

that relative proportion of talus on cliffs of comparable height may be a 

valuable criterion to establish more firmly the contemporaneity of glacial 
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drainage in the two areas. The cliffs of the Palouse scabland, though 

less prominent on the whole than those of the Crab Creek canyons, every- 

where possess the same average ratios of talus height to depth of channel 

and the same degree of slope. Further use of this criterion will be made 

when the Wisconsin glacial drainage channels are examined. 

Grand Coulee-—Grand Coulee heads in the south wall of Columbia 

Valley, about 550 feet above the river. At its head it is 1,000 feet deep 

and about 3 miles wide. In the middle of this valley, 10 miles from the 

Columbia, stands Steamboat Rock, a basalt mesa with its square mile of 

summit area at the general altitude of the plateau on either side of the 

coulee. There are also numerous pre-basalt hills of granite on the floor 

between Steamboat Rock and the Columbia, formerly buried in the basalt 

= 

FIGURE 7.—Post-Spokane Talus in “The Potholes” south of Trinidad 

and later exhumed in the erosion of the coulee. About 13 miles from 

the head the canyon narrows to about 2 miles and maintains this width 

and a depth of about 800 feet as far south as Coulee City. Here the 

canyon form is lost for 4 or 5 miles, the eastern wall descending, because 

of a monoclinal flexure, until it is not more than 200 feet above the floor 

of the coulee. In this broadened portion is a great abandoned cataract 

with a fall of 400 feet. The width of the falls is nearly 3 miles, the full 

width of the bottom of the coulee; but it was broken into two different 

parts in its later history through erosion of the floor above the falls. A 

central portion of the earlier floor, which escaped much of this erosion, 

became an island on the brink. The western half, Dry Falls or Grand 
Falls, is the more definite and in itself was a double fall at the close of 

the history of this great cataract, with a “Goat Island” in the middle. 

No water now flows over these falls except in times of heavy rain. 
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Below the falls the coulee again becomes a canyon, both because of the 

gorge left by retreat of the falls and because the basalt surface rises in 

that direction. For 15 miles or so this lower coulee is a wild, spectacular 

feature, its western wall fully 1,000 feet high and its bottom less than 

a mile in width. For most of this distance the ancient river flowed on 

the strike of a monoclinal fold the dip of which averages 45 degrees and 

is to the southeast. The falls took origin where the glacial stream passed 

from horizontal flows to the tilted structure, about 3 miles below their 

present location. Grand Coulee debouches in a broad, shallow structural 

depression, the Quincy basin. Into this same basin discharges Crab 

Creek, which carried the combined flow of all of the glacial rivers 

previously listed. 

As above outlined, Grand Coulee is a relatively simple affair, with two 

canyoned portions separated by a shallower part, due to local structural 

conditions, with a remarkable waterfall in midlength and with a part of 

its lower course along tilted flows; but the preglacial conditions and the 

glacial history are not as simple as in the region farther east. 

There is no evidence of a preglacial drainage line along the upper 

canyon between Coulee City and the Columbia. There are but two 

tributary gorges in the 30 miles of this canyon and these are short and 

youthful. A mature topography, untouched by glacial ice or water, les 

on the plateau to the east, with no drainage lines leading to the coulee. 

To the west the plateau was glaciated to the edge of the coulee during 

the Wisconsin epoch, but preglacial topographic features still control and 

give no suggestion of drainage toward the coulee. Moreover, the altitude 

of the basalt on the precipitous edge of the canyon is about that of the 

Columbia River-Crab Creek divide; and on both sides of the coulee, near 

the head, especially well shown on the unglaciated east side, is a scabland 

tract (see figure 3), with the mature hills gone and the basalt etched 

and roughened by a maze of anastomosing minor channels and rock- - 

basins, separated by low buttes and knobs. Elongated meadows, and even 

lakes, mark some channel courses. No channels are more than 75 feet 

deep. Glacial erratics of diorite, argillite, slate, schist, and quartzite 

occur here and there. Especially significant is the talus, which has 

climbed three-fourths to four-fifths of the total original heights of the 

channel walls and nowhere is steeper than 20 degrees. On the east side 

this summit scabland is 3 miles wide, as wide as the floor of the coulee 

itself, but 1,000 feet higher. The altitude here is about 2,500 feet 

above tide. 

In order that glacial waters should have spilled across this place, the 

ice-sheet must have blocked the Columbia, both to the west and the east, 
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else lower routes in either direction would have taken the discharge. 

That it was the Spokane ice-sheet is evident from the amount of break- 

‘ing down of cliffs since the waters ceased to flow. Searching over the 

basalt, the wide glacial stream finally selected its central portion, now 

Grand Coulee, for deeper trenching and withdraw from the margins. 

Only Steamboat Rock records any of the original anastomosis. ‘To what 

depth the Spokane waters cut in upper Grand Coulee will be discussed 

under the subject of Wisconsin glaciation. 

Hartline structural valley—The monoclinal flexure along which much 

of lower Grand Coulee is eroded swings toward the east about 2 miles 

north of Coulee City and extends beyond Almira toward Hellgate. An- 

other fold, anticlinal in character, lies nearly parallel with it, about 5 

miles to the south. The tract between is structurally and topographically 

a valley and contains a gravelly plain approximately 40 square miles in 

area. The floor of the coulee at Coulee City is only 200 feet below this 

flat, and the entire descent to the town from the flat is across gravel. 

Wells on the flat penetrate sand and gravel to comparable depths. 

The drainage of the Hartline gravel plain is largely southward 

through Deadmans Draw, a tributary of Spring Coulee, 10 miles east of 

Grand Coulee. Deadmans Draw’is but the deepest and most pronounced 

of a scabland complex of abandoned channels, basins, cascades, and falls, 

identical in character with and very similar in proportions to those on 

the plateau along the east side of the head of Grand Coulee. Talus de- 

velopment is the same. Furthermore, the patchy gravel deposits and 

stranded erratic boulders tell unequivocally of glacial waters escaping 

southward across the rim of the structural basin. 

Hast of Deadmans Draw, as far as Wilson Creek, are gently rolling hills 

with concave lower slopes and deep loessial soils, which have never been 

touched by invading glacial waters; but between the draw and Grand 

Coulee to the west, and from Coulee City south to Bacon Station, a dis- 

tance of 8 miles, is a tract which for wild ruggedness is unsurpassed any- 

where among the glacial spillways thus far described. The channels are 

canyons and the knobs are hills 100 to 300 feet high. Stream gravel 

covers the interchannel hills. The whole area was overrun by the glacial 

flood out of the Hartline structural valley. Besides this, at least three 

of the channel canyons lead owt of Grand Coulee below the falls, but at 

about the level of the floor above the falls. It is magnified scabland of 

the Palouse type. One of these channels leads to Spring Coulee, the 

others converge to Dry Coulee, a small feature debouching into the 

Quincy structural basin 5 miles east of the mouth of Grand Coulee. 

Some of these are truly distributary canyons. They mark a distrib- 
XXXIX—BULL. GEoL. Soc. Am., Vou. 34, 1922 
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utive or braided course of the Spokane glacial flood over a basalt surface 

which possessed no adequate pre-Spokane valleys. Greater erosion in the 

tilted basalt on the western margin of this tract finally drew these waters’ 

off and down into what has become the lower canyon of Grand Coulee. 

There is evidence at the lower end of Grand Coulee that a short pre- 

Spokane valley was entered a little north of Soap Lake. This lake lies 

at the mouth of the coulee, where the canyon crosses a low anticline. 

The syncline between it and the main monocline to the north is low and 

wide open as a structural valley at the east to the Quincy basin. Some 

drainage did go through here, but most of it crossed the anticline—a 

thing which would not have been possible if an antecedent drainage line 

had not existed at this place. 

The original slope on which the glacial waters flowed from the Colum- 

bia Valley to the Quincy structural basin was steplike in a general way, 

a steeper descent existing between the plateau summit to the north and 

the: Hartline basin, and another such on the northern margin of the 

Quincy basin. These steeper slopes were determined by structure, 

though they did not conform exactly to it. The monoclinal fold north 

of the Hartline basin has a maximum dip of 30 degrees. If the slope 
which the Spokane waters found was only one-third of this, that glacial 

river, in effectiveness over this stretch, must have been an enormous 

mountain torrent. The vertically and closely jointed basalt must have 

heen eroded with great rapidity, and, where favorable conditions for 

Sapping were discovered in the channels, falls developed and retreated 

much more rapidly even than Niagara. 

While the talus in the higher abandoned channels reaches up three- 

fourths to four-fifths of the total original height of the cliffs, that in 

Grand Coulee itself is only halfway up the cliffs (where the flows are 

horizontal) and has an almost invariable slope of 35 degrees. It clearly 

dates from the Wisconsin glaciation, not the Spokane. 

Quincy Valley or Basin.—The Quincy structural basin is bounded on 

the south by the Frenchman Hills anticline, but its drainage escapes 

southward around the east end of this fold. All glacial drainage routes 

of the plateau west of Medical Lake, except Moses Coulee, have been 

traced to it. Hnormous quantities of basaltic debris have been swept out 

of the hutidreds of miles of such channels and into this catch-basin. The 

fill covers 600 square miles and the maximum known thickness is about 

400 feet. The lower three-fourths of this fill is clay, silt, and sand, 

doubtless lacustrine in origin. In this have been found shells of fresh- 

water boreal mollusks.** Only the upper 100 feet, approximately, are 

1 Schwenneson and Meinzer: Ground water in Quincy Valley, Washington. U. S. 

Geol, Survey, Water Supply Paper 425 BE, 1918, p. 143. 
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river gravels. About the margin of the basin the gravel is thinner and 

rests directly on the basalt. The aggradational plain now is dissected 

by stream-cut valleys which lead southward to a group of very irregular 

channels eroded in basalt around the eastern nose of the Frenchman 

- Hills anticline and thence west to the Columbia between this fold and 

the parallel Saddle Mountains anticline. Though this drainage line is 

named Crab Creek, no surface waters from Crab Creek above the Quincy 

basin now reach it. Dunes of basaltic sand have closed the lower part 

of these converging valleys and thus formed Moses Lake. 

The group of channels around the end of Frenchman Hills anticline 

will here be termed the Drumheller channels (see figure 8). The altitude 

of the basalt floor at the head of these channels is 950 feet and the high- 

est altitude over which the water clearly flowed is about 1,200 feet. The 

group begins as three canyons of nearly equal dimensions, but for most 

of its length only two dominant canyoned channels exist, one containing 

a narrow elongated lake, the other containing Crab Creek. The depth 

of these canyons averages 200 feet. The whole area, however, is scored 

and gashed by hundreds of similar smaller channels. The two main 

gorges separate on an accordant level and unite 4 miles downstream, 

again accordantly, but 100 feet lower than their point of separation. 

South of the Frenchman Hills anticline, Crab Creek Valley turns 

abruptly west and follows the syncline between this fold and Saddle 

Mountains anticline to Columbia River at Beverly. A capacious, unin- 

terrupted old river course of low gradient exists along this syncline. It 

is repeatedly referred to in the literature as the lower part of the Grand 

Coulee route of the diverted Columbia; and certainly the stream which 

eroded the two dominant channels of the Drumheller plexus took this 

course; but at an earlier date, before the present Drumheller channels 

had been eroded, glacial waters also continued directly southward to pass 

the east end of Saddle Mountain anticline as well. Channeled scabland 

and stream gravel with granitic material cover 150 square miles of the 

region south of the end of this fold. As in the Palouse scabland, hills 

of mature topography and deep soils, developed in a weak sedimentary 

(presumably the Ellensburg formation) above the basalt, flank the scab- 

land and are isolated in it. Some of the glacial waters entered Esquatzel 

Coulee and some went by way of Koontz Coulee to the Columbia near 

Ringgold. Indeed, Esquatzel Coulee below Connell has been eroded in 

the scabland subsequent to the maximum flooding.- 

The waters around the tip of the Saddle Mountain anticlinal nose 

never cut deeper than 900 feet above tide, while the head of the syn- 

clinal course just below the Drumheller plexus is eroded in basalt to 700 
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FIGURE 8.—Part of Drumheller Channels Plexus 

Channels indicated by arrows; rock-basins in black. 
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feet above tide. Using the criterion of talus accumulation, most of the 

Drumheller channels and the existing synclinal river valley date from 

the Wisconsin glaciation, while the spillway around the east end of 

Saddle Mountain was formed during the Spokane glaciation. Chan- 

neled scabland also lies east of the youthful Drumheller channels and at 

a higher altitude. It apparently belongs to the Spokane spillways. 

It appears, therefore, that when Spokane waters escaped southward 

from the Quincy basin there was no noteworthy valley for lower Crab 

Creek and, as in the Palouse country, the flood spread out and found its 

way among the hills of weaker rock. These hills were removed in the 

Drumheller tract for a width of more than 10 miles. South of Saddle 

Mountain the width of the scoured tract is equally great. The flood 

separated into two parts after passing Frenchman Hills anticline, part 

continuing south to Esquatzel and Koontz coulees and part turning west 

in the Beverly syncline. The westward course was eroded more deeply 

than the southward, so that when, in the succeeding Wisconsin diversion, 

another flood swept through the Drumheller plexus all of it went. west- 

ward. The striking features of the present plexus, adjusted to the floor 

of the synclinal route, were then produced. 

Two other outlets for the Quincy basin existed during the Spokane 

epoch. They are at Frenchman Springs and “The Potholes,” two great 

notches in the wall of Columbia Valley on the western margin of the 

plateau. Hach is an abandoned cataract, to which short channels lead 

across the western rim of the Quincy basin. “The Potholes” is the best 

example mapped of a receding waterfall over lava flows which is known 

to the writer (figure 9). The ancient stream spilled over the Columbia 

cliffs at an altitude of about 1,200 feet above tide and descended at least 

400 feet over two great rock terraces, each with a scarp of about 200 feet. 

In the upper cliff is exposed a very conspicuous flow with exceptionally 

large, well developed, and uniform columns approaching 75 feet in 

length. The flow which holds up the edge of the lower rock terrace is 

more than 100 feet thick and is composed of uniformly small columns 

from bottom to top. 

_ The amount of recession in the waterfall is quite unequal in the two 

rock terraces. In the upper the cataract was double from its beginning, 

the two parts being nearly equal and receding side by side for nearly two 

miles. This parallel recession left a great blade of rock a mile and a half 

long, 1,000 feet wide, and 375 feet in maximum height between them. 

A huge elongated pothole was left by the recession of each member of 

the twin upper falls, deepest and widest below the falls. There are great 

gravel bars in these potholes, especially in the downstream portions. 

The one below the southern fall is 200 feet thick (figure 10). 
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The lava flow which causes the lower rock terrace is much more resist- 

-ant to plucking and sapping than is the upper terrace. This is shown 

both in the Columbia Valley and in “The Potholes.” The current which 

emerged from the Potholes themselves spread considerably over this ter- 

race and spilled over its edge in a broad sheet which later became some- 

what concentrated in four or five different places, so that minor notching 
of the edge of the terrace resulted; but none of these notches was cut 

back more than a quarter of a mile. 7 

Above and east of the upper falls is a scabland tract extending two 

miles farther east across the low rim of the structural basin and very 

much diversified by ramifying channels and their separating hills. 

Rock-basins are common, some of them being 40 feet deep. This chan- 

FIGURE 10.—One of “The Potholes” 

The gravel bar (terrace on left) is 200 feet thick and the cliff back of it is 200 feet 

high. View is taken looking toward the ancient cataract. 

neled tract was an island-studded rapids descending to the brink of “The 
Potholes” cataract. At the beginning of the cataract this channeled 
area extended to the original edge of the upper terrace. As the twin 
falls, narrower than the channel group, receded eastward, some of these 
channels were left along the edge of the gorge. 

The talus accumulations of “The Potholes” are somewhat irregular 
in height, because of unusually marked differences among the flows in 
the cliffs, but the large majority constitute three-fourths or more of the 
total height of the cliffs (see figure 7). “The Potholes” cataract was 
formed at the time of the Spokane glaciation by discharge from the 
Quincy basin. The Columbia Valley here was nearly or quite as deep 
at that time as it is today. The structural basin was agegraded to the 
level of this western rim and gravel was carried completely across from 
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Crab Creek and Grand Coulee. “As in the Hartline structural basin, the 

Spokane floods found the depression only partially filled, but left it 

brimming over with waste. 

The Frenchman Springs cataract, 8 miles an of “The Potholes,” 

functioned at the same time and developed a double fall also, but carried 

a smaller quantity of water. The northern of the two falls here outran 

the southern in its recession and at the close of the history of the cataract 

was carrying all of the discharge. 

Why did not Wisconsin waters use the Frenchman Springs and Pot- 

holes cataracts? There are two possible answers: (1) Spokane dis- 

charge through Drumheller Channels eroded this spillway more than it 

did the rapids above either of the two cataracts, and (2) post-Spokane 

but pre-Wisconsin warping depressed the Drumheller tract relative to 

the channels above the two cataracts enough to cause complete Wisconsin 

diversion to the southern route; and, of course, it is possible that some 

combination of both occurred. 

MOSES COULEE 

This coulee (not to be confused with the valley which contains Moses 
Lake) ranks second in spectacular proportions only to Grand Coulee. 

It hes a few miles west of Grand Coulee and leads southwestward directly 

to the Columbia, 10 miles above “The Potholes.” Its length of 40 miles 

is divisible into three portions, an upper and a lower canyon separated 

by a broad, shallow tract in a synclinal valley. The upper canyon is 

eroded in the gentle southward dip slope of this part of the plateau. Its 

depth averages about 200 feet. Dip of the basalt is greater than descent 

of coulee floor. The inclosing walls thus become lower until they vir- 

tually disappear and the floor of the canyon becomes the floor of the 

synclinal valley. Here the coulee turns abruptly to the west and follows 

the axis of the syncline for 6 miles. At Palisades it turns southward 

again and leaves the syncline to cross a broad uplifted area, or flat-topped 

anticline, the Badger Mountain fold. The lower canyon across this fold 

is 900 feet deep. 

The lower canyon has been extended upstream by headward erosion 

about half the length of the synclinal portion. Here it abruptly ends at 

the foot of a cliff across the coulee. Two great castellated buttresses face 

clown the coulee, with lesser walls connecting them. This notched cliff 

clearly was a waterfall, and before the deep notching it was comparable 

in height to Grand Falls at Coulee City. 

From this transcoulee cliff to the lower end of the upper canyon is a 

tract, 5 or 6 miles long and nearly as wide, where the basalt floor of the 

syncline was widely overrun by a great stream which formed a complex 
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of anastomosing channels with rock-basins and cataracts, leaving isolated 

knobs and buttes irregularly disposed in a perfect maze (see figure +). 

Bare rock or rocky talus covers the area, whereas both canyoned portions 

have no rock-floor exposed. There is a total descent of 600 feet along 

this tract. Most of the channels have noteworthy talus accumulations, 

amounting to three-fourths or four-fifths of the total depths. Only the 

lower and central channels bear talus comparable to that in Grand Coulee 

and Drumheller channels. Erratics of granite, quartzites, etcetera, he 

here and there, even on the highest of these eroded surfaces. 

In the upper canyon, north of the moraine built by the Okanogan lobe 

during the Wisconsin glaciation, talus is but halfway up the cliffs. Be- 

low the moraine some talus piles seem to be of Spokane age, some of 

Wisconsin, and there is other evidence that Wisconsin waters only par- 

tially cleaned away the preexisting cliff waste. In the lower canyon the 

talus dates back to the Spokane epoch. If there is any record of Wis- 

consin waters, it is in the gravel fill, more than 200 feet deep, 3 miles 

from the head of this canyon, and possibly in the existence of a promi- 

nent rock terrace, not more than 100 feet above the aggraded floor of 

the canyon, a few miles south of Palisades. If trenching by Wisconsin 

waters was performed anywhere in the lower canyon, it was in the 

production of this terrace. 

_ Moses Coulee, as a drainage line, antedates the Spokane glaciation. 

Tributary valleys, well developed in the basalt, are recognizable as far 

north as Mansfield, and the upper canyon itself extends 6 or 8 miles 

north of the Wisconsin terminal moraine; but the best evidence is in the 

lower coulee. The cliffs here are deeply notched by wide-open V-shaped 

tributary valleys. Many notches are two-thirds or more as deep as the 

main canyon. These notches give the cliffs a striking resemblance to a 

series of great rounded gables in alignment (figure 11). The slopes of 

these tributary gorges are graded and covered with sage and grass. Rock 

ledges in them are rare. ‘They clearly are the relics of a pre-Spokane 

- drainage line, the trunk valley of which was entered and greatly enlarged 

by the Spokane waters. Both widening and deepening in the basalt oc- 

curred and the tributaries were left hanging. They have since attained 

topographic adjustment by building large alluvial fans out on the canyon 

floor. Furthermore, Moses Coulee crosses the Badger Mountain fold, as 

already noted. Like the crossing of the Soap Lake anticline by Grand 

Coulee, this records an antecedent course determined long before the 

Spokane glaciation. | f 

Spokane waters could not have entered Moses Coulee if the parent ice- 

sheet had not pushed across or at least well up on the divide south of the 
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Columbia. Therefore, though no till or strie left by the Spokane ice are 
known on the south side of the Columbia west of Grand Coulee, the oper- 

ation of both Moses and Grand coulees proves that Cordilleran ice did 

cross the Columbia, and the Spokane features of Moses Coulee prove that 

it reached nearly as far south as it did in the later Wisconsin epoch. 

FicurE 11.—Cliffs of lower Moses Coulec 

The cliffs are 900 feet high. There are shown the pre-Spokane tributary valleys, the 

main canyon of Spokane age, and the post-Spokane talus. 

THE WISCONSIN GLACIATION 

The terminal moraine deposited by the Cordilleran ice-sheet in north- 

eastern Washington during the Wisconsin glaciation has been traced in 

part by Salisbury and student assistants.12 The ice reached the Colum- 

bia Plateau in two places. One of these was south of the capacious 

Okanogan River Valley, and the lobe which spread out on the plateau 
here reached 35 miles beyond the river and was nearly 50 miles wide. 
The other place was on the lower Spokane River and was of little conse- 
quence. The only noteworthy Wisconsin drainage derangement of the 
entire plateau was the reoccupation of Grand Coulee and lower Crab 
Creek. Through this route was poured the water from the Cordilleran 
ice-sheet along the entire front from the Rocky Mountains to the 
Okanogan lobe. Though the Spokane ice yielded much greater volumes 
of water, all told, than did the Wisconsin, it was carried by many valleys, 
no one of which ever contained the quantity which went through Grand 
Coulee during the later diversion. That flood was greater than the deep- 

2 R. D. Salisbury : Glacial work in the western mountains in 1901. Jour. Geol., vol. 
DSO pps taba 

George Garrey: Glaciation between the Rockies and the Cascades, Master's thesis, 
in library of Department of Geology, University of Chicago. 
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ened main channel of the Grand Coulee system could contain and all 

but one of the distributary canyons again were in operation. The level 

of the Hartline gravel plain was not reached, however, and Deadmans 

Draw remained untouched. The evidences for this conclusion are the 

character of the talus in Deadmans Draw, already outlined, and the 

gravel deposits in and at the mouth of Dry Coulee. These latter deserve 

a brief description. 

The gravel terraces of Crab Creek Valley above the junction of Dry 

Coulee, at Adrian, are fragmentary remnants in protected places and in 

general do not have sharp terrace forms. Most of the valley floor is at 

the floodplain level; but 3 or 4 miles east of Adrian the floodplain is 

~ narrowed almost to obliteration by a great gravel fill whose surface is 

about 100 feet above the valley bottom. The creek here flows in a narrow 

inner valley, close to the southern wall of the rock-cut main valley. The 

surface of the gravel fill rises northward across the width of the main 

valley and continues up Dry Coulee, which in its lower part is likewise 

nearly filled. Though there is little difference in amount of weathering 

between this gravel deposit and the Spokane gravel in Crab Creek Valley 

east of Dry Coulee, it clearly is much younger in terms of erosion. Its 

dissection has just begun. It is traceable back up Dry Coulee to the 

three distributary canyons which lead southward out of the upper walls 

of Grand Coulee. In all probability it is a deposit made by the Wis- 

consin floods before the lower canyon of Grand Coulee was deepened 

sufficiently to take care of the entire discharge. 

Lower Grand Coulee therefore appears not to have been much deeper 

at the beginning of the Wisconsin discharge than the floor of these dis- 

tributary canyons. Grand Falls probably was formed during this epoch, 

taking origin at the head of Blue Lake, where the coulee begins its course 

in the tilted flows of the monoclinal flexure. This cataract has receded 

about 3 miles to that portion known as Dry Falls, west of Coulee City, 
and about 5 miles to the less pronounced falls at the head of Deep Lake, 

about a mile south of Coulee City. They could not have existed farther 

down the coulee, for there it is eroded on the strike of flows whose dip, 

on the average, is 45 degrees.?* 

Previous descriptions of the relation of the Okanogan lobe to Grand 
Coulee state that the ice-sheet deployed eastward only to the edge of the 
upper canyon; but the granite knobs in Grand Coulee above Steamboat 
tock are strongly glaciated down at least to the level of the present 

OQ. KE. Meinzer, in ““The glacial history of Columbia River in the Big Bend region” 
(Jour. Wash. Acad. Sciences, vol. 8, 1918, pp. 411-412), argues that the falls have 
receded for 17 miles, virtually the full length of the lower coulee. 
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ageraded floor. The northwest sides of these hills are notably smoothed 

and rounded and some bear striz. ‘The orientation varies, as would be 

expected on rugged rock hills overridden by ice, but is not far from 

northwest-southeast. The southeast sides are steep and jagged. The 

sheeted structure of the granite apparently has lent itself to plucking by 

the ice. Furthermore, the summits of the basalt bluffs on the western 

side of the coulee also are striated in approximately the same directions, 

and striz and abundant large granite erratics are reported on the top of 

Steamboat Rock (figure 12). 

The glaciation of these granite hills and the basalt hill south of them 

occurred at the maximum deployment of the Wisconsin ice on the pla- 

teau. It can not be a record of the Spokane glaciation, for these granite 

Steamboat Rock FIGURE 12. 

Steamboat Rock is in the middle of the Grand Coulee and near the head. The talus is 

of post-Wisconsin age. 

hills then were buried hundreds of feet beneath basalt and have been 

exhumed by the erosion of both Spokane and Wisconsin glacial drainage. 

If it be argued that this exhumation occurred during the early stages of 

the Spokane glaciation, the ice later advancing into the head of Grand 

Coulee, the answer is that these exposed glaciated surfaces would have 

been obliterated during the interglacial interval. 

What became of the Wisconsin drainage when the Okanogan lobe 

crowded down into the head of Grand Coulee? Since the Spokane spill- 

ways to Palouse River are lower than all others on the plateau except 

Grand Coulee, and since there was an eastward route open to them in 

front of the Wisconsin ice, it might be expected that for a short time 

glacial drainage would be diverted to the Palouse. But reexamination 

of these spillways has found no signs of such occupation. Furthermore. 
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the granite hills in the coulee close to the eastern wall do not show glacial 

smoothing, though all others do. This is interpreted to mean that the 

escaping waters kept a passage open along the eastern edge of the ice, 

which thus failed to close the coulee completely. All the water at this 

time flowed on the east side of Steamboat Rock, and perhaps the eastern 

wall of the canyon here was eroded back to expose the unglaciated granite 

hills and to make the greater width which the canyon possesses between 

Steamboat Rock and the Columbia.** ) 

A widespread submergence of the lower Columbia Valley is known to 

have occurred during the Wisconsin glaciation.** It is recorded by berg- 

floated erratic boulders, some of great size, scattered widely in the Co- 

lumbia Valley below the present altitude of about 1,250 feet above tide. 

The submergence was due to a lowering of the entire region relative to 

sealevel. The ponded waters rose sufficiently high to spread over consid- 

erable areas of the plateau, and glaciated boulders now are found where 

glacial ice or glacial streams could not possibly have transported them. 

Most of these boulders, and all of the large ones, are of granite. They 

are strikingly abundant in some parts of the Quincy basin, a distribution 

which points to Grand Coulee as the route by which they reached the 

basin. After one has seen the dozens of granite knobs in upper Grand 

Coulee, heavily glaciated on the northwest and apparently much plucked 

on the southeast, the conviction grows that most of these large granite 

fragments were quarried in the head of the coulee when the Okanogan 

lobe was at its maximum deployment. The ground moraine of the 

Okanogan lobe has but a small percentage of granite boulders compared 

with basalt boulders, and a still smaller percentage of large granites com- 

pared with large basalts. It appears, therefore, that some special condi- 

tion, such as that outlined above, must have existed to reverse the ratio 

among the berg-fioated boulders. 

The upper limit of these erratics earlier reported was 1,283 feet above 

tide, and in the eastern part of the Quincy basin none have since been 

found above that altitude; but on Babcock Ridge, near Trinidad, boulders 

of gneiss, granite, quartzite, schist, slate, and argillite have recently been 

found as high as 1,350 feet above tide.. On the hills northeast of Trin- 

idad a “nest” of twelve granite fragments from an inch to 16 inches in 

ciameter and one quartzite pebble have’ been found—all within a radius 

of 15 feet and at an altitude of 1,400 feet above tide. These seem clearly 

14K. Oestreich (‘‘Die Grande Coulée,”’ Transcontinental Excursion of 1912, American 

Geographic Society, 1915, pp. 259-274) has suggested, and J. T. Pardee (‘‘Glaciation in 

the Cordilleran region.’’ Science, vol. 56, December 15, 1922, pp. 686-687) has asserted, 

that an ice-stream traversed Grand Coulee. 

J. H. Bretz: The late Pleistocene submergence in the Columbia Valley of Oregon 

and Washington. Jour. Geol., vol. 27, 1919, pp. 489-506. 
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to have been carried here in floating ice. Hither the upper limit of the 

submergence was greater over the plateau than has been thought or there 

has been post-Wisconsin upwarping in the vicinity of Trinidad. The 

latter seems the more probable. 

Pardee has described a deposit of silt with sand and gravel, the Nes- 

pelem formation,’® in the Columbia Valley above Grand Coulee. This 

he believes to be of Wisconsin age and to have been caused by a lowering 

of the region such that the upper surface of the deposit (1,700 feet above 

tide) records the sealevel of that time. What is taken to be a part of 

this formation lies on the floor of Grand Coulee about Steamboat Rock 

and the granite hills. Its upper surface here is about 1,650 feet above 

tide and it is seasonally banded. From its position, it obviously was 

deposited after the margin of the Okanogan lobe and the diverted glacial 

Columbia had abandoned Grand Coulee. It therefore was deposited after 

the berg-borne debris had been carried through the coulee. None of this 

silt has been recognized in the Quincy Valley or in the Columbia Valley 

below the Okanogan lobe. It may be a record of the submergence, as 

are the berg-carried erratics. It also may be related to the ponding of 

the Columbia by the Okanogan lobe, or by the large Wisconsin Valley 

train from the Okanogan Valley, which Pardee describes and which was 

formed during the retreat of the Cordilleran ice-sheet. | 

Most of the fill of the Quincy structural basin, as shown by well 

records, is clay and silt. The Pleistocene boreal mollusks reported from 

the upper part of the clay** suggest that it was deposited while a glacial 

climate prevailed, but probably not when the glacial waters were being 

discharged across the northern rim of the plateau, for the gravels over- 

lying the clays were then carried into the basin. 

There appears to be one great summit plane of the gravels, now dis- 

sected into four parts. The altitude of the northern part of each terrace 

is about 1,250 feet above tide. The surface (restored) slopes toward the 

Frenchman Springs and Potholes cataracts on the western margin of the 

basin and toward the Drumheller plexus on the southern margin. A 

continuous grade exists westward into the bottoms of the eroded channels 

at the head of the cataracts, but to the south the gravel terrace is 150 

feet above the floor of Crab Creek Valley immediately adjacent and as 

high as the basalt buttes among the channel heads. 
This gravel fill probably dates back to the Spokane epoch, though some 

of it may have been aggraded during the early part of the Wisconsin 

wy. T. Pardee: Geology and mineral deposits of the Colville Indian reservation, 

Washington. U.S. Geol. Survey, Bull. 677, 1918, pp. 28-29 and 47-50. 

17 Schwenneson and Meinzer: Ground water in Quincy Valley, Washington. U. S. 

Geol. Survey, Water Supply Paper 425 E, 1918, pp. 143-144. 
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diversion, as that at Adrian, where Crab Creek was completely blocked by 

Wisconsin gravel. ‘The basin fill is not dissected, however, as are Spokane 

gravel terraces in the upper Crab Creek drainage. This may be because 

it does not lie in a narrow valley and because it is very porous, absorbing 

all rainfall and allowing no surface streams to form. The dissection 

takes the form of three large meridional channels converging to the 

Drumheller plexus. Two of these lead from the mouth of Grand Coulee; 

the third and,easternmost leads from upper Crab Creek near the mouth 

of Dry Coulee. It seems probable that, though some interglacial trench- 

ing by Crab Creek occurred, these channels were eroded largely by the 

diverted Columbia during the Wisconsin epoch, the erosion being ren- 

dered possible because of the contemporaneous deepening of the two main 

Drumheller channels. The western channel is broad but much shallower 

than the other two. Its proportions indicate that it is the channel of a 

large stream, not the valley of a small one, and its shallowness indicates 

that it was abandoned early in the Wisconsin dissection of the fill. 

The mouth of Grand Coulee is an undrained depression containing 

Soap Lake. It is dammed by the gravel deposits in Quincy Valley. All 

drainage of the lower canyon of Grand Coulee comes to it, upper Crab 

Creek flows to it (when it flows at all), and the neighboring gravel plain, 

through an are of 180 degrees, from east through south to west, slopes 

back toward it. The slope in this arc is gentle and clearly constructional. 

Whether this back slope is wholly of Wisconsin age or dates in part from 

the Spokane epoch, it seems clear that it is a graded subfluvial slope, 

adjusted to the traction load and the velocity of a current emerging 

from Grand Coulee. The velocity here was greatest within the rock walls 

of Soap Lake and decreased rapidly as the waters spread out in the 

Quincy basin. The depth of that glacial stream can not be measured, 

however, by the difference in altitude of lake floor and gravel rim. Dur- 

ing the later stages of Wisconsin discharge, as the Drumheller channels 

were gashed more deeply and the three channels eroded across Quincy 

basin fill, notches appeared in the rim of the gravel barrier and the con- 

stricted portion containing Soap Lake probably was then deepened. 

In all gravels in glacial spillways across the Columbia plateau, basalt 

is by far the most important constituent. Only a small fraction of 1 

per cent is of other material. It therefore is not to be considered as 

glacial outwash in the ordinary sense, for it has not come from the 

~ Cordilleran glacial drift. It represents basalt eroded by the high-gra- 

dient glacial streams in producing scablands and canyoned coulees. 

Thus a brief episode in the latter half of the Pleistocene (the maxi- 

mum of the Spokane glaciation) introduced conditions under which the 
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scablands, much more than a thousand square miles of the plateau, and 

more than a tenth of the total area of the plateau (as the term is used 

in this paper) have been denuded of overlying sedimentary deposits by 

running water. But, despite the enormous amount of erosion by escaping 

glacial waters in both Spokane and Wisconsin epochs, no permanent 

derangement of drainage lines, save that of the Palouse from Hooper to 

Snake River, resulted. The Palouse formerly flowed to Esquatzel Coulee 

by way of Washtucna Coulee. Its course to Snake River was shortened 

50 miles by this diversion, probably during the Spokane epoch. 

The Wisconsin history of Drumheller channels and Moses Coulee has 

been outlined in the description of these features under “Spokane Glacia- 

tion.” It remains to note that the small amount of erosion in the syn- 

clinal plexus of Moses Coulee and the small valley train built by drainage 

from the tip of the Okanogan lobe suggest that this lobe may have evap- 

orated in considerable part. This suggestion of large evaporation may 

also explain the relatively small amount of Wisconsin water which came 

from the Cordilleran ice east of the Okanogan lobe. 

DIscUSSION 

Dr. ML. M. Lerguron: The speaker is to be congratulated on the char- 

acter of the work he has done in eastern Washington. A few years ago 

I had the opportunity to see some of the features which he describes, and 

the case for at least two glaciations is perfectly clear and, as he suggests, 

there may have been three. In support of this, I may say that in a gravel 

pit in the southwestern part of Spokane I found balls of apparently old 

glacial till in what seemed to be gravel of Spokane age. 

Mr. Oscar E. Mernzer: I was especially interested in this excellent 

paper, because of my own brief field work a few years ago in this region. 

The glacial features of the region are on a grand scale and very striking. 

I understand that in the Spokane Stage the lake in Quincy Valley dis- 

charged directly into the gorge of the Columbia and also through the 

outlet east of Frenchman Hills, and that the latter was over lava rock. 

How is the deep trenching of the plain in Quincy Valley during the 

Wisconsin Stage accounted for ? 

Author’s reply to Mr. Meinzer: Only the upper or gravelly part of 

the Quincy Valley fill is surely of Spokane age. Wisconsin waters added 

but little to this deposit. They eroded it instead, because of downcutting 

in the basalt at the Drumheller Channels at this time. All the remark- 

able features of that tract are in basalt and were produced largely by 

Wisconsin waters. 

Brief remarks were also made by Mr. Leverett, with reply by the author. 
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INTRODUCTION 

Concretions do not lend themselves to the exact methods of descrip- 

tion used by the mineralogist. Paleontologists are likely to mention 

them only casually in connection with the fossils which they often inclose. 

Other geologists are apt to let them severely alone save for the briefest 

possible mention. Concretions may therefore be said to belong to a sort 

of “no-man’s-land” in geology. Notwithstanding excellent descriptions 

of particular kinds of concretions which have appeared, we are still with- 

out criteria which will enable geologists to agree as to whether certain 

forms are of organic or inorganic origin. Cases have been recorded 

1 Manuscript received by the Secretary of the Society February 20, 1923. 

Published with the permission of ‘the Director, Geological Survey of Canada. 

XL—BuLu. Grou. Soc. AM., Vou. 34, 1922 (609) 
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where structures of undoubted concretionary origin have been considered 

fossils by some geologists.* A number of forms which have been de- 

scribed as fossils are considered by some competent students of concre- 

tions to be partially or entirely due to morganic agencies. As long as 

diversity of opinion exists as to whether a large class of structures* are 

fossils or concretions, excursions into this imperfectly understood field 

by paleontologists require no apology. 

Certain forms figured in this paper might be considered either conere- 

tions or fossils, or neither, according to the predilection of the mdividual 

observer. This border land in which nomenclature should be apphed m 

no dogmatic fashion may be studied probably to better advantage in the 

Pleistocene than in older rocks because of the recent date of development 

of the structures. Chiefly for this reason the writer has chosen to discuss 

some of the Pleistocene concretions in his collections instead of those 

from older rocks. 

Some of the curious forms found im the Champlain clays of New Eng- 

land began to arouse curiosity at a very early date. John Winthrop,* 

the colonial Governor of Connecticut, sent a collection of small spherical 

concretions exposed by a landslide to the Royal Society in 1670 which | 

he described as “round bullets of clay” from the “inward bowels of ye 

hill.” . . . “but how they should be within ye hill is strange to con- 

sider.” Since the days of John Winthrop many geologists have given 

thought to the question which perplexed the old colonial Governor. 

Various references to the concretions of the Connecticut River Valley 

appear in the papers of Hitchcock and other New England geologists. 

They have been more elaborately described than any other American 

concretions in a beautifully illustrated memoir.* 

The concretions to be described m the following pages represent col- 

lections from the Pleistocene clays of Labrador, where Pleistocene fossil- 

bearing concretions have not been previously found: from the Slave 

River, the Ottawa Valley, and Endako, British Columbia. These were 

collected by the writer with the exception of the specimens from British 

Columbia, which were obtained by Mr. C. J. Kettyle and Dr. George 

Hanson. 

7W. T. Bell: The remarkable concretions of Ottawa County, Kansas. Am. Jour. 

Sei. vol. xi. 1901. pp. 315-316. : ; 

*a. O. Holtedahl: On the occurrence of structures like Walcott’s Algonkian alge in 

the Permian of England. Am. Jour. Sci.. vol. 1, February, 1921. p. 196. 

b. G. Abbott: Notes on concretions. Proc. Geol. Assoc... vol. xxvii. 1916, pp. 192-197. 

«. C. D. Walcott: Smithsonian Misc. Coli... 64. no. 2. 1914. 

*Jobn Winthrop: Mass. Hist. Colls. (5). vol. viii, pt. 4. p. 138. Winthrop Papers. 

* Mrs. J. M. Arms Sheldon: Concretions from the Champlain clays of the Connecticut 

Valley. Cambridge. 1900. 
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Wherever careful attention has been given to concretionary inclusions 

in sedimentary rocks, the limited stratigraphic range of particular types 

has been evident. This feature and the relation of form to kind of sedi- 

ment are the main facts to which attention will be given in the following 

observations on these specimens. Direct response to the physical features 

of the beds in which concretions occur is shown in their shape and size. 

Concretions frequently reflect in their peculiarities certain contrasts in 

the composition and texture of successive beds of a terrane. They may 

therefore often serve as an index to differences which on casual observa- 

tion are not always obvious. This characteristic response of concretions 

to the character of the matrix appears to be illustrated in the Demonelix 

beds which led Barbour, by the increasing diversity of forms between the 

bottom and top of his section ranging from the Demonelix cakes to 

“devil's corkscrews.” to suggest that they represented “possible steps in 

the phylogenetic history of a new fossil.” ° Illustrations of this response 

to physical features of the sediments will be pointed out in some of the 

observations which follow. 

NOMENCLATURE OF CONCRETIONS * 

No elaborate or exhaustive discussion of the nomenclature of concre- 

‘tions can be attempted here, but some reference to the subject seems 

essential to a clear understanding of the detailed descriptions which 

follow. 

Concretions consist of aggregates of rock-forming materials differing 

im structure or composition from the inclosing rock and frequently 

amorphous or colloidal in character. Organic agencies may or may not 

play a part in their formation. In place of the ordered arrangement of 

molecules present in a crystal, each surrounded by others of the same 

kind, the concretion generally shows amorphous structure frequently 

associated with varving chemical composition in different parts. 

Certai classes of concretions with well defined and uniform types of 

symmetry, like oolites and cone-in-cone, have received widely accepted 

distinctive names and are not generally referred to under the name of 

concretions, although they belong in this general category. 

Holtedahl* has proposed that we use for structures which appear to be 

*E. H. Barbour: Nature, structure, and phylogeny of Demonelix. Bull. Geol Soc. 

Am., yol. 8, 1897. p. 306. 

*The author is indebted to Dr. George Abbott for the loan of several papers used in 

the preparation of this section and in the bibliography at the end of the paper. 

5 O. Holtedahl: Am. Jour. Sci.. vol. 47. 1919. p. 95. and vol. 1. February. 1921. p. 195. 



612 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

genetically related to oolites Kalkowsky’s? name Stromatolites, “a term 
that includes those laminated concentrically built structures occurring 

in limestone and dolomites.” | | 

A number of terms have come into local use for structures which are 

generally recognized as concretions. Among these are the eyestones or 

morpholites of Egypt,*° the ballstones of the English Silurian rocks,” 

and the iron pipes of the Folkestone sands.!? 

The beekitest® consist generally of “chalcedonic rings circling hme 

nodules or shells.” The Irish term paramoudra*™* refers to remarkably 

large flint cylinders. 

Calcareous concretionary structures afford no more remarkable forms 

than the concentrically zoned concretions of the Fulwell Hill quarries in 

England, some of which bear a striking resemblance to Newlandi1 major 

and other Precambrian fossils as Abbott?® and Holtedahl have pointed 

out. 

The Champlain clay concretions of New England have generally been 

known to Hitchcock and later geologists as claystones.*® 

Concretions found in the Norwegian Pleistocene clays are known’ to 

Scandinavian geologists as marlekor, or fairy stones, and ndkkebrod. 

T. Kjerulf*’ has published good figures of these. 

Certain of these marlekor, or imatra stones,1® as they have also been 

called, are considered true concretions by some geologists and clay pebbles 

by others. They have been described by Sars and Erdmann’® from the 

glacial clays of Sweden. 

Quirke*® has described, under the name marlekor or imatra stones, 

clay inclusions from the Pleistocene of Canada which he does not con- 

®° Kalkowsky: Oolith and Stromatolith in Nordlichen Bundsandstein, Zs. dd. geol. 

Gesellsch., 1908, p. 60. f 

10Mary S. Johnston: Geology and physiography in Egypt. Geographical Teacher, 

no. 49; volwax, pt. 3, Long, -p. 142: 

11 Mary S. Johnston: Proc. Geol. Assoc., vol. xxv, 1914, p. 1983. 

_ © George Abbott: Tubular structures in rocks which are probably due to osmetic 

action. Trans. S. E. Union of Sci. Socs. (Eng.), 1916, p. 20. 

13'T. M. McKenny Hughes: On the manner of occurrence of beekite and its bearing 

upon siliceous beds of Paleozoic age. Mining Mag., vol. 8, no. 40, 1889, pp. 265-271. 

14 J. W. Judd: Students’ Elements of Geology (C. Lyell), illustrations, p. 256, 1896. 

George Abbott: Concretions. S. E. Natl. (Eng.) for 1907, p. 71, pl. 12, fig. 11. 

*% George Abbott: Notes on concretions. Proc. Geol. Assoc., vol. 27, 1916, pp. 192-197. 

1% J. M. Arms: Clay concretions of the Connecticut River. Can. Rec. Sci., vol. 4, 

LSOtS pias. 

“'T. Kjerulf: Udsigt over det sydlige Norger Geologi, Christiania, 1879, pp. 4-9, pls. 

8G. F. Parrott: Mem. de l’'Acad. Imp. des. Sciences de St. Petersbourg, 1849, and 

“Recherches physiques sur les pierres d’Imatra,” 1840. 

* A. Erdmann: Expose des formations quaternaires de la Suede, Stockholm. 1S68, pp. 
84-87. 

2 T. T. Quirke: Can. Geol. Surv., Mem. no. 102, 1917, p. 56, pl. 85. 
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sider true concretions. Liesegang, Richters, and Wilson regard similar 

forms as representing true concretions.** 

Todd?? divided concretions into four classes based on their method of 

growth. These are accretions, intercrelions, excretions, and incretions. 

The first grow from the center outward in a regular manner. The incre- 

tions are the forms commonly known as septaria, which result from 

irregular and interstitial growth, causing internal fissures. In excre- 

tions, according to Todd, growth proceeds from the exterior inward. 

Incretions are those cylindrical forms with a hollow core. 

Dr. George Abbott? has published in tabular form a classification of 

concretions showing the form and composition of the varieties recognized. 

J. I. Northrop,** a zoologist, introduced the term rhizomorphs, which 

was preoccupied by the botanists for the same class of structures called 

incretions by Todd. The substitute proposed for these terms by the 

writer will be indicated elsewhere in this paper. 

William Hill’? has, on the basis of structure and. texture, recognized 

seven types of siliceous concretions, which are included under the names 

flint, chert (four types), opalite, and hornstone. | 

Professor Grabau has recognized two types of concretions, distin- 

guished from the point of view of origin and relationship to the inclosing 

beds: “(1) Those forming as contemporaneous accumulations, after- 

wards buried by clastic or other strata; and (2) those forming within the 

strata after their deposition.” Chemically formed oolites and pisolites 

Grabau includes under contemporaneous concretions.”° 

W. A. Tarr?* in a recent paper has classified concretions as to origin 

in essentially the same way as Grabau, using for the two classes recog- 

nized the terms syngenetic and epigenetic. Concretions of the first- 

named class were formed at the same. time as the inclosing beds, while 

epigenetic concretions were developed subsequent to the adjacent beds. 

Richardson,”* considering concretions from the standpoint of the rela- 

2tq. R. F. Liesegang: Geologische diffusionen, Dresden and Leipzig,.1913, p. 159. 

b. F. Richters: Ueber Marlekor, Prometheus, 23, 1912, p. 697. 

ce. M. E. Wilson: Geol. Sury. Can., Mem. 39, 1913, p. 105, pl. xxvii. 

22 J. E. -Todd: Concretions and their geological effects. Bull, Geol. Soc. Am., vol, 14, 

pp. 353-360. 

23 George Abbott: Concretions. S. E. Natl. (Eng.) for 1907, pp. 66-81, pls. 13-18. 

24 J, I. Northrop: A Naturalist in the Bahamas, 1910, p. 40. 

2° William Hill: Flint and chert. Proc. Geol. Assoc., vol. 22, 1911, pp. 61-94 (93-94). 

76 A. W. Grabau: Principles of stratigraphy, 1913, p. 718. 

27 W. A. Tarr: Syngenetic origin of concretions in shale. Bull. Geol. Soc. Am., vol. 

572) SPA Pe eerie 

* W. Alfred Richardson: The relative age of concretions. Geol. Mag., vol. lviii, 1921, 

pp. 114-124. 
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tive age of the inclosing rock, divides them into three classes—contem- 

poraneous, penecontemporaneous, and subsequent. 

The concretions described in this paper all belong to the class called 

“epigenetic” by Tarr—the “subsequent” concretions of Richardson. 

LABRADOR CONCRETIONS 

The Labrador Pleistocene beds exposed in the Lake Melville district, 

in the eastern part of the Labrador peninsula, may be divided into three 

horizons. The base of the series consists of laminated fine-textured 

marine clays containing at many points an abundant marine fauna. 

These are followed by beds of similar appearance, but with more perfect 

and conspicuous lamination, which are nearly, if not quite, barren of 

fossils. The uppermost beds of this series are Pleistocene sands. 

Small concretions occur sparingly in the beautifully laminated clays 

which represent the upper portion of the Pleistocene clay beds. These 

concretions were noted at a single locality only on the Red River about 

25 miles northeast of Grand Lake. Here they are of a pale chocolate 

color and show no considerable variety of form. These concretions are 

without the organic nuclei so commonly found in the concretions of the 

lower clays of the Lake Melville basin. Their chocolate-brown color also 

distinguishes them from the concretions in the older clays. 

Concretions were found at a number of localities in the lower clays. 

Their general appearance is indicated by the illustrations, plates 5 and 6. 

The principal localities from which concretions were collected in the 

Lake Melville district are the clays at the lower end of the Muskrat 

portage, on the Hamilton River; a poimt on the south bank of the Hamil- 

ton about 7 miles below the Muskrat Falls; the banks of the Kenemich 

River; and the exposure of the clays west of Long Point, on the south 

shore of Lake Melville. Slightly different horizons are probably repre- 

sented in these different localities. These localities afford a large variety 

of forms, some of -which are shown in the illustrations on plate 5. The 

concretions from the Muskrat Rapids locality are mostly of a subspherical 

symmetrical type (plate 6, figure 3). At another locality 7 miles below 

Muskrat Rapids the concretions are all of an elongated type, some of 

them roughly resembling shghtly flattened cylinders, others of rib-like 
shape with rounded ends; these and many other peculiar elongate shapes 
are found here (plate 5, figures 5-8). 

Sharp contrasts between the composition of the outer shell and the 

interior portion is one of the characteristics worthy of note in the Lab- 

rador concretions from certain localities. The elongate forms found on 
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the south bank of the Hamilton River are composed chiefly of argilla- 

ceous calcium carbonate. A thin shell of limonite surrounds this interior 

portion of the concretion. Many of these concretions consist of hard, 

well-indurated material encased in a thin shell, sometimes a sixteenth of 

an inch or more in thickness, consisting of a very soft material easily 

indented by a knife point or the thumb nail. Some of the Kenemich 

River localities also furnish types of concretions not seen elsewhere. At 

one of these all of the concretions consist of sand cemented by iron which 

has accumulated along the sides of small roots. The roots are sometimes 

visible in the sections of these pipelike concretions of sand and iron, and 

when broken into sections the central opening left by the root gives them 

the appearance of large disk-shaped beads. 

The Lake Melville concretions show every possible relationship to the 

fossil Pleistocene shells from that with the shell occupying the position 

of a typical centrally placed nucleus, as in figures 1 and 2, plate 6, to 

examples in which the shell is entirely on the surface of the concretion, 

as in figure 3, plate 6. Other specimens show opposite ends of shells 

like Mytilus extending out on either side of an irregular-shaped concre- 

tion which has completely enveloped the middle portion of the shell 

(plate 6, figure +). Many examples occur in which the concretion is 

attached to a small portion of a granite pebble (plate 5, figures 2 and 3), 

while others have numerous pieces of fine gravel projecting from their 

sides. The numerous rings which mark the surface of many of the sub- 

spherical concretions at right angles to the shorter axis represent the 

lamination of the beds in which they oceur. Such concretions when 

ground show the lamination planes continuing through the concretion 

in hne with the encircling rings on the surface (plate 6, figures 7 and 9). 

The specimen when ground will often split along the lamination plane, 

thus showing the weakness and imperfect cohesion characterizing these 

lines. Some of the marine clay on the shore of Lake Melville is without 

any trace of lamination. The section 6 miles west of Long Point exposes 

+ feet of clay without lamination in which subspherical concretions occur. 

The fine lamination of some of these clays, however, is indicated by the 

fine elevated lines on such specimens as figures 7 and 9, plate 6. 

A noteworthy feature of the Labrador concretions is the large per- 

centage of specimens with an organic nucleus. Concretions with a visible 

nucleus of any kind are said to be rare in the Pleistocene clays of the 

Connecticut Valley. Professor Hitchcock states that “In no case in 

Massachusetts have I seen an organic relic as a nucleus.” 7° In speaking 

* Edward Hitchcock : Final report on the geology of Massachusetts, 1841, pp. 406-418. 
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of the same concretions Prof. B. K. Emerson remarks that the “initiating 
cause entirely eludes our observation.” *° 

The Labrador specimens figured show different species of Pleistocene 

fossils filling the réle of nucleus in various stages of envelopment by the 

concretions. 

A remarkable egg-shaped concretion from Alberta, of supposed late 

Cretaceous age, is shown in plate 6, figures 10 and 11, in order to illus- 

trate another kind of nucleus. This specimen, which in shape recalls the 

fossil Struthwolithus figured by Eastman,*? was sent to the Canadian 
Geological Survey by Mr. C. J. Reach, of Macleod, Alberta, who supposed 

it to be a fossil egg and reported that it was one of a dozen or more found 

together. Doctor Wieland, who, at the writer’s request, kindly cut the 

specimen through the longitudinal and transverse axes, found a silicified 

piece of wood forming the nucleus of this egg-shaped concretion.*? 

While shells in many cases, pebbles in some, and roots in others furnish 

the initial starting point or nucleus of numerous concretions, many of 

the Labrador specimens show no visible nucleus. Where no visible 

nucleus is present, what has been the initial stimulant or determinant in 

the formation of concretions? The segregation of mineral matter at a 

particular point, however small the amount, might, in the writer's opin- 

ion, be expected to serve as the determining factor for the development 

of a concretion when other favorable conditions were present. The work 

of Mendel and Bradley** and of Herdman and Boyce** has demonstrated 

the metal-storing activities of marine mollusks with reference to copper 

and zinc. They found in some cases as much as 15 per cent of zine in 

the ash of the liver of a marine gastropod. Barfurth,** in his paper on 

the molluscan liver, pointed out the large calaum and magnesium con- 

tent of the livers of various gastropods, which varied with the season. 

Any soft-bodied marine invertebrate possessing the ability to store in 

% Benj. K. Emerson: Mon. U. S. Geol. Surv., 29, 1898, pp. 711-720. 

2 C, R. Eastman: On remains of Struthiolithus chersonensis from northern China. 

Bull. Mus. Compar. Zool., Harvard Coll., vol. xxxii, no. 7, August, 1898. 

© Dr. Wieland’s view regarding the nature of this very unusual concretion is given in 

the following extract from a letter to the writer: “I think those Alberta ‘duck eggs’ 

may be some uncommonly large development of the ‘Feistmantelia’ concretion phe- 

nomenon. I have long been noticing lesser forms from small and nearly oolitic to larger 

and flattened pisolite size in more or less imperfectly silicified trunks. It is to my mind 

a complex concretionary effect of a very varied expression. But lately Berry has given 

some figures and a most elaborate account of several of these ‘Feistmantelia’ groups of 

considerable size—nearly an inch long” (Flora of the Cheyenne sandstone of Kansas. 

UC. S. Geol. Surv. Prof. Paper 129, 1, cf. pl. xlvii, 4, 5, 1922). 

=. B. Mendel and H. C. Bradley: Experimental studies on the physiology of the 

mollusks. Am. Jour. Phys., vol. 14, 1905, pp. 314-315. 

* Herdman and Boyce: Report of the Thompson-Yates laboratories, Liverpool, ii, 1899. 

% Barfurth: Archiy fiir mikroskopische Anatomie, vol. xxii; 1882, p. 473. 
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its liver a notable quantity of mineral matter would, if buried in sedi- 

ments, leave no visible trace, but its included mineral matter might 

furnish a small invisible nucleus for the accumulation of other mineral 

matter and thus become the nucleus of a concretion. It seems probable 

that concretions in the Labrador clays and other clays discussed in this 

paper without any evident nucleus may have started from an inorganic 

nucleus accumulated in the tissues of a shell-less mollusk which left no 

recognizable trace in the sediments. This hypothesis must for the present 

rest on the fact that a great many concretions have formed about definite 

visible nuclei, which suggests that those without visible nuclei have not 

begun their growth without some initial determinant. This could have 

been supplied by the mineral matter left in the sediments by the decay 

of soft-bodied mollusks. 

Stave River CoNCRETIONS 

Concretions have been observed by the writer at only one point in the 

Quaternary deposits of the Northwest Territories. 

Pleistocene clay overlaid by a deposit of sand about 100 feet thick out- 

crops near Fort Smith, just below the foot of the rapids. The clay at 

this point contains numerous concretions which show some variety of 

forms. The dominant form, however, is a compound discoid type com- 

prising a series of regularly graded disks, which give the sides of the 

concretion a terraced or stair-step aspect. The concretions are not 

sharply truncated above or below, but have the top and basal sides round- 

ing off gently into dome-shaped surfaces. No organic remains have been 

found in the clay which furnishes the Slave River concretions, and the 

concretions are, so far as known, without any visible nuclei. This ter- 

raced concretion represents a type cf form which has not been observed 

among the Pleistocene concretions from eastern Canada. The clay out- 

crop from which they are derived is not sufficiently well exposed to show 

the lamine which are assumed to be present and to account for the 

terrace-like divisions seen on the concretions. 

The clays furnishing these concretions have been observed only at the 

Fort Smith locality. The sands which follow above them are apparently 

without the concretions which characterize similar sands in the Ottawa 

Valley. 

BritTisH CoLUMBIA CONCRETIONS 

The compound discoid type of concretions is represented by remark- 

ably perfect and beautiful specimens from Quaternary clays at Endako, 
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British Columbia, which were brought to the writer’s notice by Mr. C. J. 

Kettvle. Mr. Kettyle, who generously collected and presented a collection 

to the Canadian Geological Survey, later obtained and sent the Survey, 

at the writer’s suggestion, samples of the inclosing marl-like clay*® in 

which these concretions formed. Four specimens of these concretions are 

figured on plate 7, figures 3 to 6. Specimen of the inclosing clay sent 

by Mr. Kettyle show fine lamination, and the superposed disks of which 

the concretions are composed appear to correspond in thickness with the 

lamine of the beds in which they formed. 

The Slave River concretions contrast with the Endako concretions in 

the uniformly decreasing size of the disks of the former, each one being, 

like the units in a pile of scale weights, smaller than the preceding. The 

disks of the British Columbia concretions in many specimens fluctuate 

abruptly in size, repeatedly increasing and then decreasing in diameter 

in the same specimen (plate 7). 

In this collection the operation of the forces tending to produce radial 

symmetry in concretion growth have reached a degree of perfection in 

the resulting forms which is seldom equaled. The perfect circles repre- 

sented by the disks of constantly changing size piled one upon another 

to the number often of one or two dozen show the radial symmetry in a 

most striking way. In the top-shaped form (plate 7, figures 3-6), with 

its seventeen disks of sharply contrasted size, the periphery of each is a 

perfect circle. In other forms which exhibit a regularly changing diam- 

eter the peripheries of the cross-sections represent perfect ellipses. In 

certain other more complicated figures the periphery of some of the sub- 

discoid elements will take at the two ends of the major axis a “V-shaped 

dip, thus preserving perfect symmetry for the particular section involved. 

In one of these ellipsoidal concretions two wart-like knobs are placed 

precisely at the ends of the long axis of the elliptic zone to which they 
belong. 

These beautifully symmetrical forms invite some consideration of the 
probable reasons for their development. On theoretical grounds a com- 
pletely homogeneous matrix, furnishing conditions in which the physical 
resistance to concretionary growth is of uniform character and of mod- 
erate or minimum strength, should produce concretions with the most 
perfect symmetry. 

No analysis of the inclosing clay has been made, but acid tests indicate 
a marl-like composition. 

“No analysis has been made, but treatment with HCl indicates a very high per- 
centage of calcium carbonate. 
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The laminated, very fine-textured sediments in which these concre- 

tions have developed afford in texture a close approach to this ideal 

homogeneous medium for symmetrical concretionary growth within the 

limits of the individual strata. The planes separating these layers mark 

the vertical limits of the complete homogeneity which characterizes each 

stratum and produce discoid forms instead of the spheres which a clay 

homogeneous both vertically and horizontally would produce. The fine 

lamination of the clay interrupts in a degree its homogeneity. This in- 

terruption coincides with a series of horizontal planes corresponding to 

the boundaries between the lamine. Between the limits of any two of 

these planes the homogeneity is perfect or nearly so and results in the 

discoid or subdiscoid symmetry of the several units in the forms repre- 

sented by figures 3 to 6, plate 7. Slight differences in the composition 

of the different laminze which supplied the material for the several disks 

of a concretion, contrasts in the degree of water saturation of the several 

lamine concerned in the growth of a given concretion, and variations in 

the ground water level were probably all factors in the development of 

the compound discoid forms, which are composed of a series of disks 

varying greatly in size. 

Dr. George Hanson has furnished, at the writer’s suggestion, the fol- 

lowing notes on the field relations of the Endako concretions: 

- “The concretions are found on the banks of a small creek about 1 mile west 

of Endako, British Columbia. Clay banks containing concretions are known 

to extend for about one-half mile along the creek. Small landslides have ex- 

posed the clay in several places. The banks are nowhere more than 50 feet 

above the bed of the creek and the surrounding country is flat or rolling. 

Going north from the railway along the creek, the first slide reached exposes 

stratified clays and sandy clays. The second, third, and fourth slides are 

reached at intervals of 200, 300, and 500 yards and all consist of similar 

material. 

“As seen from the railway, the country appears to be of very low relief for 

7) miles west and for 100 miles east of Endako. The rocks seen are chiefly 

boulder clay and other morainal material. Stratified clays are occasionally 

seen. The clays at Endako are horizontal and are very well stratified. They 

are not overlain by any glacial material. The base is unexposed, but glacial 

deposits are inferred from the abundance of boulder clay in the vicinity. The 

clays are probably of late Pleistocene or early Recent age. 

“The strata in the Endako clays vary from paper-thin laminze to 8-inch 

beds. The sandy clays and sands are commonly in 1 to 4 inch bands. 

“There is a marked gradation in the shape of the concretions in a north- 

south line. The most southerly slide contains flat disks, flat ovals, and numer- 

ous irregular branching flat concreticns. In the second slide the concretions 

are more regular. The fourth slide contains a few irregular concretions and 

all the good chessman type of concretions. None of the perfect ones were 
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seen in place, but some were found in the clay. The clay oozes or creeps down 

to the creek and is here washed, leaving a placer of concretions. ; 

“The concretions have commonly one flat side and a side opposite to it with 

a convex curvature. In some instances the flat side is uppermost; in other 

eases it is down. The greatest diameter of the flat concretions is parallel to 

the strata. Concretions with a vertical length exceeding the transverse length 

consists of superposed disks which lie parallel to the strata. Sandy beds seem 

to be the most favorable for concretions. The flat side of the concretions lies 

in a thin layer of sand and the convex side is in clay or sandy clay. This was 

observed in several places. 

“Quite a number of beds in a clayey bank contain concretions, but they are 

concentrated along certain beds and are not scattered promiscuously through- 

out the clay. A plane 1 foot square along a concretion-bearing bed might have 

half its area occupied by concretions. A vertical plane 1 foot square might 

cut coneretions only in a certain bed. Further, the concretions are concen- 

trated in areas along any particular concretion-bearing bed. An area of 50 

square feet along a concretion-bearing bed might contain 25 square feet of 

irregular concretions. An adjacent area of the same size along the same bed 

might contain only a few square inches of concretion per square foot of area.” 

The contrasts noted by Doctor Hanson in the shape of the concretions 

found at the four localities mentioned probably correspond to lithologic 

differences in the clays at shghtly different levels. 

OTTAWA VALLEY CONCRETIONS 

GENERAL STATEMENT 

The Pleistocene concretions from the lower clays in the Ottawa and 

Saint Lawrence valleys differ from those of the Connecticut Valley, 

which are barren, in inclosing fossils very frequently. This has caused 

the Greens Creek concretions, which have been briefly described by 

Weston,** to become rather widely known. Dawson*® has described and 

listed many of their fossils and incidentally referred to the inclosing 
nodules. Dr. H. M. Ami has collected from these concretions a consider- 

able fauna, including insects and plants as well as the common inverte- 

brates. Johnson*® has discussed one of the types of concretions found in 

the Ottawa Valley Pleistocene clays. 

Pleistocene deposits in the Ottawa Valley have a vertical range of 

about 600 feet, according to Johnson.*® The basal 100 feet, however, lie 
below the level of the Ottawa River, so that nothing is known of the con- 

7 T, C. Weston: Notes on concretions found in Canadian rocks. Trans, Nova Scotian 

Inst. of Sci., vol. ix. pp. 1-9, session 1894-1895. 

3% J. W. Dawson: The Canadian ice age, 1896, pp. 266-267. 

* W. A, Johnson: Pleistocene and recent deposits in the vicinity of Ottawa. Mem. 

Can: Geol. Surv.; no. 101, 1917, p. 29. 

“Op. seit., -pi.20: 
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eretions of this part of the section, if any exist. Above 340 feet above 

tide these deposits are of very limited extent and not known to contain 

concretions. The beds to be considered in the following pages have there- 

fore a thickness of only about 225 feet. A generalized section of these 

beds as seen between Rideau Junction and the mouth of Greens Creek is 

shown below: 

RIDEAU RIVER AND GREENS CREEK SECTION 

Feet 

Sand with some intercalated silty clay in lower part, containing Myti- 

Oo CRO OT) Ree Re ee ageing! oe er 65 

eters tue Sad tnely Tmimated. 2. oc aeclew wee nc es cc ee sce eee 20 

Silty blue-gray clay with red or brownish bands and numerous fossils... 65+ 

Fine blue clay with Mallotus villosus, Portlandica arctica, etcetera.... T5= 

ee oe ee cea an ee ee ar, eg isle mi alele © a0.u 3 0 ed 

The difference between the three divisions recognized in the clays of 

this section are not of the magnitude or obvious character which usually 

distinguish formations or even members of a formation. There are, how- 

ever, differences which brick-makers recognize and which the contrasts 

between the concretions found in them show to be real ones. 

Each of the four sets of beds recognized in the section is characterized 

by concretions possessing certain group or family resemblances which 

serve to separate them into easily recognizable groups corresponding to 

the inclosing sediments in spite of their diverse features (figure 1). 

Mrs. J. M. Arms Sheldon found in her study of the Connecticut River 

concretions that “each bed has a form of concretion peculiar to itself. 

You would never, for instance, find a circular disk and a cylindrical clay- 

stone imbedded together.” *4 Essentially the same general statement can 

be made concerning the Ottawa Pleistocene concretions and the sediments 

holding them. It is proposed here to point out certain contrasts between 

the concretions of the several beds of the marine clays, the non-marine 

clays, and the sands at the top of the series. 

CONCRETIONS OF THE LOWER CLAYS 

The concretions of the lower division of this series (number 1) fall 

into two general classes with reference to the symmetry which they ex- 

hibit. The most abundant concretions are those which approach more 

or less closely the spheroidal type of symmetry. The most perfect of 

these show a spheroidal form, which is nearly always greatly depressed. 

the vertical being very much shorter than the horizontal axis and at right 

“J. M. Arms: Can. Rec. Sci.. vol. 4, 1891, p. 238. 
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angles to the bedding of the clay. The concretions occurring at this 

horizon show a large variety of forms. The majority of concretions with- 

concretions. 
(Rhigocretions) 

=) Torpedo-shaped 
concretions of 
nonindurated clay 

Pencil shaped 
concretions of 

4} indurated clay. 
(Rhigocrefions } 

Rough surfaced 
concretions 

abwithout fossils. 
(Mariekor} 

Smooth surfaced 
concretions 

Mallotus villosus 
and other fossils 

Oftawa River 

FIGURE 1.—Generalized Ottawa Pleistocene Section 

Showing the types of concretions characterizing dif- 

ferent parts of the section. Concretions are about one- 

fourth natural size. 

out radial symmetry 

about a vertical axis have 

a plane of symmetry par- 

allel to the bedding of 

the clays and never ver- 

tical to it. Coneretions 

3 to 6 inches long, which 

frequently inclose the 

skeleton of a small fish 

of similar length as a 

n ucleus, are common 

among the concretions 

of the latter type. In 

these concretions the 

shape of the outline is 

controlled entirely by the 

shape of the fossil (plate 

8). These fish-inclosing 

concretions have long 

been known and may be 

seen in various museum 

collections. Mallotus 

villosus is the fish gener- 

ally found in them. Fre- 

quently two or more fish 

skeletons lying at vari- 

ous angles to each other 

give these concretions a 

highly irregular shape 

(plate 8, figures 3, 4). 

The Survey collection of 

these concretions in- 

cludes one specimen 

which incloses the skull 

and a portion of the spi- 

nal column of a marten 

(artes americana amer- 

icana Turston) (plate 8, 

figures 1, 2). The flat- 
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tish type of concretions present many erratic shapes, some of which have 

numerous sharp-pointed extensions. Forms with lateral extensions ter- 

minating in sharp points, the flattened doughnut type, and various other 

irregular shapes generally show a certain amount of symmetry with ref- 

erence to a plane midway between the upper and lower sides. The irreg- 

ular shape of such concretions is probably due to shght different degrees 

of resistance to their growth in horizontal directions, growth taking in 

such cases always the line of least resistance. This resistance, if we may 

judge from the symmetry of the concretions, has varied but little in the 

vertical direction, but greatly in the horizontal direction. Many concre- 

tions have their symmetry interrupted through attachment to or partial 

inclosure of a fossil shell or pebble. In such cases the attached shell or 

pebble has probably served as the nucleus or starting point of the concre- 

tion, but conditions of growth have been more favorable on one side of 

the nucleus than on others, thus leaving the pebble or shell nucleus on the 

periphery instead of at the center of the concretion, where it is often found 

(plate 10, figure 7). The rough surface shown by figures 6 and 8, plate 10, 

is the result of the clay which adheres to the concretions when removed 

from the original bed. Weathering leaves such surfaces entirely smooth. 

Specimens occur but rather rarely in which the concretionary growth ° 

has centered about a very angular rock. A highly angular piece of lime- 

stone serves as the nucleus of the concretionary growth shown im plate 9. 

In other cases small shells are found on the periphery of greatly depressed 

oblate spheroids, whose position suggests that their inclusion within the 

limits of the concretion has been a purely accidental matter, resulting 

from their having been within the limits of the increasing radius of the 

growing concretion (plate 6, figure 3). In such cases the true nucleus 

may be of the type suggested in discussing Labrador concretions. 

In spite of the great diversity in form shown by the concretions of this 

class, which may be designated as claystones, they show, with very few 

exceptions, some form of symmetry or an approach to symmetry, and 

always the surface of weathered specimens exhibits a more or less regular 

curvature. These two characteristics distinguish them quite clearly from 

the concretions of the second group of sediments in the Pleistocene de- 

posits of the Ottawa Valley. 

One of the most interesting and significant features connected with the 

Pleistocene concretions is seen in their distribution. The distribution of 

the concretions of the lower clays and of the other divisions to be con- 

sidered are all sharply localized. Concretions may be found sparingly or 

rather rarely at most places along the rivers and creeks in the lower 

marine clay, but they occur abundantly at only a few places. In sharp 
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contrast with the occurrence of concretions along the Ottawa River and 

some other streams abundantly or sparingly, according to the location, 

is their absence or scarcity in the same clays where cut by ditches. The 

general absence of concretions from the clays cut by ditches leads to the 

inference that their development is hmited to a superficial zone of clay 

which has been exposed for a considerable period in the stream-bank 

sections of the district. This conclusion, it may be noted, is in harmony 

with the view now generally accepted that the silicification of fossils: is 

ordinarily a wholly superficial phenomenon which takes place but a very 

sight distance below the surface of the limestone in which the fossils 

are embedded,*? Professor Hughes*® hkewise found the beekites to be 

superficial in their occurrence, being absent where “the lmestone frag- 

ments were not decomposed.” 

Concretions occur abundantly at only a few localities along the streams. 

Careful search of the clay banks along the Ottawa River above Greens 

Creek will seldom disclose more than one or two concretions within the 

limit of a hundred yards. In the same clays immediately below Greens 

Creek for a distance of half a mile or more many hundreds of concretions 

may be seen within the same distance limits. No other locality near 

‘Ottawa or elsewhere is known where the abundance of concretions ap- 

preaches that observed along the half mile of river bank between Greens 

Creek and Besserers Landing. Since the peculiar distribution of con- 

cretions at the mouth of Greens Creek appears to give a clue to an im- 

portant factor in the formation of the concretions of the clay cut by this 

stream, their distribution at this point will be stated in some detail. 

Greens Creek has a width of about 50 feet at the mouth and enters the 

Ottawa River 6 miles below Ottawa. A careful search of the clay bank 

on the east side of the creek was made for 200 yards above the mouth 

without finding a single concretion. Immediately below the junction 

of the creek and river concretions are abundant and along the river bank 

near the low-water stage will average probably five to the square foot. 

The clay exposed in the bank of the river and the bank of the creck is 

of precisely the same physical character and the same thickness. The 

mingling of the water of the creek and river may be one of the factors 

responsible for the relative abundance of concretions in the river bank 

below Greens Creek. Since the concretions are wanting or scarce where 

the clay is exposed to either creek water or river water alone and very 

abundant where both river and creek water may lave the bank, it is diffi- 

“Henry Nettleroth: Kentucky fossil shells. Ken. Geol. Sury., 1889, p. 120. 

#8 T. M. McKenney Hughes: Mineralogical] Mag., vol. viii, no. 40, 1889, p. 266. 
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cult to escape this conclusion. It is hardly probable, however, that the 

contrast between the chemical composition of the river and creek waters 

is the active factor in causing the scarcity in one area and abundance in 

the other. A more potent cause is believed to be the difference in tem- 

perature between creek and river waters. The two kinds of water con- 

trast strongly in temperature except during the winter, when both 

streams are sealed by ice. The lakes through which the Ottawa flows, 

as well as its northern sources and greater depth, make its waters much 

colder throughout the summer than those of Greens Creek. Thermom- 

eter readings were made to test the amount of these differences on 

August 15, with the results shown below: 

Surface temperature in Ottawa River near Greens Creek........... 72°-73° 

Surface temperature in mouth of Greens Creek.................008- 78°—80° 

The contrast in temperature between the water of the creek and river 

in early spring is considerably greater than the summer contrast, as the 

following figures, which were taken April 28, show: 

Wemperatgire ok water Of Ottawa River... . 2... cect eee ce cee eee 34° 

Temperature of water, mouth of Greens CreeK...............- eee eercee 54° 

PEMD ECA TUES vOVEL. CIVEGL se icle 5 cc we bse cin siels eee wa emo sd eedswcecieos 46° 

Air temperature over creek noticeably higher, but not measured......... ... 

The water of the Ottawa is derived largely from northern sources, and 

for a considerable portion of the early spring its waters are notably colder 

than those of small streams from the south like Greens Creek. The out- 

flow of the waters of a relatively small stream of warm water into a river 

with much colder water results in frequent fluctuations in the tempera- 

ture of the water in contact with the bank below the creek mouth. 

Whether the creek temperature or the river temperature will dominate 

the narrow zone adjacent to the shore will depend on the relative stages 

of water in the two streams as well as the strength and direction of the 

wind at different times. There will be periods when the influence of the 

creek will be blotted out by high water in the river, and vice versa. 

These changes of temperature will be transmitted to the ground-waters 

permeating the clays of the river bank and result in frequent and abrupt 

changes in the lime-solvent powers of these waters by affecting their CO, 

content through increasing or lowering the temperature. Changes of 

this character, it is believed, would stimulate the development of con- 

cretions. : 

Another factor in the control of conditions favorable to the formation 

of these concretions is the diurnal change of temperature. River and 

creek bank sections partially or completely protected from the sun by 
XLI—BULL. GEOL. Soc. AM., Vou. 34, 1922 



626 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

forests would experience a small daily change in temperature, and ac- 

cordingly small loss of water by evaporation, as compared with sections 

exposed to the full glare of the sun where the banks are denuded of for- 

ests. This complete exposure to the sun would mean relatively rapid 

movement of ground-water toward the exposed section as a result of 

evaporation and a consequent large transfer of the soluble materials 

required for the growth of concretions into the superficial vertical zone 

represented by the face of the section. 

CONCRETIONS OF THE UPPER CLAYS 

In the silty clays which follow, the lower fine-textured marine clay 

concretions are, at some localities, abundant. These beds afford concre- 

tions quite unlike the claystones of the lower clays, but which are similar 

to, if not identical with, the Norwegian forms called by Kjerulf** and 

other Scandinavian geologists marlekor. A distinctive term is needed 

for these forms, and it is considered desirable to designate them by the 

Scandinavian name marlekor, which means fairy stones, a usage already 

introduced by Quirke.*® 

These concretions are characterized by a highly irregular or warty 

surface and generally show no approach to any type of symmetry, a fea- 

ture in which they contrast sharply with the concretions just described. 

Instead of the usual smooth, more or less regular surface curvature of 

the claystones from the lower clay, these forms show innumerable abrupt 

irregularities in the surface, including pits and depressed groove-like 

lines pursuing entirely erratic courses (plate 10, figures 2-5). The 

spherical or subspherical type of concretion does not occur in association 

with this type of concretion. These frequently show, on breaking, small 

shrinkage cracks, which may or may not extend to the surface (plate 10, 

figures 2 and 5). No example of these concretions is known showing a 

shell or other organic nucleus. In size they range from the dimensions 
of a pea to a man’s fist. 

This type of concretion may be seen in the upper clays at various 

localities. Specimens of these concretions occur sparingly in the road- 

side cuttings in the clays about 2 miles south of Wilsons Corners, Que- 

bec. They occur at various localities in the district and are abundant in 

the lower portion of the brick-clay pits southwest of Billings Bridge. 

Their distribution in these clay pits is confined to the northern margin 
~ 

of the lower pit in beds which are between 5 and 15 feet of the original 

24°C) i Met es es 

*T. T. Quirke: Can. Geol. Surv. Mem. 102, 1917, p. 56, pl. 5. 
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surface of the hill slope. Workmen with many years of experience in 

these pits report never having seen them in the clays which have been at 

a much greater depth nor in the clays of the upper pit, which are less 

silty. This distribution the writer’s own observations appear to confirm. 

' The relation of these concretions to the inclosing clays is indicated in 

plate 10, figures 2-5. The limitation of these concretions to beds within 

a few feet of the surface indicates that their development occurs in the 

path of waters moving down the surface slope and in the superficial zone 

just below the surface, where fluctuations of temperature and water 

supply are greatest. Concretions are most abundant within or near the 

zone which is subject to freezing and thawing during one-half of the 

year and alternate desiccation and soaking by rains throughout the other 

half. The stimulation of the movement of ground-water resulting from 

these climatic agencies is doubtless the most potent factor in the forma- 

tion of the hard rugose claystones of these beds. 

Quirke, in describing this type of concretion from the Pleistocene clay 

of the Espanola district, Ontario, states that he does not consider them 

true concretions, but “rather to be the indurated remains of the viscous 

fluid, which was covered by fine materials.” ** Hardened clay pebbles 

are formed in abundance along the banks of the Ottawa River and may 

be preserved for a considerable period, but none of the hundreds of such 

pebbles which the writer has examined shows any of the peculiar mark- 

ings and erratic incised lines on their surface found on the concretions 

of these upper clays and shown also in Quirke’s illustrations. These 

peculiar features the writer considers characteristic of this class of con- 

cretions and impossible of formation and preservation on dried clay 

pebbles. 

Associated with these marlekor or rough-surfaced forms another kind 

of concretion occurs, if this term may be applied to the slightly indurated 

cylinders of clay which mark the course of many small tree roots which 

penetrate these beds. The difference in both hardness and composition 

between these and the inclosing clay is very slight. A color contrast, 

due presumably to a trace of iron, clearly outlines these structures, which 

may be considered a preliminary or antecedent phase of one type of 

cylindrical concretion in which an organic agent serves as the original 
stimulus to development (plate 11, figures 11, 12). 

The higher clay beds at the Billings Bridge brick-clay pits, the O’Reilly 
pits, and elsewhere show still another type of non-indurated concretion 
in which the hardness, though greater in some cases, differs little, if any, 

*T. T. Quirke: Can. Geol. Surv. Mem. 102, 1917, p. 56. 
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in others from that of the surrounding clay. The central axis of these 

structures is marked by a straight tubular canal generally a millimeter 

or less in diameter, which evidently occupies the position of the small 

rootlet, which was the determining element in the formation of these 

incipient concretions. ‘These forms are due to very small rootlets fol- 

lowing approximately a horizontal direction, while those just described 

have developed about roots traversing the beds in a vertical direction. 

SSS SSS 

=== 

FIGURD 2.—Sketch showiny two Levels of clay Pits southwest of Billings Bridge 

Each level carries a distinct type of concretion. The pencil-shaped root concretions 
(plate 11, figures 11, 12) and the marlekor (plate 10, figures 2-5) are confined to the 
lower level, and the non-indurated concretions (plate 11, figures 13, 14) to the upper level. 

Although without differentiating hardness, they show a beautifully sym- 
metrical structure, which is often apparent to the eye only through the 
concentric layers of lemon and pale brown which define the several zones 
of slightly different composition developed by concretionary growth. 
These concretions differ from the root concretions already described and 
another type to be mentioned later in their bulging barrel-shaped sides 
and torpedo-shaped ends. They lack the considerable length, often 
amounting to 1 or more feet, shown by the root concretions, and have 
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their long axis only two or three times greater than the transverse axis 

and generally approximately parallel to or forming a slight angle with 

the bedding planes instead of traversing them at right angles, as the 

ordinary root concretions do. These structures, which are seldom more 

than 3 or 4 inches in length, clearly represent an early stage of concre- 

tionary growth, which, like that of the cylindrical form just described, 

is doubtless in progress at the present time. The specimens figured were 

collected by W. A. Johnston, who first brought this structure to the 

writer’s notice. Continued development might be expected to produce 

from them forms resembling certain subcylindrical cryptozoons. The 

stratigraphic relations of the concretions of the upper clays are shown in 

figure 2. 

PLEISTOCENE SAND AND SHELL CONCRETIONS 

A fourth type of concretion which occurs only at certain localities in 

the upper or superficial layers of the Pleistocene sands has the shape 

roughly of a small slender icicle and stands vertically in the beds holding 

it. A small root or the cavity left by its decay invariably traverses the 

center of these root-like concretions. ‘The concretions have no resem- 

blance in form to those found in the lower beds. Their general shape 

and contour is controlled very definitely by the root nucleus. In compo- 

sition they are largely carbonate of lime, which has cemented together 

the sand adjacent to the root nucleus. The degree of induration ex- 

hibited by them varies greatly, some specimens crumbling almost as 

easily as the adjacent sand. Others have a firmness approaching that of 

limestone, while some specimens show a very perfect cementation of the 

sand and the hardness of flint. 

The distribution of the icicle or root shaped concretions in the super- 

ficial beds of the Pleistocene sands is likewise confined to a few localities 

where conditions were especially favorable to their formation. One of 

these localities is the upper slope of the sand terrace at the sand pits 

near Rideau Junction (figure 3). ‘They also occur in extraordinary 

abundance in the fine-grained sandy beds on the shore of Lake Ontario 

opposite the Presqu’ile summer hotel (plate 11, figures 1-4). They may 

be seen at various other localities in the Pleistocene sands of Ontario. 

It appears obvious that the smal! rootlets found in the center of the 

icicle-shaped concretions of the Pleistocene sands have been the initial 

factor in their formation. It will hardly be questioned that the small 

roots frequently found in the center of these concretions through the 

development of humous acids have led to the segregation of the calcareous 

constituents of the sands in which they were growing, thus leading to 
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their development through lateral deposit of calcium carbonate around 

the roots. 

The calcareous root concretions appear to have developed only around 

dead roots. Examination of a great many roots in the beds where these 

concretions are found has failed to show a single example of the cal- 

careous tube inclosing a living root. 

By way of illustrating further the influence of roots in causing the 

hthification of unconsolidated sediments surrounding them, two speci- 

mens from the Pleistocene shell beds at Saint Augustine, Florida, have 

been included in the plates (plate 12). In the island east of Saint Au- 

Figure 3.—Calcareous root Concretions exposed by wind Erosion 

gustine extensive beds of unconsolidated sea-shells occur a few feet above 
the tide, which are occasionally traversed by irregular finger-like masses 
of consolidated coquina extending down through the unconsolidated shell 
beds. These irregular masses of cemented shells extending across the 
bedding are invariably found to inclose a root which has evidently been 
the active factor in causing the cementation of the shells within the limits 
of a narrow zone surrounding it (plate 12, figure 1). Sometimes these 
show a button-like effect, owing to lithification having extended farther 
into the loose shells in some strata than in others from the root center. 
The root nucleus of these coquina structures are generally in a very good 
state of preservation. 
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Dr. J. I. Northrop*” applied to the root-induced structures described 

above the term rhizomorphs. This name was applied by Northrop to 

designate cylindrical root-like masses of limestone in the Bahama Islands 

concentrically arranged about a tubular axis “formerly occupied by plant 

roots and rootlets.” These Bahaman structures differ from those Just 

described in representing only lithification of the calcareous sand or very 

soft limestone, while the Pleistocene sand structures represent segrega- 

tion as well as induration of the material composing them. Northrop, 

however, made this term embrace a variety of tubular structures, includ- 

ing the tubular ferruginous masses found in the New Jersey clays and 

elsewhere. 

Todd used at an earlier date the term incretions for the same class of 

structures included by Northrop’s rhizomorphs. Since the name incre- 

tion implies a particular method of growth which may not entirely coin- 

cide with the facts, a name which refers to the shape of the structures 

alone appears preferable. There is certainly need of a general term for 

the class of concretions having the distinctive features characterizing the 
pipe-like clay and calcareo-siliceous concretions. The term rhizomorph 

which Northrop proposed for these structures is not available, because it 
has been previously used by the botanists. The preemption of this name 

by botanical technology leads the writer to suggest as a substitute for it 

the term rhizocretion. ‘This term may conveniently be made to include 

concretions haying a root-like shape or having had a root as a nucleus. 

In the lower part of the sand beds the calcareous root concretions are 

found in certain localities associated with vast numbers of hardened clay 

fillings or casts of tubular cavities of highly irregular shape with a ver- 

tical trend. These tubular clay casts, many of which approach roughly 

the corkscrew shape, remind one somewhat of Barbour’s*® “Dzemonelix 

cigars or fingers,” although they are more slender and lack the blunt 

rounded ends of the “cigars.” ‘The sand beds holding these curious clay 

casts lie directly above beds of clay of the same type as that found in the 

tubular clay casts. The extraordinary irregularity in shape of these clay 

fillings of the vertical tubular openings into which they have been forced 

is the most puzzling feature which they present. These irregular clay 

structures change abruptly from a semi-columnar to a semi-spiral form 

and frequently bifurcate into fine and coarse branches. Frequently 

needle-like perforations often filled by the roots which made them 

traverse longitudinally these clay structures. These structures are not 

“J. I, Northrop: A Naturalist in the Bahamas, 1910, p. 40. 

48 Bull. Geol. Soc. Am., vol. 8, 1897, pl. 34. 
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indurated in any degree and remain as soft as the clay in the beds below 

the sand from which they were derived. The stratigraphic relations of 

these structures to the clays and the sands are shown in figure 4. 

The origin of these highly irregular-shaped fillings affords an interest- 

ing problem. The sand beds associated with them are traversed by 

numerous burrows of insects or worms which now live in these beds. 

These tubes of recent origin are, however, invariably circular in cross- 

section and without clay fillings, while the clay fillings show in most 

Ficure 4.—Sketch at Rideau Junction, Ontario 

Showing relations of sand and underlying clay, together with the occurrence of cal- 

careous root concretions (plate 11, figures 1-4), along the slope of the sand bank and the 

pseudoconcretions near base of sand beds in lower right-hand corner. 

cross-sections a wide divergence from a circular outline. Since none of 

the many insect or worm burrows of recent origin present the extraor- 

dinary shape of these clay-filled perforations of the sand beds, the latter 

do not appear to have been formed under conditions now existing. If, 

however, we go back to the conditions which existed shortly after the 

lower part of the sand beds were laid down, the probable conditions of 

their origin can be inferred. Marine animals of various species may 

then have been accustomed to burrow through the sand to the clay. 
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Sazicava arctica, for example, drives straight burrows deeply into the 

sand and they may still be found abundantly in them near the structures 

described. The filling of these burrows by the still semi-fluid blue sea- 

ooze under sand pressure might result or they might have been filled by 

the animals constructing them. 
The burrowing habits ascribed to Balanoglossus, a soft, worm-like 

marine animal belonging to the phyllum Chordata which is common along 

parts of the Atlantic coast, might suggest that a representative of this 

genus or some other creature of similar habits produced the clay-filled 

burrows of the Pleistocene sands at Rideau Junction. The following 

notes on the burrows of Balanoglossus by Alice R. Northrop* refer to a 

species found in the Bahama Islands: 

“Followed one of the holes down straight about 10 inches, then along in a 

spiral for about 18 inches to the rock, where I found a Balanoglossus. Fol- 

lowed two more holes, but lost them before reaching the animal. When found, 

the whole animal is surrounded by a transparent gelatinous coating. Laid 

one on paper; when extended, it is 12 inches in length. Some were over 2 

feet long.” 

The noteworthy features of this description of Balanoglossus and its 

burrow, with reference to fossil burrows, are the combination of direct 

and spiral courses shown in the same burrow. The contrasted types of 

spiral and straight burrows are characteristic of some of the clay tubes 

at Rideau Junction. The power of strong contraction possessed by a 

worm-like body 1 or 2 feet in length, if exercised within a burrow in soft 

sand, would be very likely to give rise to great irregularities in the size 

and shape of the burrow. Deposits of slime and mucus like those ascribed 

to Balanoglossus would doubtless still further accentuate such irregu- 

larities. Some marine creature producing burrows comparable with that 

of Balanoglossus seems more likely than the straight boring Sazicava to 

have formed the curious irregular-shaped clay-filled burrows at the 

Rideau Junction sand pits. These structures belong in the class of fossil 
, burrows or pseudoconcretions. 

SUMMARY 

The concretions described in this paper belong to well defined types 

characterized by physical features which can be readily discriminated. 
The areal distribution and geological range of these types are determined 
(1) by the presence or absence of the lithologic features essential to their 

* J. I. Northrop: A Naturalist in the Bahamas, p. 5. Columbia Univ. Press, 1910. 
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development and (2) by the occurrence of certain local conditions essen- 

tial to their formation. 

These types include the compound discoid forms found in ‘Baa 

Columbia and on the Slave River in the Northwest Territories, which 

are unknown in eastern Canada. The claystones of the lower clays in the 

Ottawa Valley and eastern Labrador belong to another type characterized 

by a great variety of form, but showing a generic resemblance in the 

smooth surface which is always present and the approach to symmetry 

which these concretions exhibit. A third type, which has been desig- 

nated as marlekor, contrasts sharply with the approximately symmetrical 

smooth-surfaced claystones. The marlekor are distinctly unsymmetrical 

and possess a highly irregular surface and internal features never found 

in the claystones. When found in the same district, the marlekor occur 

above the claystones in the area studied. 

Another group of concretions, with only a shght resemblance to the 

preceding, are grouped under the class name of rhizoconcretions. These 

comprise three distinct varieties of concretions, each of which has a root 

for a nucleus. One of these is confined to the sands which lie at the top 

of the Ottawa Valley Pleistocene section. Another variety is confined to 
the upper clay beds of the same section. The third is found in the upper 

part of the beds in which the marlekor occur. None of these rhizocon- 

cretions is known in the lower clays of the section in which the seh 

stones are so abundant. 

Certain irregular-shaped, slender, vertical structures of soft clay pene- 

trating a sand formation are described as pseudoconcretions. These 

occur in the Ottawa section and are considered to be clay-filled burrows 

of marine animals. 

Some of the concretions discussed in this paper are known to be con- 

fined to the superficial portions of the beds in which they occur. All of 

them are probably lmited to those parts of the formation containing 

them which le relatively near the surface. 
Calcium carbonate or other mineral matter separated from the sea- 

water and segregated in the sediments by the decay of soft-bodied marine 
invertebrates may have supplied nuclei in many cases for concretions 
without visible nuclei. 

Discussion 

Prof. T. T. Quirke: Certain surficial features on marlekor look like 
welts or small, raised ridges. They may have been caused by the filling 
of shrinkage cracks by hardened material, followed by continued shrink- 
age of the main mass. Other concretion-like masses appear to have been 
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formed by the rolling of mud balls down clay slopes, with the result that 

they carry on their surfaces a sort of wrapping of clay layers about the 

central parts. 

Author’s reply: Professor Quirke’s observations on marlekor have 

been made in an area somewhat remote from the one in which my own 

studies were made, and it is possible that some of the specimens referred 

to by him may have a different genetic history from that of the marlekor 

of the Ottawa district. J am not prepared to explain just how the fis- 

sures in the interior of the marlekor originated, but the clay pebbles 

which may be seen in abundance along the Ottawa River in late summer 

certainly show no such features; neither do any of the mud balls which 

have come under my notice along the Bay of Fundy estuaries possess any 

features which suggest in any way a comparable origin for the marlekor. 

The best evidence, perhaps, that the marlekor were produced by the same 

general agencies which are responsible for the claystones occurring at a 

lower level in the clays, is found in the fact that, like them, they are 

confined to that portion of the clays which les within a few feet of the 

surface. 

BIBLIOGRAPHY 

GEORGE ABBoTt: Water zones; their influence on the situation and growth of 

concretions. Report of the British Association for the Advancement 

of Science, 1899, page 741. 

Tubular and concentric concretions. Report of the British Association 

for the Advancement of Science, 1900, pages 741-742. 

Concretionary cellular limestone of Durham. Naturalist (London), 1905, 

pages 231-233. 

Coneretions. S. E. Naturalist (England), 1907, pages 67-76, plates ix-xviii. 

Notes on concretions. Proceedings of the Geological Association, volume 

XXVII, 1916, pages 192-197. 

Tubular structures in rocks which are probably due to osmetic action. 

Transactions of the S. E. Union of Scientific Societies (England), 

1916, page 20. 

A collection of concretions at Tunbridge Wells (privately printed), Sep- 

tember, 1918, pages 1-3. 

C. Baker ADAMS: Second Annual Report on the Geology of the State of Ver- 

mont. Concretions, pages 111-118; Clay deposits, ete., pages 140-142; 

Analysis, page 255; 1846. 

PROFESSOR ANDRA: Phosphatic concretions from Waldbéckelheim. Verh. nat. 

Ver. preuss. Rheinl., Jahrg. XX XIII, Sitz., 1876, page 121. 

YHOs. ANDREWS: On some curious concretion balls derived from a colliery 

mineral water. Chemical News, volume XL, 1879, pages 103-104. The 

concretions were found in the feed-tank of boilers at the Worthley 

Silkstone Colliery. They contained 62.86 per cent of peroxide of iron. 



636 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

Davin T. ANSTED: An Elementary Course of Geology, Mineralogy, and Phys- 

ical Geography, 1850, pages 277-282. 

Miss J. M. Arms: Clay concretions of the Connecticut River. Can. Rec. Sci., 

volume IV, number 5, 1891, pages 237-241. 

Mrs. J. M. ARMS-SHELDON: Concretions from the Champlain clays of the Con- 

necticut Valley. Cambridge, 1900. 

H. H. ARNoLD-BEMROSE: The Toadstones of Derbyshire; their field relations 

and petrography. Quarterly Journal of the Geological Society (Lon- 

don), volume 63, 1907, pages 241-279, plates xix-xxii. (Abstract.) 

Proceedings of the Geological Society (London), 1906-1907, pages 

73-74. 

E. H. Barsour: Additional notes on the new fossil Demonelix, its mode of 

occurrence, its growth and minute structure. University Studies, 

University of Nebraska, volume 2, number 1, July, 1894, 32 pages, 12 

plates. 

Progress made in the study of Demonelix. (Abstract.) Nebraska Acad- 

emy of Sciences, Publication number V, 1894-1895, pages 5, figures 18. 

Is Demonelix a burrow? A reply to Dr. Theodore Fuchs. American 

Naturalist, volume XXIX, June, 1895, 13 pages, 3 figures, 1 plate. 

History of the discovery and report of progress made in the study of 

Demonelix. University Studies, University of Nebraska, volume II, 

number 2, January, 1897. 

Nature, structure, and phylogeny of Demonelix. Bulletin of the Geolog- 

ical Society of America, volume 8, 1897, pages 305-314. 

BE. H. Barsour and JAMES Torrey, Jr.: Notes on the microscopic structure of 

oolite with analyses. American Journal of Science, third series, vol- 

ume 40, 1890, page 246. 

G. W. W. BarcLay: On some algoid lake balls found in South Uist. Proceed- 

ings of the Royal Society of Edinburgh, volume XIII, 1886, pages 

845-848, plate 30. 

RosBerRT BELL: Report on part of the Basin of the Athabasca River, Northwest 

Territory. Canada Geological Survey, Report of Progress, pages 10ce 

and 11ce, 2 figures, 1882-83-84 (1885). 

W. T. Bett: The remarkable concretions of Ottawa County, Kansas. Amer- 

ican Journal of Science, volume XI, 1901, pages 315-316. 

GusTAV BiscHor: Elements of Chemical and Physical Geology, volume III, 

1859, pages 130-139. 

W. P. BLAKE: Origin of orbicular and concretionary structure. Transactions 

of the American Institute of Mining Engineers, volume XXXVI, 1906, 

pages 39-44. 

Epw. E. Bourne: History of Wells and Kennebunk, 1875, pages 119-122. 

T. T. Bouvé: Concretions. Proceedings of the Boston Society of Natural His- 

tory, volume VI, 1857, pages 131-139. 

S. C. Braprorp: On the Liesegang phenomenon in Gels. Science Progress, 

volume X, 1916, pages 369-373. 

The Liesegang phenomenon and concretionary structure in rocks. Nature, 

volume 97, March, 1916, pages 80, 81. 

GARLAND C. BROADHEAD: Cone-in-cone. Science, new series, volume XXYI, 

November, 1907, page 597. 



BIBLIOGRAPHY 637 

BROCKMEIER: Ueber Klappersteine und verwandte Gebilde. Sitz. naturh. 

Verh. preuss. Rheinl. D., 1909, pages 49-55. 

Funde aus den Kiesel-oolithschichten von M. Gladbach. Sitz. natur. Verh. 

preuss. Rheinl., 1909, pages 91-96. 

H. BropericK: Note on the occurrence of (so-called) cave pearls. Report of 

the British Association for the Advancement of Science, volume 

LXXVIII, Dublin, 1908, page 704. 

J. Y. BucHANAN: Manganese nodules in Loch Fyne. Nature, volume XVIII, 

1878, page 628. 

JEROME B. BurRNETT: Barite “dollars” from Franklin County, Nebraska. Ne- 

braska Geological Survey, volume VII, part 15, April, 1916, pages 105- 

111, 6 figures. 

Certain Dakota concretions and their mineral contents. Nebraska Geo- 

logical Survey, volume VII, part 16, October, 1916, pages 113-123, 9 

figures. 

HE. DE CARLES: Contribucion al Estudio de las Geodas Ferruginosas de Entre 

Rios, etc. An. Mus. Nac., Buenos Aires, XXIII, 1912, pages 411-415. 

Las Geodas Ferruginosas del Ibera, Entre Rios, etc. An. Soc. cient. 

Argent., LX XVI, 1913, pages 184-198. 

FREDERICK CHAPMAN: Concretionary nodules at South Melbourne; their re- 

semblance to coal-balls. Geological Magazine, new series, Decade V, 

volume III, December, 1906, pages 553-556. 

JOHN M. CLARKE: The water biscuit of Squaw Island, Canandaigua Lake, 

New York. Bulletin of the New York State Museum, number 89, 

volume 8, October, 1900, pages 195-198. 

-F. Coun: Ueber die Algen des Carlsbades Spriindels. Abhand. des Schles. 

Ges. Nat., 1862. 

GRENVILLE A. J. CoLE: On some examples of cone-in-cone structure. Mineral- 
ogical Magazine, volume X, number 46, March, 1898, pages 136-141. 

L. W. CoLitET: Les concretions phosphaties de l’Agulhas Bank (Cape of Good 

Hope). Edinburgh Proceedings of Royal Society, volume 25, 1905, 

pages 862-8938. 

JOHN H. CooKeE.: On the marls and clays of the Maltese Islands. Quarterly 

Journal of the Geological Society, volume XLIX, 1893, pages 124-128. 

G. Courty: Concretions stalactitiformes dans le Caleaire de Beauce (Paris 

Basin). C. R. Assoc. frane. Av. Sci., volume XXXVI, part I, page 

212; part 2, pages 367-369, 1908. 

W. O. CrosBy: Quartzites and siliceous concretions. Technology Quarterly, 

volume 1, May, 1888, page 397. 

Composition of the till or boulder-clay. Proceedings of the Boston So- 

ciety of Natural History, volume XXV, 1892, pages 115-140. (Read 

May, 1890.) See remarks on ‘Rock Flour.” 

Dynamical and Structural Geology, 1892, pages 270-279. 

G. Cuvier: Recherches sur les Ossemens Fossiles, third edition, Tome II, 

part I, 1825, page 341. . 

R. A. Daty: Calcareous concretions, Kettle Point, Lamblois County, Ontario. 

Journal of Geology, volume VIII, 1900, pages 135-150. 



638 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

JAMES D. Dana: Manual of Geology, first edition; Concretionary structure, 

pages 96, 626; Origin of concretions, page 626; Spherical and flattened 

concretions, page 627; Hollow concretions, page 627; 1863. 

Manual of Geology, fourth edition; Concretions, 1895, pages 96, 97, 139, 

140, 274, 493, 603, 665, 677, G88; figures 69-84, 141, 142. 

G. M. Davies: Excursion to Netley Heath. Proceedings of the Geological 

Association, volume XXVIII, 1918, pages 50-51. 

E. F. Davis: The Radiolarian Cherts of the Franciscan Group. University 

of California publications, Bulletin of the Department of Geology, 

volume II, number 3, December 23, 1918, pages 252, 263, 272. 

Joun M. Davison: Quartz nodule with radiate structure. Proceedings of the 

Rochester Academy of Sciences, volume 8, 1906, pages 268, 269. 

J. W. Dawson: Acadian Geology, third edition; Cone-in-cone, 1878, page 676, 

1 figure. 

On burrows and tracks of invertebrate animals in Paleozoic rocks and 

other markings. Journal of London Geological Society, volume XLVI, 

1890, pages 595-618. 

The Canadian Ice Age. Dawson, Montreal, 1893, pages 266, 267. 

R. 8S. DEAN: Formations of Missouri Cherts. American Journal of Science, 

volume XLV, 1918, pages 411-415. 

W. DeEEcKE: Die Bilobiten-artigen Konkretionen und das alter der Sog- 

Knollensteine yon Finkenwalde bei Stettin. Zeitschr. deutsch. geol. 

Gesellsch., volume LVI, Briefl. Mitth., 1106, pages 83-90. 

H. T. DE LA BECHE: Researches in Theoretical Geology, 1834, pages 94-98, 

figures 11-14. 

H. DE Dortopot: Presentation d’un Echantillon de Limonite en Concrétion. 

Ann. Soc. Géol. Belg., Liege, XL, Bull., 1918, pages 79-80. 

M. Henri DovuvittE: Les Coal-Balls du Yorkshire. Bull. Soc. Geol. France, 

ser. IV, volume V, 1905, pages 154-156. 

Beng. K. Emerson: Geology of Old Hampshire County, Massachusetts. 

United States Geological Survey, Monograph XXIX, 1898, pages 711- 

720, plate xx. 

EK. Emmons: Report of Second Geological District of the State of New York. 

Report of Geology of New York, volume 1, 1837, pages 232, 233, fig- 

ure 15. 

A. ERDMANN: Exposé des formations quaternaires de la Suede; Stockholm, 

1868, pages 84-87. 

Stalagmit-och pisolitarade Bildningar i Hoganiis Stenkolsgrufor. Geol. 

Foren. Stockh. Forh., XXIV, 1902, pages 501-507. 

WiLtiAM H. Firron: Observations on the strata between the chalk and Ox- 

ford oolite in the southeast of England. Transactions of the Geolog- 

ical Society of London, volume IV (second series), part 2, 1836, page 

103. (The author suggests that electrical agencies may be a factor 

in the formation of concretions. ) 

Auge. F. ForrsteE: A report on the Geology of the Middle and Upper Silurian 

rocks of Clark, Jefferson, Ripley, Jennings, and southern Decatur 

counties, Indiana. Twenty-first Annual Report of the Department of 

Geology and Natural Resources of the State of Indiana, 1896, page 

224. 



BIBLIOGRAPHY 639 

THEODORE Fucus: Ueber die Natur von Dxemonelix, Barbour. Annalen k. k. 

Naturh. Hofmuseums, Wien, 1893, pages 91-94. 

-JamMES H. GARDNER: The physical origin of certain concretions. Journal of 

Geology, volume XVI, number 5, 1908, pages 452-458. 

Str ARCHIBALD GEIKIE: Class-book of Geology, 1893, pages 127, 136, 140-142, 

156, 177, 178, figures 64, 65. 

Text-book of Geology, third edition, pages 66, 108, 510, 518, 1053; Analysis 

of clay ironstones, 1893, page 147, figure 26. 

JAMES GEIKIE: Structural and Field Geology. Edinburgh, 1912, page 121. 

KH. Gerinitz: Kolloiderscheinungen in Konkretionen. Centralbl. f. Min., 1912, 

pages 282-287 and figures. 

J. G. GoopcHiLp: Guide to the collection of Scottish agates. Edinburgh Mu- 

seum of Science and Art, 1899. 

L. P. GRATACAP: Opinions on claystones and concretions. American Natural- 

ist, volume XVIII, 1884, pages 882-892, 2 plates. 

Alex. H. Green: Manual of Geology (3), 1882, pages 279-282, figure 105. 

(Figure of concretions with lines of stratification running through 

them. ) 

W. S. Grestey: Notes on “Cone-in-cone” structure. Geological Magazine, 

Decade III, volume IV, 1887, pages 17-22. 

Cone-in-cone. Geological Magazine, London, volume IV, 1907, page 575. 

C. W. Geese: Bildung von Oolite. Neues Jahrbuch fur Min. Geol. und 

Paleon., 1873, page 303. 

JAMES Hatyi: Natural History of New York, part 4, 1843, page 192. 

HALL and WHITNEY: Clay concretions, Muscatine County, Geology of Iowa, 

volume 1, part 1, 1858, pages 275, 276, figures 88, 39. 

ERASMUS HAworTH: Section at Fort Scott showing calcareous concretions in 

the shale adjacent to Fort Scott coal. The University Geological 

Survey of Kansas, 1896, volume 1, page 88, figure 4. 

- CHARLES W. Hayes: Growth of concretions of different composition under a 

variety of conditions. Science (abstract), new series, volume 33, 

April 7, 1911, page 550. 

A. L. HERRERA: Estructuras organoideas en una variedad de opalo, la menilita, 

estudio acerca de las oolitas (organic structure in menilite and the 

origin of oolite). Mexico, Secretaria de Fomento. . . . Direction 

de Hstudios Biologicos, Bol., t. i, 1916, pages 367-375. 

HuGENE W. Hitearp: On the Geology of Lower Louisiana. Smithsonian Con- 

tributions, volume XXIII, article III, number 248, 1881, pages 11, 12 

(accepted for publication Octcber, 1871). 

WILLIAM Hitt: Flint and chert. Proceedings of the Geological Association, 

volume XXII, 1911, pages 93-94. 

EpwarpD HitcHcock: A sketch of Geology, ete, of the Connecticut River. 

American Journal of Science, volume VI, part 2, 1823, page 229. 

Report on the Geology of Massachusetts, 1835, pages 186, 187. 

Sketch of the Geology of Portland and its vicinity. Boston Journal of 

Natural History, volume 1, 1834-1837, pages 325-331. 

Final report on the Geology of Massachusetts. Analysis; page 96; Con- 

cretions, 1841, pages 406-418. 

Klementary Geology, thirtieth edition, 1857, pages 24, 25, figures 4-8. 



640 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

HitcHcocK and Hacer: Report on the Geology of Vermont, volume 1, 1861, 

pages 240-245; volume II, pages 698-700; Analyses of claystones, by 

D. Olmsted, Jr., in 1846; Analyses of claystones, by T. Sterry Hunt, 

in 1847. 

E. G. Hoee: On certain calcareous nodules. Papers and Proceedings of the 

Royal Society of Tasmania, 1902, pages 136-137. Report of the Secre- 

tary of Mines, Tasmania, 1902, pages 4-5. 

G. Horm: Om nigra marlekelika bildningar forekommende i sprickor inom 

alunskiffern vid Knifvinge i Vreta Kloster socken i Ostergétland. 

Geol. Foren. i Stockholm Foérh., volume 10, 1888, pages 116-122. 

O. HoLTepAHL: Paleozoic formations of Finmarken in northern Norway. 

American Journal of Science, volume 47, 1919, page 95. 

On the occurrence of structures like Walcott’s Algonkian algz in the Per- 

mian of England. American Journal of Science, volume 1, February, 

1921, pages 195-196. 

D. HoNEYMAN: On some ferruginous concretions. Transactions of the Royal 

Society of Canada, volume 1, section IV, 1882-1883, page 285. 

WILLIAM HuvpspbarD: History of New England. Massachusetts Historical So- 

ciety, 1815, page 646. 
T. McKENNEY HucHES: On the manner of occurrence of beekite and its bear- 

ing upon the origin of siliceous beds of Paleozoic age. Mineralogical 

Magazine, volume VIII, number 40, 1889, pages 265-271. 

T. Srerry Hunt: Chemical and Geological Essays, 1878 (concretionary struc- 

ture, footnote, page 89). 

CHARLES T. JaAcKSoN: Concretions. Proceedings of the Boston Society of Nat- 

ural History, volume VI, 1857, pages 132-139. 

W. A. JOHNSON: Pleistocene and recent deposition in the vicinity of Ottawa. 

Geological Survey of Canada, Memoir number 101, 1917, page 29. 

Mary S. JOHNSTON: Geology and physiography in Egypt. Geographical 

Teacher, number 49, volume IX, part 3, 1914, pages 134-146. 

A study of ballstone and the associated beds in the Wenlock limestone of 

Shropshire. Proceedings of the Geological Association (England), 

volume XXV, 1914, pages 193-224. 

H. J. JoHNSTON-LaAvis: Calcareous confetti and oolitic structure. Report of 

the Sixty-ninth Meeting of the British Association for the Advance- 

ment of Science, 1899, pages 744-746. | 
JOHN. T. JOHNSTONE: Note on the occurrence of limestone nodules containing 

cement-stone fossils in glacial deposits near Moffat. Transactions of 

the Edinburgh Geological Society, volume VII, 1909, pages 233-235. 

J. W. Jupp: Students’ Elements of Geology (C. Lyell), 1896; illustration. 

page 256. 

J. BEETE JUKES: Manual of Geology, 1862, pages 356, 357. 

ALEXIS A. JULIEN: On the geological action of the humous acids. Proceedings 

of the American Association for the Advancement of Science, volume 

XXVIII, 1879, page 311. 

IKXALKOWSKY: Oolith und Stromatolith in Nordlichen Bundsandsteine. Zs. dd. 

geol. Gesellsch., 1908, page 60. 

Rey. Pror. KAVANAGH: On modern concretions from the St. Lawrence. Can. 

Rec. Sci., volume 3, number 5, January, 1889, pages 292-294. 



BIBLIOGRAPHY 641 

Jos. Krete: Preliminary report on the clay and shale deposits of the Province 

of Quebee. Memoir 64, Geological Survey of Canada; Concretions, 

1915, pages 81, 88, 89, 90, 94, 104. | 

Preliminary report on the clay and shale deposits in Ontario Mines, 

British, Department of Mines, Canada. (In press.) Plate 13 shows 

various forms of calcareous concretions from postglacial clays in 

Ontario. 

E. M. Kinpre: Note on some concretions in the Chemung of southern New 

York. American Geologist, Minneapolis, Minnesota, volume 33, 1904, 

pages 360-363. 

E. M. Krnptie, R. S. Tarr, and H. 8S. Witt1ams: Watkins Glen-Catotonk folio. 

Folio 169, United States Geological Survey, 1909, pages 76-77, figure 19. 

CLARENCE Kine: United States Geological Survey of the Fortieth Parallel, 

volume II, Concretionary sandstone, 1877, page 84. 

Dr. THEODOR KJERULF: Udsight over det sydlige Norges Geologi, Christiania, 

Pis. IV-IX, 1879. 

HerRN HEtnR. OTTO Lane: Structur der Ooliten. In Ueber Sedimentar Ges- 

teine aus der Umgegend von Gottingen. Zeitsch. der Deutschen Geol., 

Ges. XX XIII, 1881, page 256. 

W. D. Lane, L. F. Spar, W. A. Rich arpson: Shales-with-“Beef,” a sequence 

in the lower Lias of the Dorset coast. Quarterly Journal Geological 

Society of London, volume LXXIX, 1922-1923, pages 47-99. 

JOSEPH LE ConTE: Elements of Geology, 1886, pages 188-190, plates 170-177. 

Elements of Geology, 1892, pages 189-190, figures 167-172. 

STEPHANE LEpUc: La Biologie synthetique, Paris, 1912. 

Centres dynamiques et cristallization. La Biologie synthetique. 

G. Leon: Sur quelques concretions artificielles de Carbonate de Chaux. Bull. 

Soc. frane. Min. XXXV, 1912, pages 172-177. 

R. E. Liksecane: Geologische Diffusionen. Dresden and Leipzig, chapters VI 

and XVIII, 1913. 

H. LunpsoHM: Fynd af konkretioner med aftryk af musslor i hvarvig lera i 

Halland. Geol. Foren. i Stockholm Foérh., volume 7, 1884-1885, pages 

677, 678. 

Stk CHARLES LYELL: Elements of Geology, sixth edition, 1866, page 37, figures 

05-57. 

Students’ Elements of Geology, 1871, pages 63-64, figures 48-50. 

THOMAS H. MARSLAND: Notes on the chemical composition of the siliceous 

tubes: of the devil’s corkscrew, Demonelix. University Studies, Uni- 

versity of Nebraska, volume II, number 2, January, 1897. 

GEORGE P. MERRILL: A treatise on rocks, rock-weathering, and soils. Concre- 

tionary structure, pages 35-37, 246; ironstones, page 114; clay slates, 

page 137; plates viii, ix. 1897. 

The formation of sandstone concretions. Proceedings of the United States 

National Museum, volume XVII, number 987, 1894, pages 87, 88, 

plate vi. 

JEFFERSON MiIppLETON: United States Geological Survey, Sixteenth Annual 

Report, part 4, 1894-1895, page 517. 

H. A. Miers: Concretions as the result of crystallization. Report of the Brit- 

ish Association for the Advancement of Science, 1904, pages 561-562. 

X.LII—BuLu. GEou. Soc. AM.. Vou. 34, 1922 



642 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS — 

L. Mitcu and F. RiecNER: Ueber basische Konkretionen und verwandte Kon- 

stitutions-Fazies in Granit von Striegau (Schlesien). N. J. f. Min., 

Beilage-Band XXIX, 1910, pages 359-405, plate xii. 

L. Morisey: On a method of splitting ironstone nodules by means of an arti- 

ficial freezing mixture. Geological Magazine, Decade V, volume V, 

1908, pages 220-222. 

Extwoop 8S. Moore: Siliceous oolites and other concretionary structures in the 

vicinity of State College, Pennsylvania. Journal of Geology, volume 

20, number 3, April-May, 1912, pages 259-269, 7 figures. 

Oolitic and pisolitic.barite from the Saratoga oil field, Texas. Bulletin 

of the Geological Society of America, volume 25, number 1, March 30, 

1914, pages 77-79, 6 figures. 

An additional note on the oolitic and pisolitic barite from the Saratoga 

oil field, Texas. Science, new series, volume 46, October 5, 1917, page 

342. 

G. Murray: Calcareous pebbles formed by alge. Phycological Memoirs, Lon- 

don, 1895. ; 

JoHN Murray: The Maltese islands, with special reference to their geolog- 

ical structure. Scottish Geographical Magazine; Concerning phos- 

phatie nodules, 1890, pages 471, 472, 481. 

T. J. Murray: Voyage of H. M. 8S. Challenger. Proceedings of the Royal So- 

ciety of London, volume XXIV, 1876, pages 499, 507, 529. 

CHARLES W. NApperR: Concretionary forms in the Greenfield limestone. Ohio 

Journal of Science, volume 18, number 1, November, 1917, pages 7-13, 

4 figures. 

E. NAUMANN: Sddra och mellersta Sveriges sjO- och myrmalmer, deres bild- 

ningshistoria, utbredning och praktiska betydelse. Sver. geol. Under- 

sdkning, arsbok 18, nr. 6, 1919, page 194. 

J. S. NEWBERRY: Cone-in-cone. Geological Magazine, Decade III, volume II, 

1885, pages 559-560. 

H. W. NicHoLts: On the genesis of claystones. American Geologist, volume 

XIX, 1897, pages 324, 329. 

New forms of concretions. Field Columbian Museum, Geological series, 

volume 38, number 3, 1906, pages 25-54, 9 plates. 

EK. NORREGAARD: Dolomitforekomsten ved Faxe. Medd. dansk Geol. Foren., 

volume 10, 1904, page 75. 

J. I. NorrHrop: A Naturalist in the Bahamas, page 40. Columbia University 

Press, New York, 1910. 

C. C. O’Harra: The badland formations of the Black Hills Region (S. D.). 

South Dakota School of Mines, Department of Geology, Bulletin num- 

ber 9, November, 1910, 152 pages, 50 plates, 20 figures. . 

R. D. OLDHAM: Manual of the Geology of India, second edition, Calcutta, 1893, 

page 437. 

EpWARD OrTON: The Geology of Highland County. Geological Survey of Ohio, 

1870, pages 276-290. 

Davin Pace: Textbook of Advanced Geology, fifth edition, 1872, page 454. 

GrEoRG FRIEDRICH Parrot: Recherches physiques sur les pierres d’Imatra. 

Mem. l’Acad. Imp. des Sci. St. Peters., sixth series, Tom. V, part 2, 

1840, pages 297-426, 14 plates. (See M. D. Virlet.) 



BIBLIOGRAPHY 6438 

H. B. Parton: Concretions of chalcedony and opal in obsidian and rhyolite 

in Colorado. Proceedings of the Colorado Scientific Society, volume 

V, 1898, pages 165-170. 

W. H. Pennine: Iron concretions in Lower Greensand at Sandy, Bedfordshire, 

and their method of formation. Geological Magazine, volume III, 

Decade II, number 5, 1876, pages 218-220. 

POHLMANN: Structur der Oolith. Neues-Jahrbuch fur Min. Geol., Pal., 1886, 

page 246. . 

JAMES B. Porttock: Blue-green alge as agents in the deposition of marl in 

Michigan lakes. Twentieth Annual Report of the Michigan Academy 

of Sciences, 1918, pages 247-259. 

JOSEPH PRESTWICH: Geology. Chemical, physical, and stratigraphical concre- 

tions in clays, volume 1, 1886, page 142, figures 42, 43. 

T. T. QuIRKE: Espanola District, Ontario. Geological Survey of Canada, Me- 

moir number 102, 1917, page 56, plate 85. 

ARMOND RENIER: Sur les conséquences de la Decouverte de Concretions dolo- 

mitiques 4 la Mine Maria d’Aix-la-Chapelle. Liége Ann. Soc. géol. 

'Belg., volume 36, 1909, pages 164-166. . 

UNIVERSITY MINES REVIEW: Oolitic iron ore, Luxemburg, Ser. 2, t. IX, 1881, 

page 533. ; 

W. ALFRED RICHARDSON: On the origin of septarian structure. Mineralogical 

Magazine, volume XVIII, May, 1919, number 86, pages 327-3388. 

The relative age of concretions. Geological Magazine, volume LYIII, 

March, 1921, pages 114-124. 

The micro-petrography of the rock-gypsum of Nottinghamshire. Mineral- 

a. Magazine, volume XIX, number 94, September, 1921, pages 196- 

O7. 

I’. RicHTERS: Ueber Marlekor. Prometheus, volume 23, 1912, page 697. 

HEINRICH Ries: The ultimate and rational analysis of clays and their rela- 

tive advantages. Transactions of the American Institute of Mining 

Engineers, New York, Atlantic City Meeting, volume XXVIII, Feb- 

ruary, 1898, pages 160-166. 

Ueber Stylolithen, Dutenmergel und Landschaftenkalk (Anthakolith zum 

Theil). Geogn. Jahresh., Miinchen, volume XV, 1903, pages 157-279. 

H. JusTIN Roppy: Concretions in streams formed by the agency of blue-green 

algz and related plants. Proceedings of the American Philosophical 

Society, volume 54, 1915, pages 246-258, 2 figures. 

HENRY DARWIN RoceErRS: Proceedings of the Boston Society of Natural His- 

tory, volume II, 1845-1848, pages 124-130. 

Geology of Pennsylvania, volume 1, 1858, pages 581-582. 

A. A. Romero: Las Tituladas “Geodas’” Ferruginosas del Ibera, entre Rios, 

ete. An. Soc. cient. Argent., volume LXXV, 1913, pages 49-63. 

K. RorpaM: Kridtformationen i Sjaelland i Terraenet mellem Kobenhayn og 

Koge og paa Saltholm. Danm. geol. Unders., volume II, number 6, 

1897. 

RossspacH: Beitrag zur Kenntniss oolitsch. Kalkstein, Dissertation, Jena. 

(Meiningen, 1884.) 

A. RorHpLetz: Ueber die Bildung der Oolithe. Botanisches Centralblatt, yol- 

ume 51, 1892, page 265. 



644 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

Oolites of Great Salt Lake and the Red Sea. American Geologist, Novyem- 

ber, 1892, page 379; also in Botanisches Centralblatt, 1892. W. 35. 

J. J. RutTLepGE: The Clinton iron-ore deposits of Stone Valley, Huntingdon 

County, Pennsylvania. American Institute of Mining Engineers, Bi- 

monthly Bulletin, number 24, November, 1908, pages 1057-1087, 4 

figures. 

FrRaNK RvtTLeEy: On a spherulitic and perlitic obsidian from Pilas-Jalisco, 

Mexico. Quarterly Journal of the Geological Society, volume XLYII, 

1891, page 531, plate xviii, figure 3. 

On the dwindling and disappearance of limestones. Quarterly Journal of 

the Geological Society, volume XLIX, 1893, pages 372-382, plate xviii. 

JAS. M. Sarrorp: Geology of Tennessee, 1869, pages 458, 459. 

ALEX. Scott: The application of Colloid Chemistry to Mineralogy and Petrol- 

ogy. Fourth Report of the British Association Comm. on Colloid 

Chemistry and its general and industrial applications, page 204. 

Wiiu1aM B. Scorr: An Introduction to Geology, 1897, pages 227, 229, 230, fig- 

ures 86, 87. 

SHALER, WoopworTH. and Marsut: Glacial brick clay of Rhode Island and 

southeastern Massachusetts. United States Geological Survey, Seven- 

teenth Annual Report, part 1, 1895-1896, page 993. 

M. R. R. Stvan: Phosphatic nodules of Trichinopoly and their availability as 

manure. Year Book, Madras Agricultural Department, 1918; and 

Agricultural Research in Madras, Nature, volume 103, 1919, page 137. 

W. J. Sortas: On the flint nodules of the Trimmingham chalk. Annals and 

Magazine of Natural History (5), volume VI, 1880, pages 384-395, 

437-461, plates xix, xx. 

H. C. Sorspy: On the origin of ‘‘cone-in-cone.”’ British Association Report, 

part 2, 1859, page 124. 

Application of quantitative methods to the study of rocks. Chapter XV, 

Concretions. Quarterly Journal of the Geological Society, volume 

LXIV, 1908, pages 215-220. 

C. R. Sravurrer, G. D. Hupparp, and J. A. BOWNOCKER: Geology of the Colum- 

bus Quadrangle. Bulletin of the Geological Survey of Ohio, series 4, 

number 14, 1911, pages i-viii, 1-133. 

H. B. Stocks: “Coal Balls” and “Baum Pots” in the Lower Coal Measures. 

Yorkshire Geological and Polytechnic Society, 1883. 

Proceedings of the Yorkshire Geological and Polytechnic Society, new 

series, volume VIII, 1884, page 394. 

On certain concretions from the Lower Coal Measures and the fossil 

plants which they contain. Proceedings of the Royal Society of Edin- 

burgh, volume XX, 1893, pages 70-75. 

Concretions in the Lower Coal Measures. Quarterly Journal of Geology, 

volume LVIII, 1902, pages 46-58. 

On the formation of carbonate of lime under various conditions. Journal 

of the Society of Chemical Industry (London), April, 1902, pages 52T7- 

dol. 

Analysis of a hydraulic limestone concretion from the Yorkshire coast, 

with remarks on concretions generally. 



BIBLIOGRAPHY 645 

CHARLES STopDER: Concretions. Proceedings of the Boston Society of Nat- 

ural History, volume VI, 1857, pages 137-139. 

Miss Marie Stores and D. M. S. Warson: On the present distribution and 

origin of the calcareous concretions in coal-seams, known as “Coal- 

Balls.” Transactions of the Royal Philosophical Society, series B, 

1909, pages 167-218, plates xvii-xix. 

W. Swanston: Notes on some clay concretions from the Connecticut Valley, 

United States of America. Report and Proceedings of the Belfast 

Natural History Society, 1900-1901, pages 49-50. 

H. H. SwinnNERTON: Keuper Basement Beds near Nottingham. Proceedings 

of the Geological Association, volume XXIX, 1918, page 20. 

RatpH S. Tarr: Economic Geology of the United States. Clay ironstone, 

page 19; Concretionary action and ore deposits, 1894, pages 80-89, 

figure 9. 

W. A. Tare: Notes on concretions. (Abstract.) Science, new series, volume 

51, May, 1920, page 520. 

SANBORN. TENNEY: Geology for teachers, classes, and private students, 1865, 

pages 205, 206, figures 178, 174. , 

Sir C. WyvitLe THOMSON: Voyage of H. M. 8S. Challenger. Proceedings of 

the Royal Society of London, volume XXIV, 1876, pages 33, 39, 464. 

Voyage of the Challenger. The Atlantic, volume 1, 1878, page 189. 

(Mostly on deep-sea concretions.) 

JOSEPHINE TILDEN: Some new species of Minnesota algw which live upon ¢al- 

careous or siliceous Matrix. Botanical Gazette, volume XNIII, 1897, 

pages 95-104, plates vii-ix. 

J. H. Topp: Log-like concretions and fossil shores. American Geologist, vol- 

ume XVII, 1896, page 347, plate xii. 

Concretions and their geological effects. Bulletin of the Geological So- 

ciety of America, volume 14, 1903, pages 353-368, with 5 plates. 

CHARLES W. TOWNSEND: A Labrador spring, page 60, and plate opposite page 

60. Boston, 1910. 

J. STANLEY TuTE: On some singular nodules in the Magnesian limestone. 

Proceedings of the Yorkshire Geological and Polytechnic Society, vol- 

ume XII, part 3, 1893, pages 245, 246. 

J. UppEN and D. McN. PHILLips: A reconnaissance report on the geology of 

the oil and gas fields of Wichita and Clay counties, Texas. Texas 

University Bulletin number 246 (Scientific series number 23), 1912, 

508 pages, 26 plates (including maps), 8 figures. 

M. D’Aoust Virtet: Paper read before the Geological Society of France, Geo- 

logical and Mineral Pamphlets, volume V, number 22, January, 1845. 

CHARLES D. Watcott: Fossil Medusz. United States Geological Survey, 

Monographs, volume XXX, 1898. 

Precambrian Algonkian algal flora. Smithsonian Miscellaneous Collec- 

tions 64, number 2, 1914, pages 79-156. 

W. Watts: Singular nodules and ice-worn stones found in the boulder-clay 

of Piethorn Valley. Transactions of the Manchester Geological So- 

ciety, volume 22, 1892-1893, pages 436-439. 

Matz WEIBULL: Nagra manganhaltiga marlekor fran Ostergétland. Geol. 

Foren. i Stockholm Forh., volume 22, 1900, pages 28-32 



646 E. M. KINDLE—CANADIAN PLEISTOCENE CONCRETIONS 

T. C. Weston: Notes on concretions found in Canadian rocks. Transactions 

of the Nova Scotian Institute of Science, volume IX, 1894-1895, pages 

1-9. 

Epw. WETHERED: On the microscopic structure of the Wenlock limestone, with 

remarks on the formation generally. Quarterly Journal of the Geo- 

logical Society of London, volume XLIX, 1893, pages 236-246, plate vi. 

C. A. WHITE: Note on formation of cone-in-cone. American Journal of Sci- 

ence (2), volume XLV, 1868, pages 401, 402. 

I. C. Wurte: Petroleum fields of northeastern Mexico between the Tamesi 

and Tuxpan rivers. Bulletin of the Geological Society of America, 

volume 24, number 2, June, 1913, pages 253-274, 2 plates. 

GrorcE R. WIELAND: Siliceous oolite. The Mineralogist’s Monthly, Novem- 

ber, 1890. 

Oswin W. Witcox: The iron concretions of the Redbank sands. Journal of 

Geology, volume 14, number 3, 1906, pages 245-252, 8 figures. 

M. E. Witson: Kewagama Lake Map Area, Quebec. Geological Survey of 

Canada, Memoir 89, 1918, page 105, plate xxvii. 

C. WIMAN: Ueber die palzontologische Bedeutung des Massensterbens unter 

den Tieren. Paleontologische Zeitschrift, volume 1, 1914, pages 145- 

154. 

JOHN WINTHROP: Massachusetts Historical Collections (5), volume YIII, 

part 4, page 1388, Winthrop Papers. 

Selections from an ancient catalogue of objects of natural history, found 

in New England more than one hundred years ago. American Jour- 

nal of Science, volume 47, 1844, page 288. 

HENRY WoopwaARpD: On a remarkable fossil Orthopterous insect from the Coal 

Measures of Scotland. Quarterly Journal of the Geological Society 

of London, volume 82, February, 1876, pages 60-65, plate ix. 

Davip Wootacott: Geology of northeast Durham and southeast Northumber- 

land. Proceedings of the Geological Association, volume XXIV, 1918, 

pages 98—. 

Excursion to Sunderland and Tynemouth. Proceedings of the Geological 

Association, volume XXIV, 1918, pages 112-113. 

A. H. WorTHEN: Report of the Geology of Des Moines Valley. Geology of 

Iowa, volume 1, part 1, 1857, pages 190, 191, 201, 215, 216, 226, 227, 

236, 242, 248, 254, 255, 275, 276. 

JOHN YounG: Cone-in-cone structure. Geological Magazine, Decade III, vyol- 

ume IJ, 1885, pages 283-285. 

Cone-in-cone structure. Geological Magazine, Decade III, volume III, 

1886, pages 1389-140. 

Cone-in-cone structure. Geological Magazine, Decade III, volume IX, 

1892, pages 138-139. 

M. D. ZALESSKI: On the discovery of the calcareous concretions known as 

“Coal-Balls” in one of the coal seams of the Carboniferous strata of 

the Donetz basin. Bull. Acad. Imp. Sci., St. Petersb., series 6, 1910, 

pages 477-480. 



PLATES 647 

EXPLANATION OF PLATES 

PLATE 5.—Concretions 

FicureE 1.—Concretion of cemented sand and fine gravel, Kenemich River, 

Labrador. 

Ficures 2 and 3.—Concretions attached to pebbles, Kenemich River, Labrador. 

Figures 4-8.—Concretions of irregular shape with thin outer shell of ferrugi- 

nous material. Hamilton River, Labrador, 7 miles above mouth. 

Figure 9.—Subspherical concretion with outer shell of non-indurated ma- 

terial, Kenemich River, Labrador. 

Ficures 10 and 11.—Concretions with median constriction, south side Lake 

Melville, Labrador. 

FieurE 12.—Concretion with constrictions, south side Lake Melville. 
¢ 

PLATE 6.—Concretions 

Ficures 1 and 2.—View of the two halves of a concretion showing the shell 

of a Yoldia as the nucleus. 

Figure 3.—Concretion with a marine shell attached to the surface, Kenemich 

' River, Labrador. 

Ficures 4 and 5.—Concretions with shells partially inclosed, Kenemich River, 

Labrador. 

FicurES 6, 7, and 9.—Concretions with thread-like ridges corresponding to 

the lamination of the clays in which they were formed, Kene- 

mich River, Labrador. 

Figure 8.—Concretion with iron-stained surface, Kenemich River, Labrador. 

Ficures 10 and 11.—Views of the two halves of an egg-shaped concretion 

from ‘Macleod, Alberta. Figure 10 shows a piece of fossil wood 

acting as the nucleus, while figure 11 indicates the externa] 

appearance of the opposite half. 

PLATE 7.—Concretions 

FieurEes 1 and 2.—Side and top views of terraced or discoid concretions, Fort 

Smith, Alberta. 

FieguRES 3-6.—Compound discoid concretions, Endako, British Columbia. 

PLaTeE 8.—Concretions 

About two-fifths natural size. 

Figures 1 and 2.—Opposite sides of a concretion showing skull and other 

parts of the skeleton of a marten, Ottawa River below Greens 

Creek. 

FicurES 3 and 4.—Concretion showing parts of three skeletons of J/lallotus 

villosus. 
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PLATE 9.—Concretions 

About one-half natural size. 

FIGURES 1 and 2.—Two views of an angular piece of limestone partially coy- 

ered. by a concretionary growth. A cross-section of the specimen 

made by breaking is shown in figure 1 and a side view of the 

opposite end by figure 2. 

PLATE 10—Concretions 

Ficure 1.—This doughnut-shaped concretion shows the smooth surface char- 

acteristic of the slightly weathered “claystones” of the Lower 

Pleistocene clay of the Ottawa Valley. 

FIGuRES 2—5.—These concretions represent the type to which the term marlekor 

will be confined. Note the shrinkage cracks shown by figure 2 

and figure 5; also the irregular surface displayed by all of them. 

From the middle division of the Pleistocene clays south of Wil- 

sons Corners 3 miles, Province of Quebec. 

Ficures 6 and 8.—These specimens show the thin shell of partially indurated 

clay which adheres to the concretions when removed from the 

bed in which formed, Ottawa River below Greens Creek. 

FicguRE 7.—Concretion attached to the side of a pebble, lower clay, Ottawa 

River below Greens Creek. 

PLATE 11.—Concretions 

Seven-eighths natural size. 

Figures 1-4.—Root concretions composed of sand cemented by calcium ear- 

bonate. Specimen number 2 has been ground to show the chan- 

nel originally filled by the root. From the sand beds at Rideau. 

Junction, Ontario. 

Ficures 5—10.—Pseudoconcretions composed of soft blue clay filling irregular- 

shaped vertical tubes in the sand beds, Rideau Junction, Ontario. 

Figures 11 and 12.—Side and cross-section of a root-shaped concretion con- 

sisting of indurated clay, brick clay pits southwest of Billings 

Bridge one-half mile. 

Figures 13 and 14.—Soft or very slightly indurated concretions with a root 

nucleus. Figure 13 is a ground specimen showing the concentric 

orange-brown colored zones which surround the axis. Upper 

clay beds southwest of Billings Bridge, Ottawa, one-half mile. 

PLATE 12.—Concretions 

Ficures 1 and 2.—Concretions (rhizoconcretions) formed in a bed of uncon- 

solidated shells by calcium carbonate cementation of shells ad- 

jacent to roots. Note the root nucleus in figure 1. Pleistocene 

beds, Saint Augustine, Florida. 
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PARALLEL FoLps 

Common parallel folds with horizontal axes die out upward and down- 

ward at a distance which is theoretically infinite. However, the curva- 

ture becomes almost zero at a distance about twenty times the radius of 

perfect curves, at the center of the structure. Thus a semicircular 

parallel fold 200 feet in diameter would die out at a depth of 2,000 feet. 

A fold of the same type, to persist for a depth of 10 miles, would require 

a diameter of one mile at the surface. This theoretical structure involves 

enormous shortening of the central line of the folds and a diminishing 

shortening of the flanks, until at the place where it dies out the shorten- 

ing becomes zero (figure 1). Such a feature would be a remarkable case 

of rotational strain 6f a type in nature unknown to the writer. 

Certain folds which die out in depth are described by Van Hise.’ 

None of the cases cited appears to be a case of parallel folds; uniformly, 

the folds are in highly metamorphic rock characterized by similar fold- 

ing. However, this structure is usually recognized as a probability and 

is commonly cited as an explanation of how folds die out at great depths. 

1 Manuscript received by the Secretary of the Society. December 30, 1922. 

*C. R. Van Hise: U. S. Geol. Survey, 16th Annual Report, part 1, 1896, p. 601. 

XGLIINT--BunL. Grot. Soc. AmM., Von. 34, 1922 (649 ) 
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This leads to the consideration of the possibility of a reversal of the 

position of shortening in a parallel fold. 

Whereas in the type parallel fold the center is shortened and the flanks 

remain unchanged, would it not be possible for the center to be unshort- 

ened and for the flanks to suffer rotational shortening both upward and 

downward? This would lead to a parallel fold growing more and more 

folded on opposite sides of the central plane, the degree of curvature 

again being a function of the radius. In any case, the extent of the 

feature must depend on the persistence of the homogeneous containing 

Parallel Folding which dies out above and Below 

ee 

i 

Maximum _shorfening is along central axis_ . 

FIGURE 1.—Theoretical Parallel Folding 

layer, without which such a feature would be impossible. Boudinage 

may provide such a case. 

THE BoupDINS 

During the early part of August, under the leading of Prof. Max 

Lohest, certain members of the International Geological Congress visited 

the region of Bastogne, in southeastern Belgium. There one has the 

opportunity to see, in the local quarries, a type of deformation wlrich is 

so rare as to be almost unknown in any other place. This is the develop- 

ment of “boudinage,” as it is called by Lohest (figures 2, 3, and 4). 
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The Coblencian rocks (Lower Devonian) are composed of quartzite 

and schist, the quartzite being in beds of from about a foot to about eight 

feet in thickness. The quartzite layers appear to have been compressed 

in the direction of their bedding, with the result that they have been 

thickened. The thickening has been distributed in such a way that the 

beds have been separated into a number of parts distinct from one an- 

other, the parts in cross-section looking like barrels, the ends of which 

are separated from neighboring barrels by veins of quartz. 

In places where quarrying operations have removed the schists from 

the quartzite, one is able to see that the barrel shapes extend into eylin- 

ders which look like enormous sausages strung out side by side, from 

FIGURE 2.—IJcealized Boudinages 

The figure a, b, c, d shows the shape of the rock before it became a boudin. «a Bb and 

e d show the maximum shortening. Shortening decreases to nothing at the axes. e e 

indicate quartz veins. 

which appearance this type of deformation gets its name of boudinage. 

The quartz vein separating each boudin from its neighbor is quite char- 

acteristic, and the width of spacing between veins is evidently a function 

of the width of the bed. The boudins approximate a circle in cross- 

section. In small beds the circle is small; in large beds the cirele is large. 

THE QUARTZ VEINS 

The quartz veins do not penetrate the schist above and below these 

bands of quartzite. They appear to be confined entirely to the beds of 

quartzite. It is thought by Lohest,* following Stainier, that these veins 

3M. M. Lohest: Congrés Géologique International Livret Guide, Excursion A3, p. &. 
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were formed in the quartzite previous to deformation. However, in this 

there is not complete agreement. Indeed, there are reasons for believing 
that the quartz veins were filled after the formation of the boudins. 

The quartz veins in neighboring bands of quartzite are not in linear 

continuation. The size of veins is in relation to the thickness of the 

quartzite bands, being narrow in thin bands and wide in thick bands. 

They show no appearance of having been bent or ruptured after filling. 

They are typical fissure veins. The quartz veins appear to be thicker 

near the center of the boudins than at the edges. They seem to be 

lenticular, with their greatest thickness at the axis of the cylinders, ac- 

cording to the indication on the figures (figures 2 and 4). The quartz 

FIGURE 3.—Boudinage, Carriére de la Citadelle. Bastogne, Belgium 

veins commonly are not truly lenticular. In many cases the vein is split 

up into veinlets, but the total width of the veinlets along the central axis 

is generally greater than the width of the veins at the edge of the boudins. 

The position of these features in the major fold is in question, because 

the general structure of the Bastogne area has not yet been determined. 

At the Carriére de la Citadelle the axis of boudinage appears to be 

horizontal, but in another quarry, at Luzery, the boudins have a dip of 

35 degrees southeastward. Lohest believes that they occur only on the 

summits of folds, and it may be that the case at Luzery is on a roll near 

the summit of the anticlinorium or at the top of an anticline plunging 

at an angle of 35 degrees. 
However, in this particular place the veins are vertical, not normal to 
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the dipping beds, which indicates that this is on the flank of the anti- 

cline, if we suppose the veins to follow ordinary fracture cleavage. Fur- 

thermore, in this place the veins are larger near the top than near the 

bottom of the boudins, and the arguments in regard to the central thick- 

ness of quartz veins do not hold. 

ELASTIC AND NON-ELASTIC COMPRESSION 

In general, the boudins appear to have been formed by lateral com- 

pression under enormous loading, so that the terrane has been neither 

‘arched nor crumpled, but the competent beds have been compressed 

longitudinally into symmetrical folds of relatively small size. During 

this deformation the schistose rock conformed to the more competent 

ee 

YicurE 4.—Boudinage, Bastogne, Belgium 

Traced from photograph used in figure 3. Transverse lines are quartz veins. 

bands of quartzite, which arched both upward and downward into the 

less resistant phyllites. The natural conclusion is that after compression 

the quartzite yielded to tension, giving rise to cracks which were dis- 

tributed equally throughout. The yielding to tension was more closely 

spaced in the thin beds than in the thick beds. 
The actual openings appear to have been wider near the axes of the 

beds than near the edges. The edges of the boudins were folded the 

most. Apparently, the folded parts were straightened enough to take up 

the slack, but the central parts, being unshortened originally, had to 

supply means of expansion, and therefore cracked open instead. The 

central part might have been compressed during the arching of the other 

beds, and therefore had a certain amount of elastic recovery. 
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We may suppose, however, that the elastic hmit of the quartzite might 

have been passed and the pore spaces were crushed closed. In this case 

the reduction might well have been as high as 7 per cent. This com- 

pression would shorten a bed three feet thick by 21/5 inches. It should 

be noted that this compression is non-elastic and unrecoverable on relief 

of pressure. A certain amount of elastic compression must accompany 

compression so great that the pores are closed. Recovery of this would 

be possible on relief of pressure. 

After closing of the spaces the quartzite would have an elastic com- 

pressibility about equal to that of quartz. This is very small, being | 

about 2.7 * parts per million per atmosphere. 

Supposing the compression to have been equal in intensity to the 

pressure produced by rock overburden 10 miles deep, the compression of 

the quartzite would have been of the order of about one-third of an inch 

per linear yard (0.02 per cent). ‘Thus a quartzitic bed under great com- 

pression might be reduced 21/5 inches per yard non-elastically and one- 

third inch per yard elastically, resulting in a total shortening of 28/15 

inches per yard. This shortening could be accommodated by the outside 

beds by arching. 

By experiment and measurement, it has been found that a yardstick 

shortened by bending 28/15 inches results in an arch equivalent in 

height to one-seventh of its original length or to one-fifth of its reduced 

length. This is an arch of the shape of the outside layer of the boudins 

drawn in figure 5. | 

Supposing the boudins to have been formed by lateral forces which 

resulted in elastic and non-elastic compression of the axial parts and 

ordinary folding of the outer layers, there would have been a linear 

shortening of 28/15 inches per yard, of which 21/5 inches could: not 

be recovered by expansion after relief of pressure. There would also be 

a thickening of the beds equal to nearly 10 inches in the widest part us : 

the outside layers, arching upward and downward. 

After relief of pressure the arches might straighten in part, but the 

central region has little recovery possible. If the arches lengthen again 

under vertical pressure or decrease of lateral support, the central part 

must crack open. These cracks would be greatest at the center, where 

arching has been zero and where non-elastic compression has been a 

maximum. The cracks would have a maximum width of 21/5 inches 

4+Trskine D. Williamson: Changes of the physical properties of materials with pres- 

sure. Geophysical Laboratory, Carnegie Institute of Washington, Paper no. 446, 1922, 

p. 506. 
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per yard, or 6.11 per cent. This is about equivalent to the size of the 

quartz veins between the boudins. 

Evastic RECOVERY OF FOLDED Rocks 

If we suppose, however, that the Coblencian rocks were so strong at 

the time of their deformation that the lateral forces were incompetent 

to cause the compression postulated above, we must discard the idea of 

change of volume of the axial material under compression. This does 

not eliminate, however, the possible effectiveness of the elasticity of the 

bent quartzite layers above and below the axial part of the boudins. On 

release of lateral pressure these arched layers would tend to spring back 

into their former shapes unless their deformation passed the elastic limit. 

The elastic limit of rocks is different for the tensional and for compres- 

sional strains, but the tensional elastic limit is the lower; consequently 

passing of the elastic mit will result in part failure of the arches by 

tensional cracks near the periphery. These cracks would be wide at the 

periphery and would decrease to zero at the axis. Veins of this type do 

not appear to prevail in the Carriére de la Citadelle, where the best 

observations are possible, although Lohest describes them as of that 

character. 

Surely, some of the veins are not wider near the periphery than at the 

axis. Most of them appear to be widest at the axis and to pinch out to 

nothing, both above and below, at the periphery. This latter type ap- 

pears to represent the cases of quartzite beds which were so deeply buried 

that under lateral compression they bent without rupture and without 

passing their elastic limit. On relief of lateral compression they tended 

to recover their former shape, thus increasing their geographical length 
by straightening their curves. 

Lengthening of the outer beds would make openings necessary in the 
unfolded material within. Thus, the width of the opening is inversely 
proportional to the longitudinal recovery. That which was bent the 
most could recover the most, and that which was unbent could rebound 
not at all. By the elastic straightening of the bowed beds, the unbent 
axial beds were pulled apart. The location of these planes of rupture 
would naturally fall between the boudins, where the opposing spring of 
neighboring arches would be concentrated. Large boudins would cause 
wide veins; little boudins would cause narrow veins. Such is the case. 

NoN-ELASTIC RECOVERY OF FOLDED Rocks 

In cases where the arches passed the elastic limit another explanation 
is necessary. ‘The arches were upheld against the weight of overlying 
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sediments by lateral compression. After decrease of this lateral support 

the arches tried to flatten down again. However, this can only come 

about by lengthening of the boudin bed. This lengthening can be ac- 

commodated easily by the arched beds, but the unbent beds must fail by 

jointing in the necessity of keeping up with the lateral movement of the 

arched layers above and below them. The result is just the same as if 

the beds sprang back into their former shape by elastic recovery, to wit: 

cross-fractures which are wide at the axis and closed at the peripheries 

(figures 5 and 6). 

ForRMATION OF BOUDINAGE 

In the formation of boudinage we suppose something like the follow- 

ing course of events: first, the presence of very competent thin beds 

i} {ee 
QPeSoE oO 
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> <— 

Ee Sas ‘ 

T 
at ene 

emer a a ai a i A er 
—-s> —“LY 
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Figure 5.—Formation of a Boudin by lat- FiGcurE 6.—Recovery, clastic or otherwise, 

eral Pressure—a rotational Strain of a Boudin, after Release of lateral 

Pressure 

inclosed in incompetent material; second, the concentration on these 

beds of compression great enough to thicken notably the incompetent 

members and to telescope the competent beds into boudins. Unless the 

overburden were large and highly competent, the boudin member would 

simply arch upward. However, it arched both upward and downward to 

an equal degree. 

PECULIARITIES OF BOUDINAGE 

There are no ordinary structures or portions in ordinary folds where 

these boudins can be formed. They are symmetrical about a vertical 

axis and about a horizontal axis; therefore they can not be formed on 

the flanks of folds. The axis of a fold might give place to one boudin 

in a bed, but not to a string of them. A series of drag folds might give 
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rise to something like them, if cross-veins should separate them similarly. 

But drag folds and boudins differ essentially in their axial parts. A 

drag fold is folded from top to bottom; a boudin is unfolded along its 

axis. Drag folds affect incompetent layers between competent beds; 

boudins occupy competent beds between incompetent layers. Drag folds 

are due to shear; boudins appear to be due to extreme rotational strain 

symmetrical about a horizontal axial plane (figures 7 and 8). 

The boudins look somewhat like the structures called phacoidal struc- 

tures by the British geologists. They report the case of an epidiorite 

dike wrenched into a series of isolated lenticles or “phacoidal” masses 

imbedded in a zone of reconstructed granulitic gneiss. The case is cited 

Compete nt 

Incompetent ; 
Qe 

Competent 

SunEEeneeeen 

<—_____— 
FiIGcuRE 7.—Boudin-like Features due to Drag-folding and Cross-fractures 

of a thin basic dike, disrupted and severed into seven detached lenticles 

of hornblende-schist, from 30 to 130 yards in length, all arranged parallel 

to the thrust and to the foliation planes of the reconstructed micaceous 

eneiss by which they are surrounded.’ Similarly pegmatites intruding 

hornblende-schists and biotite-gneisses have been broken and sheared into 

the same sort of forms.® Very small lenticles of from 3 to 6 inches long 

have resulted from the thrust-plane passing above a limestone formation 

there brecciated for a depth of 15 inches beneath the fault-plane,’ and 

Leith® cites the case of a porphyry of the Vermilion district of Minne- 

sota which, having been sheared into rhombs, was further metamorphosed 

into a pseudo-conglomerate containing elongated lenses like pebbles. 

All such structures are devoid of definite bedding which has any 

general relationship to the shape of the mass, whereas each boudin is 

5B. N. Beach, John Horne, ‘and others: Geological Structure of the Northwest High- 

lands of Scotland, 1907. Memoirs of the Geol. Survey of Great Britain, p. 67. 

§Tdem, p. 263. 

7™Idem, p. 504. 

§C. K. Leith: Structural Geology, 1913, p. 66. 
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composed of symmetrical arches, grading from those of a high curvature 

at the periphery to those of no curvature along the axial plane. 

Furthermore, the phacoidal structures are commonly surrounded by 

the enveloping layers of schistose rock wrapped about them. The boudins 

of a bed are side by side, unseparated except by quartz veins; never sepa- 

incempetent 

—_> <_——_ 
—_> < 

BSE Sic <— 

FIGURE 8.—Boudins 

rated by the schistose rock above and below them (figure 9). We must 

conclude that boudins differ from all other folds and structural features. 

Boudins must come as a result of some unusual type of deformation. 

Considering a series of boudin beds, we seem to recognize great shorten- 
ing in the incompetent layers and apparently no shortening along the 
axes of the boudin beds. This shortening of the incompetent beds must 

> {Com petent 

< 

1NCempetent 

ee SE 

Echistose ae Solded 
Be : SA 

SS SSS Ss Se Schistese 

FIGURE 9.—Phacoidal Structure (on left) and Boudins bounded by schistose Rock 

(on right) 

The phacoidal structure is due to rupture of competent layers and abrasion of pieces 
by flow of schistose matrix. The boudins bounded by schistose rock are not broken nor 
rounded by movement of the matrix. 

result in thickening and uplift, and this uplift may approximate in shape 
that of a great boudin. Lohest maintains that the whole uplifted area 
of Bastogne is a giant boudin. If so, boudinage may offer an explanation 
of how some folds die out in depth, and how folds which increase in size 
with depth may pass out of existence at greater depth. In every case the 
boudins are separated from the overlying and underlying incompetent 
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material by shear zones. Similarly, a giant boudin may come to an end 

at considerable depth in contact with the deep zone of flow. 

If the central part of the boudins is not compressed as much as the 

outer arched beds, it is difficult to understand a great stratigraphic series 

of boudin beds, such as Lohest postulates at Bastogne. Such a series 

would represent alternating shortening and non-shortening of the in- 

competent and competent beds respectively—an almost incredible per- 

formance. 

Furthermore, a great boudin could have smaller boudins only in one 

row, along its central axis, which is not the case at Bastogne. And every 

boudin band would represent two great rotational strains swinging out 

from one another on opposite sides of the boudin axis, where both would 

be zero. 

Inversely, a series of parallel folds which die out above and below rep- 

resent two great rotational strains which swing in toward one another to 

a maximum at their union, starting from zero at distant points on oppo- 

site sides of the plane of their combination. 

Although the possibility of ordinary parallel folds, so persistent that 

they die out according to theory, is widely recognized, the writer knows 

of no case where the phenomenon can be proved in the field. It is almost 

certain that the most promising series of parallel folds grades into sim- 

ilar folds at relatively shallow depth. In like manner it is probable that 

the Bastogne uplift will ultimately be found to be much more compli- 

cated than a simple giant boudin, although the stratigraphic series of 

boudin beds almost proves that the quartzitic bands were shortened by 

‘compression along their axes to a degree equal to their shortening by 

arching, and the boudinage is not really the structural opposite of parallel 

folding, but merely a very unusual type of shortening of a composite 

member, constituent parts of which adjust themselves to the compression 

by different mechanical methods. Nevertheless, the recognition of 

boudinage as a possible type of major folding, as well as a proved type 

of minor structure, may lead to happy results, and it may be helpful in 

explaining how deeply buried folds of large curvature may come to an 

end almost abruptly in contact with an incomplete zone of flow. 

The boudinage of Bastogne and vicinity provides a case of a rare geo- 

logical phenomenon. ‘There is no mention of this type of deformation 

in any works in English, so far as the writer is aware, nor does it seem 

to have had consideration from any but the geologists of Belgium. There 

are so many geologists in America who are carrying on or planning to 

undertake experiments which may throw light on the cause and mechan- 
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ics of the deformation of the earth’s crust that it is desirable that every 

type of structure should be made familiar to all who are interested. One 

of the purposes of International Congresses is to offer to the geologists 

of the world a convenient opportunity of visiting the pecuhar or other- 

wise noteworthy phenomena of the country which is acting as host. 

Boudinage is one of those things, visited during the International Con- 

egress of 1922, which geologists may see in Belgium, although probably 

not known anywhere else in the world. In spite of the rarity of boudi- 

nages, they illustrate what a part of the earth’s crust has done under 

particular circumstances and what other parts are hkely to do under 

similar conditions, and their occurrence serves to point a warning to those 

undertaking mechanical experiments in structural geology. They em- 

phasize the oft-repeated reminder that the earth’s crust is not a uniform 

member, nor rigid, and that it is in no sense susceptible to theoretical 

treatment as though it were a member of uniform material and simple 

structure. 

There seems to be nothing in the arts or in nature which can be com- 

pared in mechanical origin to boudinages, which makes them the more 

interesting and the more worthy of study. It is hoped that we shall learn 

more about them through the researches of our Belgian colleagues. 
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INTRODUCTION 

A fault, once formed, long remains a plane of weakness, and stresses 

developing in the adjacent region are more likely to be relieved by adjust- 

ments along it than by the formation of new faults. This is especially 

true of faults that persist for long distances. The identification of active 

faults is of importance, since they are the loci of earthquakes, each new 

displacement of a growing fault resulting in an earthquake. 

CRITERIA USED IN RECOGNIZING ACTIVE FAULTS 

The criteria that have been used in recognizing active faults are: (1) 

the recurrence of earthquakes along faults, and (2) physiographic and 
geologic evidence of recent displacement; but each of these may be mis- 
leading unless the general stability of the entire circumjacent region be 
taken into consideration. . 

The Charleston earthquake of 1886 was one of the greatest recorded 
in North America, and aftershocks have continued in its epicentral area 
down to the present day, yet there is no physiographic or geologic evi- 
dence that crustal movements are going on more rapidly there than else- 
where in the Atlantic Coastal Plain. Therefore, disastrous earthquakes 
are no more to be expected in South Carolina than in other States of 
equal stability, such as Florida or New Jersey. 

* Manuscript received by the Secretary of the Society January 14, 1923. 
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In regions where crustal movements are now going on with relative 

rapidity, as on the Pacific coast, faults showing evidence of recent dis- 

placement may be classed as active faults, and along them renewed ad- 

justments may be expected to occur from time to time; but in regions 

that are relatively stable the probability of displacements in the near 

future is slight, even along recent faults, such as those of Mount Toby, 

Massachusetts.* » 

Estimates of the relative stability of most regions have to be based, at 

present, entirely on the magnitude of post-Pleistocene movements, and 

on the seismic history over a period of no more than a few centuries at 

most. Accordingly, accurate geodetic surveys should be made in the 

more mobile portions of the earth, at such intervals as may be necessary, 

in order to determine the character and rate of the crustal movements 

now going on. Such surveys would probably give a better indication of 

the stability of a region. | 

PHYSIOGRAPHIC EVIDENCE OF RECENT FAULTING 

Physiographic evidence is especially useful in locating active faults in 

regions where earthquake records are available for only a short time. 

Fresh fault-scarps, when present, indicate recent displacement, but scarps 

may be masked under thick deposits of unconsolidated sediments, and 

they are necessarily absent where the displacements are horizontal. Per- 

haps the most characteristic evidence is furnished by the presence of 

small depressions due to the downfaulting of narrow strips along the 

strike of the fault, for they seem to be equally prevalent along faults 

where the recent displacements have been horizontal and where they have 

been dominantly vertical. 

The fault forming the west front of the Wasatch Range is marked by 

a recent scarp having a maximum height of about 100 feet, which may 

be traced interruptedly for a distance of about 125 miles. The facts 

concerning the fault given in this paper have been abstracted partly 

from Gilbert’s monograph on Lake Bonneville? and partly from the field- 

notes of the present writer. In places the scarp splits up into two or 

more scarps, and where this branching is prominently developed narrow 
fault troughs and small undrained basins are prevalent. The exposed 
fault-planes dip toward the west at angles of 75 to 85 degrees. Striations 

on boulders in cemented Bonneville gravels as well as on the Carbonifer- 

'F. B. Loomis: Postglacial faulting about Mount Toby, Massachusetts. Bull. Geol. 

soc. Am., vol. 32, 1921, pp: 75-80: 

*G. K. Gilbert: Lake Bonneville. U. S. Geol. Survey, Monograph I, 1890, pp. 340-357. 
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ous limestone, where the two are in contact, prove that the recent dis- 

placement was chiefly vertical. The form of the scarps where they inter- 

sect narrow spurs is likewise indicative of the absence of an appreciable 

horizontal component parallel to the fault-plane. Variations in the 

height of the scarps where they cross certain post-Pleistocene features, 

such as alluvial fans, prove that in places, at least, the present height of 

the scarps is the result of more than one displacement. While no severe 

earthquakes seem to have occurred along the Wasatch fault since the 

region was settled, the evidence of relative instability in the surrounding 

region is such that the earthquake hazard must be rated higher than in 

the Mississippi Valley, which, because of the New Madrid earthquake 

and its aftershocks, has a less favorable seismic history. 

The faulting at the time of the Owens Valley earthquake of 1872 was 

accompanied by the formation of numerous depressed strips. The fault- 

scarps have been described by Gilbert? and Whitney,* and they are well 

illustrated in the maps and photographs by Johnson published by Hobbs.* 

The main scarp followed the base of the alluvial footslope of the Sierra 

Nevada for 40 miles, varying from 5 to 20 feet in height, and, where 

highest, it was paralleled by an opposite-facing, ten-foot scarp with a 

depressed strip between. Elsewhere the displacement was distributed 

over a belt of parallel, overlapping and sometimes branching faults, be- 

tween which the narrow strips were depressed from 2 to 10 feet. These 

strips varied in width up to 200 or 300 feet, and some were several hun- 

dred yards in length. One of the depressed tracts, several thousand acres 

in extent, is said to have moved northward about 15 feet. Some of the 

fault-scarps seem to have been formed in part at a somewhat earlier 
period. 

The San Andreas fault, extending through California for upward of 

600 miles, is marked by hundreds of small depressions or sags, often 
holding water, and by long, narrow valleys. By means of these features 
the fault may be readily traced through most of its course. It is, in fact, 
characterized by valleys rather than by scarps. Some of the valleys are 
known to be diastrophic in origin, while others, such as the through 
valleys, are also probably due chiefly to faulting. Small trenchlike de- 
pressions were formed along the fault during the earthquake of 1906 and 
some of the preexisting and usually larger depressions were deepened. 

7G. K. Gilbert: A theory of the earthquakes of the Great Basin; with a practical 
application. Am. Jour. Sci., 3d ser., vol. 27, 1884, pp. 49-53. 

*J. D. Whitney: The Owens Valley earthquake. Overland Monthly, vol. 9, 1872, pp. 
130-140 and 266-278. 

°W. H. Hobbs: The earthquake of 1872 in the Owens Valley, California, Beitriigen 
_ Zur Geophysik, Bd. 10, 1910, pp. 352-384. 
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The displacement at that time extended for over 190 miles and was 

chiefly horizontal, amounting to a maximum of 21 feet. Vertical dis- 
placement, where present, was small, and the low scarps faced west in 

some places and east in others. 

Horizontal displacements along faults are scarcely mentioned in most 

text-books, and that along the San Andreas fault in 1906 has been re- 

garded as exceptional; but I believe that movements of this type have 

been prevalent along the northern half of the fault since the Pleistocene, 

and that such movements have probably played a very important part in 

the development of the fault. The evidence bearing on this question is 

outlined below. 

Along the northern half of the fault fresh scarps, other than those that 

inclose the narrow troughs, are few and inconspicuous, and yet the 

numerous troughs and sags furnish evidence of repeated displacements 

in.recent time. | 
The fault-plane seems to be approximately vertical. It is true that 

the fault, instead of being a single break, is a complex of parallel and 

branching fractures, but the width of the zone of fracturing is seldom 

more than a quarter of a mile, which is small as compared with the 

probable depth of the fault. The fault trace formed in 1906 was not 

deflected where it crossed surfaces sloping in different directions. Al- 

though large vertical displacements have resulted from past movements, 

especially along the southern portion of the fault, there is no continuous 

scarp on either side; a mountain block has been uplifted in one place to 

form a scarp facing southwest, while in another the scarp faces north- 

east. Between Tomales Bay and Bolinas Bay, Lawson found evidence 

of large movements at different times in opposite directions, so far as 

the vertical component was concerned.’ For long distances there is no 

important scarp, and at a number of places the rocks exposed on both 

sides of the fault are the same. ‘The fault crosses from one side of the 

Santa Cruz Mountains to the other, and in its long course it passes from 

the west side of the Coast Ranges to the east side. 

Tangential thrust at right angles to the fault could not produce a 

vertical fault-plane nor account for the alternating scarps. It is not. 

likely that the fault was the result of tension, for it maintains its long 

course, without deflection, across different kinds of rock and earlier 

structural features. It is not conceivable that a fault extending for such 

a distance with only minor deviations could originate from purely ver- 

® A.C. Lawson and others: The California earthquake of April 18, 1906. Report of 

the State Earthquake Investigation Commission, Carnegie Inst. of Washington, Publica- 

tion INOt GS 7., vol tpt a  tOOS wep. see: 
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tical forces, especially since the uplift changes from side to side. If the 

fault was formed in none of the ways mentioned above, it must have 
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F1iGURE 1.—Principal Faults on the San Francisco Peninsula 

After A. C. Lawson, with additions by Stephen Taber 

originated through shearing in a horizontal direction; and, once formed, 
local stresses due to uplift of adjacent areas would be relieved by vertical 
adjustments along it. 

XLIV—BuLL. Grou. Soc. AM., Vou, 34, 1922 
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The branch faults that leave the main San Andreas fault on the San 

Francisco Peninsula, such as the Black Mountain fault, the San Mateo 

Creek fault, and a fault located by the writer, which extends from the 

western branch of San Andreas Lake and reaches the coast a half mile 

south of Mussel Rock (see figure 1), are all readily explained on the 

hypothesis of horizontal shear. Branch faults of this type are not a 

characteristic of normal faulting or of reverse faulting. ‘The numerous 

small ponds between Mussel Rock and San Andreas Lake indicate that 

there are several other branch faults in that section. 

Several displacements are known to have occurred along the San 

Andreas fault since the settlement of California, though in most in- 

stances the direction of movement is unknown. Vertical displacements, 

however, are much more likely to be recognized and reported than hori- 

zontal ones, especially in thinly settled regions, and the scarps formed 

are conspicuous for years. In 1857 the southern half of the fault was 

ruptured, but the direction of displacement was not recorded. In 1890 

a rupture is said to have occurred near San Juan, with a small displace- 

ment in the same direction as in 1906. During the earthquake of 1901 

a crack was formed along the fault in the Cholame Valley which could 

be traced for several miles.? 

The earthquake of January 31, 1922, which originated under the 

Pacific Ocean about 300 miles off the Oregon coast and approximately 

in line with the San Andreas fault, was felt much farther from the origin 

than the earthquake of 1906. It likewise was probably caused by a hori- 

zontal displacement along the San Andreas or some parallel fault; for, 

as there was no sea wave, there could have been no appreciable vertical 

movement of the sea-floor. 
While it is outside the scope of the present paper, I wish to point out 

that the forces necessary to produce the displacements now in progress 
along the San Andreas fault must be regional and not local, and that 
there are other faults parallel to the San Andreas fault, such as the Hay- 
wards fault, on the opposite side of San Francisco Bay, which show the 
same physiographic characteristics. 

ORIGIN OF SMALL FauLtT TROUGHS ALONG ACTIVE FAULTS 

Several hypotheses have been advanced to explain the formation of 
the small fault troughs and depressions formed during earthquakes. 

_ Fuller suggests that those formed at the time of the New Madrid earth- 
quake were due to undermining caused by the creep of quicksand into 

“A, C. Lawson and others: Op. cit., pp. 38 and 40, 
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rivers. This might account for circular and more or less irregular- 

shaped depressions, but hardly for rectilinear trenches with such sharp 

steep sides and flat bottoms that they suggest canal excavations. The 

hypothesis is certainly inapplicable to the depressions mentioned in the 

present paper. 

Gilbert, in explaining troughs at the base of the Wasatch scarp, as- 

sumed that the fault-plane separating the alluvium from the firm rock 

of the mountain had a dip of 60 degrees, and that the recent uplift of 

the mountain block relative to the alluvium resulted in a break which, 

as it approached the surface, curved upward away from the fault-plane 

so as to leave a triangular prism of alluvium attached to the rock consti- 

tuting the footwall. The open fissure formed by faulting along the up- 

curving surface would be immediately filled by the settling of one or 

both walls.° ; 

The objections to this hypothesis are: (1) that depressions are absent 

for long distances where there is a single fault-scarp instead of several 

branching fractures and there is no other evidence of open fissures having 

been formed; (2) that pressure effects, such as striations, are found 

along the fault surface in gravel cemented by calcite as well as on the 

solid rock; (3) that at the only place where the fault-plane was observed 

in solid rock the dip was as steep or steeper than in the alluvium and 

glacial drift; and (4) that it is not applicable to similar troughs along 

the San Andreas fault where the displacement was horizontal, or to 

those formed in solid rock during the earthquake at Yakutat Bay, 

Alaska."° 

Later, Gilbert explained the sags and ridges along the San Andreas 

fault in the Bolinas-Tomales Valley as due to “the unequal settling of 

small crust blocks along a magnified shear zone,” + but he advanced no 

theory to explain the settling. The horizontal displacement of 1906 was 

accompanied in places by slickensides and similar evidence indicative of 

compression normal to the fault rather than of tension. 

Oldham attributed the formation of certain depressions during the 

Assam earthquake of 1897 to the lurching of alluvium at the base of hill 

slopes, but such depressions follow the windings of the contact between 
hill and plain.?? 

8M. L. Fuller: The New Madrid earthquake. U. S. Geol. Survey, Bull. 494, 1912, 

pp. 48-58. 

°G. K. Gilbert: Lake Bonneville. U. S. Geol. Survey, Monograph I, 1890, pp. 355-356. 

OR. S. Tarr and L. Martin: The earthquakes at Yakutat Bay, Alaska, in September, 
1899. U.S. Geol. Survey, Prof. Paper 69, 1912, p. 37, and plate XVII, C. 

4G. K. Gilbert: “Characteristics of the rift’ in the California earthquake of April 
te i0G; vol. i, pt, 1, 1908, pp: 33-84. 

#”R. D. Oldham: Report on the great earthquake of 12th June, 1897. Mem. Geol. 
Survey India, vol. 29, 1899, pp. 92-93. 
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Troughlike depressions and undrained basins may be formed on slop- 

ing surfaces by a warping or selective uplift of the lower side of a fault, 
but in most cases the uplift is on the opposite side and therefore tends 

to accentuate the slope. 

A careful study of the small fault troughs and other depressions found 

along several active faults has led the writer to the conclusion that most 

of them are due to the downthrow of narrow blocks or wedges within a 

belt of parallel and interlacing fractures. The settling of the blocks is 

believed to take place while the rocks are momentarily separated by the 

passage of earthquake vibrations. The formation of these small troughs 

and sags is, therefore, regarded as a result of earthquakes and not as a 

cause, though it is probable that some aftershocks are due to minor dis- 

placements of blocks which have not reached a position of complete 

stability during the earthquakes. 

During the California earthquake of 1906 a fault fissure was opened 

so wide as to admit a cow, which fell in head first and was thus entombed, 

the closure leaving only the tail visible. At this point a trench was 

formed 6 to 8 feet wide and 1 or 2 feet in depth.?* 

When a small fault trough is formed in rock that is buried angen thick 

deposits of unconsolidated sediments, the surface manifestations may be 

no more than a shallow depression without definite boundaries. It was 

largely by means of such depressions that the writer traced the Inglewood 

fault of southern California.** 

Ridges are sometimes left between two downfaulted blocks, but most 

of the low ridges formed during the California earthquake of 1906 were 

due to the breaking up of surface soil into a loose aggregate of irregular 

clods or blocks, with a consequent high percentage of voids, and they 

gradually disappeared as the material again became compacted. 

The hypothesis advocated above is not applicable to large fault troughs 

having a width of several miles, which seem to be formed as a result of 

repeated displacements, sometimes on one side and sometimes on the 

other. ‘The displacements which result in the formation and growth of 

large fault troughs are, therefore, regarded as a cause of earthquakes and 
not as effects. 

%G. K. Gilbert: “The earth movement on the fault of April 18, 1906—-Tomales Bay 

to Bolinas Lagoon,” in the California earthquake of April 18, 1906, vol. 1, pt. 1, 1908, 

Ds 2: 

* Stephen Taber: The Inglewood earthquake in southern California, June 21, 1920. 

Bull. Seis. Soc. Amer., vol. 10, 1920, pp. 139-142. 
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INTRODUCTION 

The rocks surrounding the western half of Lake Superior dip to the 

southeast in Minnesota and northern Douglas County, Wisconsin, and 

dip more steeply northwestward in the hmb extending southwestward 

from Keweenaw Point to Minnesota. As the main axis is not far north- 

west of the outcrop of the south limb, the syncline is not symmetrical. 

Dips of 25 to 30 degrees are unusually high on the north limb; on the 

south limb dips vary from 30 to 90 degrees. 

The purpose of this paper is to discuss briefly the major facts as they 

are now revealed to us in the rocks of this syncline and to construct a. 

hypothesis correlating these major facts in its history. This hypothesis 

relates the origin of the various formations and their present structure 

to the intrusion of an enormous bathylith, whose final result is evident 

to us in the scores of thousands of cubic miles of Keweenawan lavas and 
intrusives. ‘The gradual foundering of the roof of this bathylith is be- 
lieved to offer the most plausible explanation of the origin of the present 
structure. 

* Manuscript received by the Secretary of the Society April 19, 1923. . 
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Ja. 125-3 HORSEATIONS INCLUDED EN (PHIS SYNCLINE = ee 

The oldest rocks in this syncline are the Keewatin greenstones and 

Laurentian granites. These had undergone much deformation and 

metamorphism and were base-levelled before Huronian time. 

On this plain were deposited the Huronian sediments of the Mesabi 

and Gogebic districts. The rocks of these two districts are so much alike 

that only those in the Gogebic are described. On the Archean basement 

is first a Lower Huronian dolomite, present in the Gogebic but lacking 

in the Mesabi. Remnants only are left of this. Next follows the Palms 

quartz slate, which has a fairly uniform thickness of 500 feet over most 

of the range, but thickens rapidly at the east end to about 1,000 feet. 

This is a greenish gray, unoxidized formation. 

The Palms is succeeded by the Ironwood formation. This is about 

500 feet thick at the west and thickens gradually to about 1,150 feet at 

the east end of the range. The same beds which make up the 500-foot 

section on the west are 900 feet thick in the east. The top of this forma- 

tion has certainly been eroded, but the differences in thickness are 

probably due more to original deposition than to erosion. 

The Ironwood is succeeded by the Tyler formation—a great unoxi- 

dized, greenish gray slate and graywacke series with much iron carbonate 

near the base. It reaches a thickness of 214 miles a short distance west 

of the Michigan-Wisconsin line and tapers to nothing 20 miles to the 

east and west. Here again the top of the formation is eroded, but how 

much the varying thickness is due to erosion and how much to original 

deposition can not be stated with certainty. Again both factors probably 
enter into the complete story. 

The Tyler is followed by the Lower Keweenawan sandstone or quartzite 

and conglomerate. This formation is poorly exposed and probably is not 

always present. Its thickness is less than 100 feet, as a rule. It is 

chiefly a brown to yellowish oxidized formation. When pebbles are 
present, they are predominantly of quartz porphyry. 

Then follow the Middle Keweenawan basic flows and intrusives, with 
occasional quartz porphyry flows and intrusives, and acid conglomerate 
and quartz sand beds. This series varies in thickness from 3 miles to 
6 miles. 

‘ DIRECTIONS OF SLOPES ON WHICH SEDIMENTS AND FLOWS WERE 

DEPOSITED 

The direction of the original slope of the Archean baselevel is not 
known. 
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The Palms quartz slate is a shallow-water deposit with ripple-marks 

nearly parallel to the present strike, but pitching down to the east a few 

degrees. These ripples have been interpreted as possibly being parallel 

to the shore. Which way this shore lay—to the north or south—is not 

indicated. Its uniform thickness over most of its area and rapid thicken- 

ing at the east indicates a bottom that was level and sinking at a uniform 

rate except at the east end, where the sinking was more rapid. 

The Ironwood formation, by its parallelism to the Palms, indicates a 

continuation of Palms conditions as to slope of bottom, with probably 

a more general tilting to the east indicated by the gradual thickening of 

the formation in that direction. 

The Tyler slate (and graywacke) was preceded by some erosion, but 

wherever observable its lower beds are essentially parallel to the Iron- 

wood. Its character indicates a gradual sinking of the bottom and a 

fairly rapid accumulation of the sediment in relatively shallow water. 

Whether its thick middle and thin ends are due to more rapid sinking 

of the middle and consequent thicker deposition or to deposition of a 

uniform thickness and later erosion is not known, but it is probably due 

to both. At any rate, the general axis of the basin must have been nearly 

parallel to the present outcrop. The shore may have been either to the 

north or south so far as evidence from the formation is known. 

The Lower Keweenawan sediments have not been studied sufficiently 

to be sure from which direction they came. Such evidence as we have is 

slight and conflicting in character. The flows give much better evidence 

with few conflicting features. In a quarry in the base of the flows north 

of Ironwood the second flow advanced over a thin mud deposit and 

squeezed it up before it in such a manner as to indicate that the flow 

advanced from a northerly direction. 
A second line of evidence is the fanning of the dips. The flows at the 

south are much steeper than those at the north in practically every known 
section. This can be explained as the normal decrease in dip of the beds 
toward the middle of a normal compression syncline. It can equally well 
be taken as an indication of flows thickening away from the source to fill 
a sinking syncline, but this implies a source outside the syncline for which 
good evidence is lacking. It is believed that the flows thinned away from 
the source in normal fashion and that this thinning up the present dip 

indicates a source now concealed down the dip. 
A third line of evidence for the direction of movement of the flows 

was seen with Graton and Butler and their associates this past summer 
in the Calumet and Hecla mine. Here the bottom of the flow that cov- 
ered the Calumet and Hecla conglomerate showed a great number of 
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long-drawn-out “pipe” amygdules nearly perpendicular to the base of 

the flow. These were believed to be due to steam produced by water 

present in the conglomerate. The tops of these pipe amygdules were 

uniformly bent up the dip, indicating that just before solidifying the 

lava was moving upward in relation to the present dip, or, in other words, 

that the slope on which it flowed was down to the south and east. One 

case of cross-bedded sand in the base of the conglomerate was called to 

my attention by Doctor Lane. This showed that the depositing water 

current at that pomt was flowing in the same general direction—down- 

ward to the southeast. 

Though it may not be held that the evidence is conclusive that the 

original Keweenawan slopes in the Gogebic district were all downward 

to the south and east, nevertheless what evidence is available is practi- 

cally all in agreement with this conclusion and justifies as a working 

hypothesis the assumption that the source of the flows was in the present 

bottom of the syncline. Further evidence is needed, and, whatever its 

character, will doubtless be forthcoming in future geologic work on these 
formations. 

EVIDENCES OF TILTING OF THE LAND SURFACES 

A cross-section from the Archean baselevel to the Upper Keweenawan 

sandstones through Bessemer was made by Gordon for the Michigan 

Geological Survey and published in 1906. This is typical for the whole 

range and shows the Ironwood dipping north 60 degrees, the lowest 

Keweenawan flow dipping north abcut 80 degrees, and a gradual lower- 

ing of the dip to 30 degrees in the outermost flows. 

If we accept as a working hypothesis that the flows were poured out 

on a south-sloping surface from a source to the north of the present out- 

crop, then the iron formation must have been tilted at the time of the 

first flow so that it had a southward dip of 20 to 30 degrees. This indi- 

cates a rising of the land to the north, which had apparently been 

progressing all through the deposition of the Tyler, as we find the north- 

ern outcrops of that formation often dipping more steeply than the iron 

formation and the basal beds of the Tyler. 

If the source of the flows continued to be the same—north of the pres- 

ent outcrop—then the greater elevation of the surface to the north must 

have been maintained continuously throughout the accumulation of the 

flow series. The surface of each succeeding flow must then have marked 

a gentle southward slope at the time of its outpouring. This being the 

case, the decrease in present dip of the upper flows as compared to the 

lower must indicate a gradual tilting of the lower flows and the Huronian 
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beds as the flow series was accumulated. The Huronian iron formation, 

which dipped south 20 to 30 degrees at the time of the first flow, was, if 

the above interpretation is correct, gradually tilted back so that it had a 

horizontal position when the flow series had attained a thickness of about 

2 miles, for flows that far up in the series are parallel to the iron forma- 

tion. The tilting continued so that when the uppermost flow was ex- 

truded on the south-sloping surface the lowermost flow dipped about 50 

degrees to the north. The tilting continued during the deposition of the 

Upper Keweenawan sandstones. 

OTHER FACTS TO BE FITTED INTO THE STORY 

Numerous dikes cut the Huronian and some of the lower Keweenawan 

flows. They evidently filled major joints in the main, for they have a 

general parallelism. In general, they pitch downward to the east about 

15 degrees from the horizontal and dip about 45 degrees to the south. 

Thus their strike at the surface is now northeast where the iron forma- 

tion strikes east. 
In the lower part of the iron formation is a great bed fault which dis- 

places the dikes and the younger part of the formation upward and east- 

ward 800 to 900 feet in the westernmost mines and 500 feet in the region 
of Bessemer. 

_ A great gabbro laccolith extends from the Wisconsin-Michigan line 

westward for 50 miles. It maintains a thickness of 2 miles in its western 
part, and west of Mineral Lake bulges to a thickness of 4 miles. Field 
work in 1923 indicates that this is not a single-laccolite, but rather a 

series of parallel laccolitic intrusions into the lower part of the flow 
series. 

Another fact to fit into the story is the great abundance of acid sedi- 
ments interspersed between the flows. According to Lane, in the Besse- 
mer section the amount of these is much greater than the total mass of 
acid igneous rocks now visible, and also much greater in amount than 
the basic sediments. Acid conglomerates exist in Wisconsin directly 
associated with acid flows, and it is believed that the sediments represent 
partial erosion of such flows, which, however, did not get so far from the 
volcanic source as the sediments. 

HYPOTHESIS EXPLAINING THE FOREGOING Facts 

GENERAL STATEMENT 

The origin and structure of the rocks of the Lake Superior syneline fit 
in with the story of a great bathylith. It is my conception that this 
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bathylith rose from great depths within the earth slowly and through 

long geologic periods; that it was rising during all Huronian time, and 

played an important part in determining the character and thickness of 

the Huronian deposits. This hypothesis is advanced to be criticized, to’ 

see whether it is possible to relate all the major facts as suggested in this 

paper or whether there are insuperable difficulties that may be brought 

forward. 

SIZE AND SHAPE OF THE BATHYLITH 

The size of the bathylith is indicated in part by the amount of material 

extruded. The main part of the trap-rock syncline—from near Minne- 

apolis to the end of Keweenaw Point—is 300 miles long. It averages 
about 80 miles in width. If the hypothesis here advanced is correct, the 

average thickness of igneous rock would be well over 4 miles. This indi- 

cates a total volume of the order of magnitude of 100,000 cubic miles— 

enough to cover the New England States and the State of New York 

with lava flows a mile in thickness. How much of the original magma 

solidified within the chamber in addition to that extruded we have no 

means of knowing. While this amount was probably large, it can be 

neglected in our present consideration. Assuming that the bathylith was 

elongated parallel to the axis of the present syncline and equal to it in 

length, we have a cross-sectional area of at least 320 square miles 

(4 X 80). While it is probable that the shape of the bathylith in cross- 

section varied greatly from time to time during its rise from the position 

of origin, it seems most probable that its vertical diameter was much 

greater than the horizontal. If the horizontal diameter was 8 miles, the 

vertical averaged 40 miles. Any pair of diameters can be selected to 

meet the reader’s ideas of what is most probable mechanically. 

RISE OF THE BATHYLITH AND ITS CONSEQUENCES 

The rise of the molten mass in the deeper portion of its travel must 

have been approximately lke that of a drop of oil rising in water—the 

material above it flowing very slowly to the sides and that adjacent to 

the lower part flowing in—a gravitative phenomenon, the molten mass 

rising because it was lighter than the surrounding rocks. If the molten 

rock were 2 per cent lighter than the surrounding solid rock (assuming 

a specific gravity of 3.00), the differential pressure on the top of the 

magma reservoir would be about 130 pounds per square inch for each 

mile of vertical diameter of the fluid mass. There would be a minimum 

vertical diameter of the fluid mass determined by the force with which 

the overlying solid rocks resisted being pushed aside. If the vertical 
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dimension of the magma were too small, sufficient differential pressure 

would not be developed to force the superjacent rocks aside. As this 

dimension increased, the rate of rise would be more rapid. We know too 

little of the effect of differential pressure on rocks subjected to the tem- 

perature and pressure at great depths to know what pressure would be 

necessary to cause a magma to rise, so the best idea we can express is 

that the horizontal dimension of the fluid mass was probably much less 

than the vertical. | 

With this necessarily somewhat vague picture in mind—of the size 

and shape of the rising magma—let us start with the Archean baselevel, 

take up the various events in order, and point out how each might be, 

and possibly is, related to the great intruding mass. 

One of the early surface manifestations of the rise of such an extremely 

large mass of magma would be the elevation of the surface, the magma 

floating the surface rocks up. This might well occur long before any 

other surface evidence of a molten mass below. Assuming the position 

of the magma to be under the axis of the present syncline, a gentle 

doming of the Archean baselevel would take place, with resultant slopes 
down to the northwest and southeast, the long axis of the elevation being 

parallel to the present synclinal axis. This elevation would revive 

erosive processes and sediments would be deposited in the water-filled 

depressions on the flanks of the dome. ‘These depressions can well be 

imagined to be produced by the “undertow” of rock flowage—away at 

the top, down at the sides, and inward toward the bottom of the magma. 

These first sediments form the Huronian formations, chiefly the quartz 

slates, underlying the iron formation in the Mesabi and Gogebic iron 

districts. The inference from Palms ripple-marks that the shoreline 

extended in a northeastern direction fits with the tilting ascribed to the 
magma. 

The next major event is the deposition of the Mesabi and Gogebic iron 

formations. Van Hise and Leith, in Monograph LII of the United 

States Geological Survey, ascribe the origin of these formations to mag- 

matic water which contributed the iron and silica in solution to the 

water bodies in which the formations were deposited. In my own study 

of the Gogebic such a source seems to be the only one that offers an 

adequate explanation. ‘These silica-iron-bearing waters may be consid- 

ered to be the first surface contribution of the great mass of magma we 

are considering—a pre-volcanic emanation of vast volumes of solution 

that gave the first surface relief from pressure below. This relief might 

well result in a pause in the elevation of the surface and a more or less 



676 W. O. HOTCHKISS—THE LAKE SUPERIOR GEOSYNCLINE 

complete cessation of clastic deposition while the nearly pure chert and 

iron oxide formation was being deposited. 

As the effect of this relief disappeared the eroded Archean rocks of 

the dome would again rise and a renewal of clastic deposition to the 

north and south of the dome would follow. These deposits are the Vir- 

ginia and Tyler formations of the Mesabi and Gogebic districts. Pro- 

gressive elevation of the dome and sinking of the trough during this 

deposition explains the changing dip angles of the Huronian beds which 

we find in the Gogebic district in going from the base to the top. At the 

close of this period the basal beds of the Huronian dipped 20 to 25 

degrees south and the top was level. 

The next major event was elevation of the surface, probably more 

rapidly than at any previous time. The top of the Huronian rocks in © 

the Gogebic district was eroded and the eroded surface more or less com- 

pletely covered with a new type of deposit—a thin land deposit of quartz 

feldspar sand with pebbles of quartz porphyry, an oxidized yellow or red 

formation, very different from the green, unoxidized sediments beneath. 

This was quickly followed by a rapid outpouring of basic lavas. 

These last events are readily explainable by assuming that the magma 

was nearing the surface and about ready to break through. The rapid 

elevation and erosion at the close of Huronian deposition fits perfectly 

with this assumption. The source of the quartz-feldspar sands and 

porphyry pebbles can be found in the first extrusions of lava, which may 
well have been acid. Being more viscous, these would not flow far to 

the south and so might not be expected to be in evidence along the 
present outcrop. Later outpouring of the more fluid basic material 

would cover the Lower Keweenawan quartz-feldspar sands and porphyry 

conglomerate. 

Lane and Gordon? have estimated that the acid eruptives evident in 

the Black River section are about one-thirtieth as great in mass as the 

basic eruptives. On the other hand, the acid sediments derived from 

acid eruptives are about sixteen times as great in mass as the basic sedi- 

ments and about four times as great as the acid eruptives. This must 

indicate that close to the vents there were much greater volumes of acid 

eruptives than are exposed at the greater distances where the series is 

cut by the present surface. This is in accord with the common observa- 

tion that acid lavas are less fluid and tend to pile up relatively near the 
source. 

After the surface outpouring of lava began there were undoubtedly 

2 Michigan Geol. Sury., Ann. Rept. 1906, p. 420. 
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alternating periods of slow and rapid extrusion. Some portions of the 

main volcanic range would be quiescent while others were active. In 

any given part of the range there would be periods of activity and periods 

of quiescence. Dying the quiescent periods the magma beneath would 

have time for partial. differentiation. At the surface erosive agents 

would find time to spread acid conglomerate and sandstone beds over 

the flanks of the range, the material for which they found in the acid 

flows in the higher areas. When extrusion began afresh, the character 

of the flows would differ, more or less, from the preceding flows to corre- 

spond with the degree of differentiation that had taken place. This 

variation in character is strikingly brought out in Mr. Aldrich’s magnetic 

work in northern Wisconsin this past summer. 

During the time of the extrusion there was a slow progressive sinking 

of the range which nearly kept pace with the thickness of the extruded 

flows. This sinking was probably one of the chief causes of the con- 

tinuance of extrusion—the load sank into the magma reservoir and 

squeezed the magma out. This sinking affected the area for many miles 

on either side of the vents and included the Huronian rocks and the 

Archean rocks to the north and scuth. The ancient Archean baselevel 

in the Gogebic district was thus tilted back to a horizontal position, then 

northward, so its present dip is about 60 degrees to the north. 

_ After a moderate thickness of the lower basic flows had been extruded, 

numerous dikes found their way along tension cracks into the strike 

joints of the Huronian. At a later date these dikes were sheared by a 
great fault, an eastward and upward thrust of the upper part of the 
series parallel to the beds. Lane® has suggested that this may be corre- 
lated with the intrusion of the gabbro laccolith in Wisconsin. This in- 
trusion may also be contemporaneous with the development of the great 
Keweenaw thrust-fault, and the two upward thrusts of the north part of 
the series on the Gogebic may be a part of the same general readjustment. 
This could be accounted for mechanically as a gradual differential sink- 
ing of the outer rocks into the magma reservoir to force more lava out 
of the vents. These fault adjustments probably began when the north- 
ward dip of the lower flows was less steep than at present. 

At the time of the final extrusion there was most probably a high 
central range largely composed of acid flows. From this range was de- 
rived a goodly part of the Upper Keweenawan conglomerates, sandstones, 
and shales which have been estimated by Thwaites* to have a maximum 
thickness of nearly 25,000 feet. 

Soe: cit., p: 470. 

* Wisconsin Geol. and Nat. Hist. Surv., Bull. xxv. 



678 Ww. 0. HOTCHKISS—THE LAKE SUPERIOR GEOSYNCLINE 

During the deposition of these sediments there was probably pro- 

gressive sinking due to the cooling and contracting of that part of the 

original magma that was not extruded. The cooling and solidifying of 

this mass would result in giving off large quantities, of solutions and 

gases, and the contraction would result in settlement and readjustment 

of the lava flows above it to make channels for the escape of the solutions. 

It is suggested that this igneous after-effect may be appealed to as the 
source of the copper mineralization which the members of the geological 

department of the Calumet and Hecla Mining Company have presented 

to us. 
After the deposition of the Upper Keweenawan sediments orogenic 

pressure from the southeast resulted in tilting the sediments and increas- 

ing the northward dip of the south limb of the syncline. This stress 
resulted in a great thrust-fault across northern Douglas County, in Wis- 

consin, which throws the middle or lower part of the flow series in contact 

with the youngest Upper Keweenawan sediments known. 

The succeeding history of the Lake Superior syncline has been one of 

gentle elevations and sinkings in all following geologic periods, in which 

the structure has not been altered, but has acted as a unit. The only 

modification has been that due to erosion, which has developed the 
surface as we see it today. 
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INTRODUCTION 

Any serious attempt to decipher the pre-Cambrian paleogeography of 

the continents, even if only in broad outline, should be commended. An 
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elaborate effort of this kind has very recently been made? by R. Ruede- 

mann, whose paper is valuable mainly because of its highly suggestive 

features. In it he “ventures to suggest some possible fundamentals of 

pre-Cambrian paleogeography.” It is not too much to say that Ruede- 

mann has opened up a new and important field of geological inquiry. 
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FIGURE 1.—Map of North America 

Showing, by the short, heavy lines, observed strikes of pre-Cambrian folding and 

foliation and, by the long, curved, dotted lines, the pre-Cambrian structural trend-lines 

advocated by Ruedemann. The short, broken lines indicate strikes of pre-Cambrian 

rocks developed mainly or wholly in post-Cambrian time. 

The present purpose is to confine attention to one very important 

aspect of the subject, in which the writer has been interested for some 

years, and this in its application to North America only. This aspect of 

the subject is the folding and foliation of pre-Cambrian age, with special 

2R. Ruedemann: N. Y. State Museum Bulletin 240, 1922, pp. 67-152. 
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reference to their trend-lines. This is a fundamental consideration in 

Ruedemann’s paper, and in his summary regarding the principal lines 

of pre-Cambrian folding in North. America he says: 

“The northeast of North America, including Greenland, exhibits a distinct 

northeast direction. . . . This northeast direction swings in the interior of 

the continent into an east-west line, and the latter turns into a north-south 

line as it approaches the Rocky Mountain region. The pre-Cambrian folding 

of North America exhibits thus a grand and simple curvature (see accom- 

panying map), which clearly proves this part of the earth to have acted as 

one unit against the diastrophic forces active in pre-Cambrian time.” 

Ruedemann’s conclusions regarding the trend of pre-Cambrian folds 

and foliation should not go unchallenged: for, as a glance at the accom- 

panying map shows, most of the actually observed strikes of pre-Cam- 

brian folds and foliation fall far short of warranting the representation 

of these structures in the form of “a grand and simple curvature.” 

Before proceeding to a discussion of observed strikes of pre-Cambrian 

structures, attention should be directed to certain important general con- 

siderations which must be constantly kept in mind in any attempt to 

deal with pre-Cambrian diastrophism. : 

GENERAL CONSIDERATIONS 

DEGREE OF FOLDING OF EARLIER PRE-CAMBRIAN ROCKS 

Most writers on the subject seem to take it for granted that the earlier 

pre-Cambrian rocks are everywhere severely folded and highly meta- 

morphosed. Ruedemann, for example, states (page 75) “that the 

Archean basement complex has undergone not only complete meta- 

morphism, but also a worldwide intense folding.” The present writer 

believes that the facts for certain (or possibly many) regions are op- 

posed to such a sweeping assertion. He pubhshed a rather elaborate 

paper® in 1916 in which, after critically examining the field facts and 

the views generally held, he concluded that the whole Adirondack area 

of earlier pre-Cambrian rocks, excepting the extreme northwestern side, 

has never been subjected to anything like severe orogenic pressure, and 

that the influence of the large-scale magmatic intrusives, accompanied 

by not more than very moderate lateral pressure, more satisfactorily 

explains the rock structures. The Adirondack Grenville (Archean) sedi- 

mentary series generally has its stratification remarkably preserved, and 

many large areas of the rock are either in nearly horizontal position or 

show only moderate tiltmg. Ruedemann states that these rocks have 

3 Ww. J. Miller: Jour. Geol., vol. 24, 1916, pp. 587-612. 

XLV—BUuLL. Grou. Soc. AM., Vou. 34, 1922 
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been highly compressed, and he mentions (page 76) a number of writers 

on the geology of northern New York in support of his contention. He 

might have added that a dozen years ago the present writer held the 

same view; but several of the writers mentioned have never professed to 

have seriously studied this problem, and several others give evidence only 

for the northwestern (Saint Lawrence Valley) side of the Adirondack 
region, which the present writer also believes does show evidence of more 
or less folding. For the ten thousand square miles of the Adirondack 

region proper, however, only two men, Cushing and Alling, have really 

argued for severe, even isoclinal folding, and they have largely ignored 

the array of evidence to the contrary, as set forth by the present writer 

in the paper above cited. Unless this array of evidence is seriously taken 

up and disproved, it is hardly fair to merely state without proof, as 

Ruedemann does, that the conclusion from that evidence is wrong. 

Ruedemann gives considerable attention to the pre-Cambrian of northern 

New York because it is a distinet, unusually studied area, in many ways 

“representative of the whole problem” of pre-Cambrian folding. 

Another area of earlier pre-Cambrian rocks which has been carefully 

studied is the Haliburton-Bancroft district,* covering over four thousand 

square miles of eastern Ontario, Canada. The region consists mainly of 

large, crude, oval-shaped granite batholiths protruding through Gren- 

ville (Archean) strata. These batholiths are arranged with a prevailing 

trend north 30 degrees east, and the strata usually lap over on them with 

quaquaversal dips, generally not at very high angles. A structure section 

across the region would not reveal a very highly folded arrangement of 

the rocks. It seems not at all unreasonable to interpret this moderate 

deformation as having resulted mainly from the upwelling of the batho- 

lithic magma bodies under conditions of not more than slight lateral 

pressure. 

Structure sections through both the Rainy Lake (Lawson, 1913) and 

Geneva-Sudbury (Tanton, 1913) districts of Ontario show that the older 

pre-Cambrian rocks are there considerably folded, but certainly not 

severely folded. In a number of studied areas of Ontario and Quebec, 

writers record rather persistently steep dips, while for other areas the 

degree of deformation is not stated in the publications. 

In a report on the “Selkirks and Interior Plateau of British Colum- 

bia,’ Daly? emphasizes the fact of the remarkable freedom of the 

Shuswap (pre-Beltian) series from deformation. 

4H. D: Adams and A. E. Barlow: Geol, Sur. Can., Mem. 6, 1910. 

5R, A. Daly: Geol. Sur, Can., Guide Book No. 8, 1913, p. 153. 
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In a very recent paper,® dealing with the southernmost Rocky Moun- 

tains of Canada, MacKenzie says: 

“From the earliest pre-Cambrian known until at least the beginning of the 

Tertiary, the accumulation of sediments proceeded without interruption by 

pronounced deformation, varied from time to time by broad and relatively 

slight oscillations which caused local erosion and resulted in disconformities.” 

In the eastern Cordilleran district of the United States earlier pre- 

Cambrian rocks often show steep dips, but these rocks have usually been 

more or less intimately intruded by igneous material, which, in part at 

least, may have been the main cause of the steep dips. 

Throughout the Appalachian and western New England regions the 

pre-Cambrian rocks are more or less highly folded and associated with 

intrusives, and it is doubtful, as pointed out beyond, whether these rocks 

were subjected to more than very moderate compression prior to the 

severe Paleozoic deformation. 

From the above statements we may therefore conclude that various 

portions of the earlier pre-Cambrian rocks have been folded little, if any 

at all; that various portions have been only moderately folded; that vari- 

ous portions have been highly folded; and that still other portions are 

not proved to have been much folded in pre-Cambrian time. In many 

cases, even where steep dips are recorded, the writer believes that the 

deformation may reasonably be explained as a direct result of magmatic 

intrusion and injection, accompanied by not more than moderate com- 

pressive forces. 

Barrell,‘ who has advocated a similar explanation, says: 

“The gnarled and twisted rocks of the Archean speak of the presence be- 

neath them of molten magmas rather than of an enormous degree of com- 

pressive forces upon them.” 

For the reasons given, the writer can not subscribe to the statement 

that the earler known pre-Cambrian rocks were everywhere highly com- 

pressed and folded in pre-Cambrian time. 

POST-CAMBRIAN FOLDING OF PRE-CAMBRIAN ROCKS 

In any discussion of pre-Cambrian folding, discrimination must be 

made between those rocks which were folded in pre-Cambrian time and 

those which were folded in later time. In many cases this can be done, 

and often earlier and later pre-Cambrian deformations can be recognized. 

This is particularly true of many parts of the Canadian Shield. In other 

6 J. D. MacKenzie: Transactions Royal Soc. Can., vol. 16, 1922, p. 98. 

73. Barrell: Jour. Geol., vol.:238, 1915, p. 511. 
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cases such distinctions have not as yet been very satisfactorily made out, 

as, for example, in the Appalachian-Piedmont region and western New 

England, where Paleozoic deformation has very largely overwhelmed and 

obscured whatever. pre-Cambrian folding there may have been. Struc- 

ture sections in various United States Geological Survey folios illistrat- 

ing the region from New Jersey to Georgia show both pre-Cambrian and 

Paleozoic rocks to have been folded in similar manner apparently by the 

same force or forces. 

Mr. Arthur Keith has, however, recently told the writer that there is 

evidence for at least some pre-Cambrian deformation. In the Nantahala, 

North Carolina, folio Keith says: 

“The various deformations (Precambrian and Paleozoic) have greatly 

changed the aspect of the rocks (Cambrian and pre-Cambrian)—so much so, 

in fact, that the original nature of some of the oldest formations can be at 

present only surmised.” 

Also: 

“Structures in the Archean uplift in the southeastern part of the quad- 

rangle do not differ radically from those in the sediments.” 

But in regard to the pre-Cambrian Carolina and Roan gneisses, he 

says that they have “passed through two deformations, one producing 

the foliation and a second folding the foliation planes.” Since these 

gneisses were originally probably either granites or injection gneisses, 

is it necessary to assume that their foliation was produced by severe com- 

pression? Could not this structure be either a primary foliation or a 

magmatic injection structure produced under conditions of only very 

moderate lateral pressure, according to the principles set forth in the 

writer’s paper® already referred to? 

Protessor Bascom in a recent letter says, in regard to southeastern 

Pennsylvania, that the 

“pre-Cambrian rocks were folded (in pre-Cambrian time), but I am not pre- 

pared to say ‘notably’; close folding can not be proven; there is general diver- 

gence of strike in some places over long distances; folding about igneous in- 

trusions of pre-Cambrian age can be positively differentiated from Paleozoic 

folding, of course relatively local in character. . . . Of course, the very 

intense Paleozoic folding now dominates and obscures all previous folding.” 

From these statements it seems reasonable to believe that such pre- 

Cambrian deformation as can be made out. may have been largely or 

wholly caused by the intrusives without severe compression of the region. 

8 W. J. Miller: Jour.,Geol., vol. 24, 1916, pp. 600-612. 
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For western New England the general situation seems to be somewhat 

similar to that of the Piedmont district. In both of these regions the 

pre-Cambrian rocks were much folded during Paleozoic time, but there 

seems to be little, if any, positive proof that they were very notably 

folded in pre-Cambrian time. 

In Wisconsin and Minnesota deformation of older pre-Cambrian rocks: 

may generally be distinguished from that of the younger pre-Cambrian, 

and almost undisturbed Cambrian strata rest on the pre-Cambrian. 

In the Rocky Mountain and Colorado Plateau districts of the western 

United States two sets of pre-Cambrian rocks, representing either one 

or two times of pre-Cambrian deformation, have been recognized in rela- 

tively few places, as, for example, in the Grand Canyon of Arizona; 

Needle Mountains, Engineer Mountain quadrangle, and Rocky Moun- 

tain Park, Colorado, and: Three Forks and Little Belt Mountains, Mon- 

tana. In a few districts, as, for example, Pueblo, Colorado, and Fort 

Benton, Montana, Archean pre-Cambrian rocks only are described. Al- 

gonkian rocks only are described as occurring in a number of districts, 

as, for example, Telluride, Rico, and Ouray, Colorado; Hartville, Wyo- 

ming, and Philipsburg, Montana. In most of the described regions, how- 

ever, the pre-Cambrian is not differentiated, as, for example, Georgetown, 

Silver Cliff, Pikes Peak, and Park Range, Colorado; Medicine Bow, En- 

eampment, Laramie-Sherman, and Bald Mountain-Dayton, Wyoming; 

Coeur d’Alene, Idaho; Bradshaw Mountains, Clifton, Globe, and Bisbee, 

Arizona, and Van Horn and Llano-Burnet, Texas. 

In most of the districts of the Rocky Mountain-Colorado ‘Plateau re- 

gion just mentioned the pre-Cambrian rocks, in part at least, are defi- 

nitely known to have been more or less deformed in pre-Cambrian time. 

In some of the districts the Algonkian strata are either not very notably 

folded, as, for example, Grand Canyon, Arizona, and near Marysville, 

Montana, or their folding was largely or wholly developed by post-Cam- 

brian disturbances, as, for example, Philipsburg and Three Forks, Mon- 

tana, and Ouray, Colorado. 

Hnough facts have now been presented to show that, in any attempt 

to work out the folded structures of pre-Cambrian age in North America, 

it must be recognized that by no means all pre-Cambrian rocks, and not 

even all the earlier ones, have been severely folded, and that a careful 

discrimination must be made between pre-Cambrian rocks folded in pre- 

Cambrian time and those folded later. Unless such a distinction can be 

made, the existing strikes of folds of pre-Cambrian rocks afford no trust- 
worthy criteria in regard to pre-Cambrian diastrophism. 
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LACK OF RECORDS FOR MUCH OF THE CONTINENT 

Vast areas of North America contain few, if any, outcrops of definitely 

known pre-Cambrian rocks, as, for example, Alaska, Mexico, the Cor- 

dilleran region and plains of western Canada, the western Cordilleran 

region of the United States, the Great Plains, much of the Mississippi 

Valley, and the Atlantic and Gulf coastal plains. Even within the vast 

pre-Cambrian area of Canada observations on the rock structures are 

widely scattered, and there are hardly any for its northern half. 

Still another difficulty les in the fact that in many areas containing 

pre-Cambrian rocks descriptions of the rocks are very brief, and one 

often looks in vain for such structural data as the strike of folds and 

foliation. 

This lack of evidence in regard to so much of the continent is a very 

serious difficulty in the way of trying to determine any possible uni- 

formity or systematic arrangement of trend-lines or strikes of folding 

and fohation of pre-Cambrian age, the more so because, where such 

strikes have been rather definitely determined in many districts, they 

seem to show anything but a systematic or uniform grouping (see accom- 

panying map). 

SIGNIFICANCE OF THE DURATION AND SUBDIVISIONS OF THE PRE-CAMBRIAN 

It is quite generally recognized that known pre-Cambrian time was - 

tremendously long, probably fully as long as all later time put together. 

It is also generally agreed that there were various periods of more or 

less vigorous diastrophism, often accompanied by folding, in pre-Cam- 

brian time, and that diastrophic forces were, as a rule, less pronounced 

in the later than in the earler pre-Cambrian. Also, in a very general 

way, the pre-Cambrian has commonly been divided into two great eras— 

Archeozoic and Proterozoic. It must, however, be recognized that these 

two subdivisions by no means represent such definite time intervals as 

do the Paleozoic, Mesozoic, and Cenozoic eras. Where, for example, both 

the Archeozoic and Proterozoic rocks occur in a given region, the line 

of separation may represent a time many millions of years younger or 

older than the line separating rocks similarly classified in some other 

region. A perusal of the literature shows that this is a real difficulty in 

the classification of the pre-Cambrian rocks, even of the Canadian Shield 

itself, in regard to which various writers are by no means in agreement 

as to where the line (unconformity) between the older and the younger 

pre-Cambrian rocks should be placed, and some writers even argue for 

more than two important groups of rocks. 
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In many districts in North America the oldest rocks are simply classed 

as “pre-Cambrian” not only because there is no valid reason for sub- 

dividing them, but also because they can not, with any degree of assur- 

ance, be classified as either Archeozoic or Proterozoic. Again, within 

groups of rocks classed as Proterozoic, the number of important struc- 

tural breaks varies from none to several, and we have not as yet devised 

a satisfactory method of correlating the subdivisions in one region with 

those in a separate area far from it. These are all fundamental facts 

which must be duly considered in any effort to work out the pre-Cam- 

brian structural history of the continent. 

Evidence has already been presented to show that not all pre-Cambrian 

rocks were highly folded in pre-Cambrian time. All through his paper, 

however, Ruedemann considers “pre-Cambrian worldwide folding” to be 

an established fact. He also recognizes the great length of pre-Cambrian 

time, and believes that the assumed worldwide pre-Cambrian folding 

(pages 129-134) originated either from a “long-time, gradual extension 

of local folding” or from a worldwide simultaneous folding, more likely 

the former. In any case he advocates the hypothesis that the pre-Cam- 

brian continent of North America responded to universal folding as a 

unit (page 75), and that the diastrophic agencies developed a uniformity 

of trend of the folded structures as indicated on the accompanying map. 

The writer dissents from all three factors of this hypothesis for the fol- 

lowing reasons: 

First. Evidence has already been presented to show that even very old 

pre-Cambrian rocks have not been universally notably folded. 

Second. With regard to the proposition that the continent reacted as 

a unit against folding agencies, it seems to the writer that such a con- 

clusion is not warranted by the facts. In the light of our great uncer- 

tainties concerning the subdivisions and correlation of subdivisions of 

pre-Cambrian time, is it not dangerous to lump together the sum of 

many local foldings of various times (geologic ages apart) as if they 

represent a continuous, general process? If they do not represent such 

a continuous, general process, then the sum total of all pre-Cambrian 

folded structures can not possibly be used to represent the configuration 

of the continent as a unit. In this connection we should think of the 

various great diastrophic movements, widely separated in space and time, 

which are definitely known to have taken place in North America in 

post-Cambrian time. During this vast lapse of time, probably no longer 

than that of the pre-Cambrian, the continent has undergone many im- 

portant diastrophic changes. As emphasized by Schuchert in his presi- 
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dential address at the 1922 meeting of the Geological Society of America, 

the great scenes of diastrophism during the Paleozoic were in the eastern 

part of the continent, while in later geologic time the scenes shifted to 

the western part. Nor can it be maintained that these foldings devel- 

oped progressively in any direction or directions, or, in other words, that 

successive strips of the continent were affected, as suggested for the pre- 

Cambrian by Ruedemann, because, for example, the great Rocky Moun- 

tain disturbance, far within the continent, took place well after the Sierra 

Nevada folding along the margin of the continent. Furthermore, in 

post-Cambrian time much of North America has been unaffected by any 

notable folding. This is an important fact in view of Ruedemann’s ad- 

vocacy of universal pre-Cambrian folding. In brief, North America in 

post-Cambrian time has been only very locally affected by notable fold- 

ings, mostly widely separated in space and time. Surely, then, the conti- 

nent has not, in post-Cambrian time, responded to universal, long-time 

folding as a unit! In the absence of anything like definite facts to the 

contrary, 1s it not reasonable to believe that similar conditions obtained 

during the vast lapse of pre-Cambrian time ? 

Third. In regard to Ruedemann’s conclusion that North America re- 

sponded uniformly to the diastrophic forces of folding, evidence will now 

be presented at some length to show that such was not the case. 

OBSERVED STRIKES OF PRE-CAMBRIAN FOLDING AND FOLIATION 

GENERAL STATEMENT 

The map accompanying this paper shows two features—the general 

trend-lines of pre-Cambrian folding and foliation as observed by Ruede- 

mann and many of the more important actually observed strikes of pre- 

Cambrian folds and foliation. Several hundred pieces of literature deal- 

ing with regions in which pre-Cambrian rocks occur were examined in 

order to secure the data for the strikes recorded on this map. In many 

publications the necessary structural data are wholly lacking. Further 

search would bring to hght a considerable number of other observations, 

but these would mainly only fill in detail without essentially altering the 

situation as represented on the map.. Folding and foliation of pre-Cam- 

brian rocks almost certainly produced after pre-Cambrian time are not 

recorded, except in a few cases by short broken lines, as in the Appa- 

lachian region and a few other places. In a few of the recorded cases 

post-Cambrian diastrophism may have been an important factor, but at 

most in only a few. 
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LABRADOR, NOVA SCOTIA, AND NEW BRUNSWICK 

In northern Labrador (A. P. Coleman, 1921) many observations show 

a strongly predominant north-northeast strike of the pre-Cambrian rocks, 

or at right angles to Ruedemann’s trend-lines. 

Late pre-Cambrian rocks in southern Nova Scotia (Faribalt, 1913) 

are closely folded with east-west strike, thus making a high angle with 

Ruedemann’s hnes. 

Several narrow belts of pre-Cambrian rocks in southern New Bruns- 

wick (Young, 1913) show a general northeast strike, but this seems to 

be wholly due to infolding with Paleozoic strata, and data regarding the 

pre-Cambrian are lacking. 

HASTHRN CANADA 

Quebec.—In Quebec and Ontario there is probably more of a tendency 

for Ruedemann’s trend-lines to harmonize with actually observed strikes 

of folds and foliation than in any other large part of the continent, but 

even there the divergences are often conspicuous. 

In the general region about half way between James Bay and Lake 

Saint John (H. C. Cooke, 1919), in the Opiwaki, Fathers Lake, Windy 

Lake, Eau-Jaune, Kenoniska, Mettagami, Pontiac, and Brock areas, the 

whole region appears to have been folded (but by no means everywhere 

severely) with a general east-west to south 75 degrees east strike, but 

with some important local variations. 

In southern Argenteuil County, about 50 miles west of Montreal 

_ (M. E. Wilson, 1917), there is a persistent strike of north 10 to 30 de- 

grees east. 

The Lake Saint John area (Dresser, 1916) shows a general strike 

about north 10 degrees west for the older pre-Cambrian rocks and about 

north 30 to 40 degrees east for the younger ones, the older structure lines 

in this case being almost at right angles to Ruedemann’s trend-lines. 

In the large Harricanaw area (Tanton, 1919), about half way between 

James Bay and Lake Temiskaming, most of the strikes range from north 

20 degrees west through northwest to nearly east-west. 

Ontario. — The large, carefully studied Haliburton - Bancroft area 

(Adams and Barlow, 1910) of southeastern Ontario shows a general 

north 30 degrees east trend of batholiths and folding, though there are 

many local variations in the folding, which is of only a moderate degree. 

The Geneva-Sudbury area (Tanton, 1920) shows considerable folding 

with a northeast strike. 

Not far north of Sudbury, however, in the Onaping area (Collins, 

1917), the structure lines persistently run northwest, or at right angles 
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not only to those of the Geneva-Sudbury area, but also nearly at right 
angles to Ruedemann’s lines. 

Collins® says that the generally assumed northeast structural trend of 

Quebec and Ontario is, after all, not so persistent, and that probably, as 

work proceeds, “many important irregularities like that in the Onaping 

area will be discovered in the regional trend.” A glance at the accom- 

panying map plainly bears out this suggestion. 

In northern Ontario both the Amisk Lake area (Bruce, 1918) and the 

Matachewan area (Cooke, 1919) show a north 60 to 70 degrees east strike 

of folds. 

The Rainy Lake district (Lawson, 1913) of southwestern Ontario 

shows ordinary folding of two great sets of pre-Cambrian rocks with a 

general north-northeast strike. 

In the Lake of the Woods region (Parsons, 1913) the general strike of 

older pre-Cambrian rocks is north 60 to 80 degrees east. 
Manitoba.—The Reed-Wekusko area (Alcock, 1920) of northern Mani- 

toba shows a north 35 degrees east strike; also, in northern Manitoba, the 

Ospwagan Lake and the Southern Indian Lake areas. (Alcock, 1920) show 

a general northeast strike. All three of these strikes cut across Ruede- 

mann’s lines at high angles. The Knee Lake district (Bruce, 1920) of 

central Manitoba mostly shows steep dips and strikes ranging from east- 

west to southeast. 

WESTERN CANADA 

Very few observations on the structure of the pre-Cambrian rocks of 
western Canada seem to be recorded, and these show little or no real 

harmony with Ruedemann’s lines. In the Athabasca Lake region (Cam- 
sell and Malcolm, 1919) the older pre-Cambrian rocks have high dips 

with northeast strike at the lake and a strike varying from north-south 

to northwest on Taltson River. The younger pre-Cambrian rocks are 

little disturbed. Between Athabasca Lake and Great Slave Lake (Cam- 

sell, 1916) pre-Cambrian rocks range in strike from northwest through 

north-south to northeast, with an average north-south trend. 

In the Selkirk Mountains and Interior Plateau (Daly, 1913) of 

southern British Columbia a widespread earlier pre-Cambrian (Shuswap) 

series is remarkably little deformed, and its strike is north 70 degrees 

east, or almost at right angles not only to the trend of the Rocky Moun- 

tains, but also to Ruedemann’s lines. 

In the southernmost Rockies of Canada (MacKenzie, 1922) a remark- 

able fact is that earlier pre-Cambrian rocks remained practically unde- 

° Ww. H. Collins: Geol. Sur. Can., Mem. 95, 1917. 
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formed (indicated by circle on the map) until the Rocky Mountain fold- 

ing of the early Tertiary. 

Of the relatively few definitely known pre-Cambrian structure lines 

within the vast area of the western half of Canada, therefore, only part 

of those by Camsell in the Athabasca Lake region are even approximately 

in harmony with the trend-line announced by Ruedemann. 

EASTERN UNITED STATES 

Northern New York—The writer has for many years been making 

detailed studies throughout the Adirondack Mountain region, and, as 

already pointed out in this paper, he does not believe that this whole 

region of earlier pre-Cambrian rocks was ever very notably folded. 

Neither does the writer believe that there is a distinct northeast struc- 

tural trend throughout the district. The strikes, which are mostly mag- 

matic flow structure lines and partly foliation of tilted blocks of meta- 

morphosed strata, are exceedingly irregular throughout the Adirondacks. 

The actual facts and their significance are dealt with at some length in 

a paper*® published a few years ago. 

The writer agrees with Ruedemann that the area from the northwest- 

ern border of the Adirondacks to the Thousand Islands has probably been 

more or less notably folded with a general northeast trend, but this area 

is really outside of the Adirondack district, which is 120 miles across and 

in which the structural conditions are different. It is but necessary to 

glance at the New York State Museum geologic maps made by the writer 

and others, representing many portions of the region, in order to realize 

that the facts do not warrant the conclusion that the pre-Cambrian rocks 

of the Adirondacks show a distinct northeast folded structure. As al- 

ready mentioned, Collins says that a northeast structural trend through 

Quebec and Ontario is not nearly as persistent and clearly defined as has 

generally been assumed. This idea of persistence of trend appears to 

have originated many years ago, when knowledge of the pre-Cambrian 

structure of eastern Canada and northern New York was largely con- 
fined to the Saint Lawrence Valley region, in which a northeast trend 

does prevail. 

New England—tIn both western and southeastern New England belts 

of pre-Cambrian rocks show a general north-south trend, but this struc- 

ture has largely or wholly resulted from a high degree of infolding with 

Paleozoic strata: and so this structure has no significance in our present 

discussion. Mr. Arthur Keith has, however, recently stated to the writer 

10 W. J. Miller: Jour. Geol., vol. 24, 1916, pp. 587-612. 
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that there is some evidence that, in western New England, structure lines 

in the pre-Cambrian rocks trend somewhat west of north. If so, sucha 

trend makes a high angle with Ruedemann’s lines. 

Appalachian-Piedmont region.—The Appalachian-Piedmont region, 

from southwestern New York to Georgia, contains large bodies of pre- 

Cambrian rocks; but these have been so highly deformed during Paleo- 

zoic time, and in part even so closely infolded with metamorphosed 

Paleozoic strata, that the pre-Cambrian structure lines have been largely 

obscured, if not in many places wholly obliterated by the Paleozoic 

deformation. Thus, in the Trenton, New Jersey, Quadrangle (Bascom, 

1909) the pre-Cambrian gneisses are folded along with Paleozoic strata, _ 

and strike north 60 to 80 degrees east with them. 

According to Miss Bascom : 

“The prevailing structural features of the Piedmont Plateau are major fold-. 

ing of the Appalachian type, forming anticlinoria and synclinoria which ex- 

tend for long distances.” 

In their description of the Washington, D. C., Quadrangle, Williams 

and Keith state that “typical Appalachian folds are to be seen in the 

Piedmont region.” Similar statements are made by .Keith in various 

later folios. 

In the Franklin Furnace, New Jersey, folio Spencer says: 

“No estimate can be given of the extent to which the attitude of the ancient 

rocks was modified by the earth movements which folded and faulted the 

Paleozoic formations.” 

The present general northeast trend of the pre-Cambrian rocks of the 

Appalachian-Piedmont region cannot, therefore, be assumed to represent 

pre-Cambrian trend-lines. If, however, the writer, in a recent conversa- 

tion, properly understood Mr. Keith, who knows the general region so 

well, there is definite evidence that real pre-Cambrian structure lines are 

still preserved, and that these run in general more nearly north-south 

than northeast (see accompanying map). Such being the case, the actual 

pre-Cambrian structural trend makes a considerable angle with the lines 

shown on Ruedemann’s map. 

MINNESOTA, WISCONSIN, AND MICHIGAN 

Pre-Cambrian structures are well preserved in portions of these States 

where the great iron ore districts have been carefully studied. Both the 

Mesabi and Vermilion districts of Minnesota show strikes of about north 

70 degrees east for many miles, and the newer Cayuna district (southwest 

of Mesabi) has a structural trend of north 50 degrees east. The struc- 
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tural trend of the Penokee- Gogebic district in Michigan-Wisconsin is 

north 30 degrees east; of the Marquette, Michigan, district is east- west, 

and of the Menominee, Michigan, district is west-northwest. 

Older and younger pre-Cambrian rocks of north-central Wisconsin 

(Weidman, 1907) show mostly steep dips with very variable strikes, but 

a general northeast trend seems to predominate. In south-central Wis- 

consin (Weidman, 1904) late pre-Cambrian quartzite forms an east-west 

synclinorium 20 miles long. 

From the evidence presented, it is clear that in the Minnesota-Wis- 

consin-Michigan region three districts show strikes in close conformity 

, with Ruedemann’s trend-lines, while in five districts the strikes make 

high angles with those trend-lines, thus exhibiting sharp differences 

within this area. 
MISSOURI AND SOUTH DAKOTA 

In the whole vast area, about one million square miles, between the 

Appalachians and the Rockies, scarcely anything is known about the pre- 

Cambrian rocks structures, so that any attempt to draw pre-Cambrian 

structure lines through this area must be largely guesswork. 

At Pilot Knob, Missouri (Pumpelly, 1873), a relatively small area of 

pre-Cambrian rock shows an average dip of only 13 degrees and a strike 

north 50 degrees west. 

In southeastern South Dakota (Todd, 1903) later pre-Cambrian 

quartzites in a number of small areas lie in almost horizontal position 

(shown on map by a circle), and so they are of practically no significance 

in our discussion. 

The Black Hills of South Dakota consist of a large core of pre-Cam- 

brian folded strata and igneous rocks (presumably Algonkian) in which 

the pre-Cambrian structures are well preserved. The general strike 

seems to be about north-south (Van Hise, 1890), but there are notable 

variations, as, for example, in the southern part (Newton, 1880), where 

there is a northwest strike, and in the northern part Cena, 1898), 

where mica schists strike northeast. 

THXAS 

Two: areas in Texas furnish reliable pre-Cambrian structural data: 

One is the Lano-Burnet district (Paige, 1912), in the central part of 

the State, where pre-Cambrian (Algonkian?) strata are distinctly folded 

with a northwest strike. The other is the Van Horn district (Richard- 

son, 1913), in the western part of the State, where pre-Cambrian strata 

strike northeast. In one of these cases the trend corresponds to Ruede- 

mann’s lines, while in the other it is at right angles to them. 
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ARIZONA AND NEW MEXICO 

In the Shinumo Quadrangle (Noble, 1914) of the Grand Canyon dis- 

trict steep-dipping Archean schists exhibit a general northeast strike, 

with local variations. Tilted and faulted, but not folded, Algonkian 

strata rest on the schists. 

The Bradshaw Mountains of central Arizona (Jaggar and Palache, 

1905) contain pre-Cambrian rocks which were highly folded, with a gen- 

eral north-south strike, before Paleozoic time. 

The Globe district (Ransome, 1904) shows an extensive development 

of steep-dipping pre-Cambrian schist with a northeast strike. Ransome 

says: 

“It is noteworthy that the strike of the schistose cleavage runs nearly at 

right angles to the dominant trend of the present mountain ranges of the 

region.” 

Much faulted, but httle folded, Paleozoic strata rest on the schists. 

A small area of steep-dipping pre-Cambrian schist and granite in the 

Clifton, Arizona, region (Lindgren, 1905) shows varying strikes, rang- 

ing mostly between east-west and north 30 degrees east. 

The Bisbee area (Ransome, 1904), in the southeastern corner of Ari- 

zona, contains steep-dipping pre-Cambrian schists with a dominant strike 

about north 25 degrees east. Only moderately folded Paleozoic strata 

rest on the schists. 

But little information regarding pre-Cambrian structures in New Mex- 

ico seems to be available. In the northern part of the State there are 

several belts of pre-Cambrian rocks, but their north-south trend does not 

necessarily indicate such a pre-Cambrian structural trend. Thus, in re- 

gard to the schists and granite of the Cimarron belt Stevenson (1881) 

says that “the dips of the Archean rocks are much confused.” 

For the most part, then, in Arizona and New Mexico, the definitely 

known pre-Cambrian structural trend-lnes make high angles not only 

with the trend-lines as shown on Ruedemann’s map, but also with the 

general trend of the Rocky Mountains. 

NEVADA AND UTAH 

Few reliable observations on pre-Cambrian structures appear to be 

available for Nevada, where definitely known pre-Cambrian rocks are not 

extensively developed. The West Humboldt Range (Emmons and Hague, 

1877) shows steep-dipping schists and gneisses with strike north 38 de- 
grees east. 

The Snake Range of eastern Nevada (Weeks, 1907) contains steep to 

moderately steep dipping quartzite with a west-northwest strike. 
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Pre-Cambrian rocks are not extensively exposed in Utah, and satis- 

factory structural data are scarce. In Big Cottonwood Canyon (Em- 

mons, 1877) of the Wasatch Mountains near Ogden, pre-Cambrian 

quartzites and schists, with rather high dips, strike northeast, and in 

Little Cottonwood Canyon schists strike northwest. In the small Farm- 

ington (Hague, 1877) area of the same general region, pre-Cambrian 

rocks strike about north-south. 

According to Blackwelder (1910), a considerable body of Algonkian 

strata lies within the Wasatch Mountains east of Ogden, but structural 

lines within it are not reported. 

The main body of rock in the midst of the Uinta Range is late pre- 

Cambrian quartzite only very moderately disturbed and with a general 

east-west strike of post-Cambrian origin. 

It is, therefore, clear that the few pre-Cambrian structure lines above 

recorded from Nevada and Utah show widely varying strikes, mostly 

notably divergent from Ruedemann’s trend-lines. 

COLORADO 

This State furnishes an unusual number of records of pre-Cambrian 

structure lines from both large and small areas. 

In the vicinity of Silver Cliff (Cross, 1896) pre-Cambrian gneisses 

strike northeast. 

Small areas of pre-Cambrian (Archean?) schists near Pueblo Gilbert, 

1897) show strikes varying from north-south to northwest, with little 
disturbed Cretaceous strata resting on them. 

In the Rico Quadrangle (Cross and Ransome, 1905) a small area of 

pre-Cambrian schist with steep dips strikes east-west, while within a few 

miles of it folded Algonkian strata show strikes varying from north 10 

to 30 degrees east, with scarcely folded Paleozoic strata on them. 

Both Archean and Algonkian rocks are well represented in the Needle 

Mountains Quadrangle (Cross and Howe, 1905), the general strike of 

the former swinging from a little east of north to nearly east-west, while 

the latter (Algonkian) ranges in strike from east-west to west-northwest. 

Both sets of rocks were notably folded before the opening of the Paleozoic. 

Steep-dipping Algonkian strata in the Ouray Quadrangle (Cross and 

Howe, 1907) show an average east-west strike, but part or all of this 

deformation belongs to post-Cambrian time. 

In the Telluride Quadrangle (Cross, 1899) a-small area of rather 

steep-dipping Algonkian strata exhibits a well preserved strike north 65 

degrees west. 
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‘Fhe Engineer Mountain Quadrangle (Cross, 1910) contains Archean 

eneiss and schist in its southeastern part with strikes varying from east- 

west through northeast to nearly north-south, and Algonkian strata with 

nearly east-west strike in its northeastern part. 

The Pikes Peak area (Cross, 1894) contains some pre-Cambrian 

eneisses with a north-northwest strike of foliation. 

Pre-Cambrian rocks in the Georgetown Quadrangle (Ball and Spurr, 

1905) exhibit an excellent schistosity, with a prevailing east-west strike. 

HKarlier pre-Cambrian gneisses in Rocky Mountain Park show a gen- 

eral north-south strike of fohation, while steep-dipping Algonkian strata 

in Thompson Canyon, just east of the park, strike about east-west. 

The southern portion of the Park Range (Van Hise and Leith, 1909) 

of northern Colorado consists of pre-Cambrian rocks with a prevailing 

north-south strike, which changes to a general east-west strike in the 

northern portion of the range. 

WYOMING 

Pre-Cambrian structural data are obtainable for several districts in 

the southeastern one-fourth of this State. 

The Encampment district (Spencer, 1904), near the middle southern 

border of the State, shows a large development of pre-Cambrian strata 

with a distinct strike nearly east-west for over 20 miles. This strike is 

the same as in the adjacent Park Range of Colorado. 

In the Medicine Bow Range (Hague, 1877) a large development of 

steep-dipping Archean gneiss, schist, and quartzite strikes about north 

20 degrees east. 

In the Laramie-Sherman Quadrangle (Darton and Blackwelder, 1910) 

of southeastern Wyoming pre-Cambrian gneiss and: schist are well devel- 

oped, with a prevailing strike north 70 degrees east. — 

The Hartville district (W. S. Smith, 1903), in the eastern part of the 

State, contains Algonkian schist, limestone, and quartzite with practi- 

cally vertical dips and a generally nearly east-west strike. 

A large area of pre-Cambrian granite is exposed in the Big Hor » 

Mountains. (Darton, 1906). It is devoid of foliation, and so gives no 

clew to the pre-Cambrian structure of this region. It is involved, with 

Paleozoic strata on either side, in a gentle anticlinal structure. This 

occurrence is of interest, however, because it is such a large body of pre- 

Cambrian rock which has never been subjected to much pressure. 

Pre-Cambrian rocks are extensively exposed in the Wind River Moun- 

tains, but not much seems to be known about their structure. In 1879, 

however, Endlich said: 
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“The granites are flexed and contorted in every possible direction and con- 

tain simple bands of micaceous and chloritic schists which denote the original 

planes of stratification.” 

In the Gallatin Range of Yellowstone Park (Hague, 1899) a relatively 

small area of pre-Cambrian schist shows a general north-south strike. 

MONTANA AND IDAHO 

There are several areas of pre-Cambrian rocks in the western half of 

Montana for which more or less structural information is available. 

In the Little Belt Mountains (Weed, 1899) an area of Archean has 

steep dips and a general east-west strike. Resting on the Archean are 

very moderately folded Algonkian and Paleozoic strata. 

A small area of Archean gneiss and schist in the Fort Benton Quad- 

rangle (Weed, 1899) shows steep dips and very variable strikes. 

The geological map of the Three Forks Quadrangle (Peale, 1896) 

shows large areas of Archean gneisses, but their structure is not de- 

scribed. There are also Algonkian (?) marble and schists which were 

metamorphosed and folded (structural data not given) before the dep- 
osition of an unaltered Algonkian sedimentary series, which latter is 

intricately infolded with Cambrian and Cretaceous strata. 

In the Marysville district (Barrell, 1907) near Helena, Algonkian 

strata are only gently folded with very irregular strikes. The prevailing 

strike seems to be northwest, but Barrell speaks of a cleavage structure 

with a northeast trend. 

In the Philipsburg Quadrangle (Calkins and Emmons, 1913) Algon- 

kian strata are extensively exposed with exceedingly variable strikes and 

with only a general parallelism with the late Cretaceous folds, so that in 

part. the folding may be of pre-Cambrian age. 

The great body of Algonkian strata in Glacier Park has a long, wide, 

gentle synclinal structure, with nearly north-south strike, but this struc- 

ture was probably developed at the time of the thrust-faulting in the 

early Tertiary. 

The Coeur d’Alene district of Idaho (Ransome and Calkins, 1908) 

contains much pre-Cambrian stratified rock notably folded with very 

irregular strikes, but with a northwest trend somewhat prevalent. 

CONCLUSIONS REGARDING THE CORDILLERAN REGION 

From the data above presented it is evident that there is no predom- 

inant pre-Cambrian structural trend through the Cordilleran region of 

the United States approximately parallel (north-northwest) with the 

trend of the Rocky Mountains. A glance at the accompanying map will’ 

XLVI—BULL. Grou. Soc. AM., VoL. 34, 1922 
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show that decidedly more of the pre-Cambrian trend-hnes run from east- 

west to about northeast rather than approximately north-northwest. It 

is, therefore, a very significant fact that the prevailing direction of pre- 

Cambrian folding and foliation is across the Cordilleran region rather 

than parallel with it. Considering this fact, together with the meager 

structural evidence from western Canada and the practical absence of 

definite evidence from Alaska and Mexico, it-is clear that there are no 

sufficient grounds for advocating a general north-south trend of pre- 

Cambrian folds and foliation through western North America, as has 

been done by Ruedemann. This matter is all the more significant when 

it is realized that the western half of the whole continent is involved! 

GENERAL CONCLUSIONS 

Some of the main conclusions in regard to the pre-Cambrian folded 
and foliated structures of North America which seem to be warranted 

as a result of the evidence presented in this paper are as follows: 

1. The older known pre-Cambrian rocks of North America have not 

been universally intensely folded, as has heretofore been commonly as- 

sumed. In some districts they have never been more than very moder- 

ately folded, and in other districts they have been moderately or highly 

folded only since pre-Cambrian time. In many districts they were, how- 

ever, highly deformed in pre-Cambrian time. In many cases the proba- 

bility of the development of steep dips and more or less folding through 

the agency of magmatic intrusion, under the influence of but little lateral 

pressure, should be considered. 

2. In any attempt to decipher pre-Cambrian diastrophism in North 

America, careful discrimination should be made between folded struc- 

tures of pre-Cambrian rocks developed in pre-Cambrian time and those 

subsequently produced. In many districts this has not been done and in 

some cases it is impossible. 

3. Because of the vast length of time involved and the great uncertain- 

ties of subdivision and correlation of pre-Cambrian rocks in various parts 

of the continent, we are still in the dark in regard to the number, extent, 

severity, and correlation of crustal deformations of pre-Cambrian time. 

More particularly, the facts do not warrant the conclusion that there 

was a great continent-wide so-called “Laurentian Revolution” marking 

the close of a rather definite portion of pre-Cambrian time. 
4. The plotting of many definitely recorded strikes of pre-Cambrian 

folding and foliation (see accompanying map) does not indicate “a grand 

and simple curvature,” changing from a northeast direction in the east- 

ern part of the continent through east-west in the interior to approxti- 
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mately north-south in the western part of the continent, as advocated by 

Ruedemann. 

5. There is not sufficient warrant for a statement that North America 

reacted as a “unit against the diastrophic forces active in pre-Cambrian 

time,” as advocated by Ruedemann. On the contrary, because of notable 

variations in structural trend, even in local portions of the continent 

(see map), and because of the localization of orogenic forces, both in 

space and time, during the very long post-Cambrian history of the conti- 

nent, it is more reasonable to believe that similar localization obtained 

during pre-Cambrian time. 
5. The absence of pre-Cambrian structural data from vast areas (fully 

one-half) of North America causes a large element of uncertainty to 
enter into any attempt to generalize with regard to the trend-lines of 

pre-Cambrian folds and foliation. 

Discussion 

Dr. R. Ruedemann sent the following letter, which was read in open- 

ing the discussion : 

It is just as well that Professor Miller attracts attention to my paper on 

the ‘Existence and Configuration of pre-Cambrian Continents” by attacking 

its premises. This is always the surest means of keeping a new-born idea 

from the limbo of the still-born and forgotten. 

The points which Professor Miller proposes to raise, according to the pro- 

gram, refer to premises that had been recognized by me as the ones that 

needed protection and that therefore have been frankly stated in the paper to 

be open to discussion and the evidence for which has been fully presented, as 

far as the limited space allowed. 

The first point is that the Archean basement complex in North America has 

not everywhere undergone severe metamorphism. This is, as far as I can see, 

of no critical importance for the solution of the problem involving the presence 

and configuration of the pre-Cambrian continents and may, therefore, be 

passed without comment. 

The second point is that the Archean basement complex has not been uni- 

versally intensely folded. In this regard Professor Miller disagrees, as far as 

the Adirondacks, his field of study and experience, is concerned, with all the 

other geologists that have worked in the Adirondacks, and that fact is set 

forth in my paper. As my conclusions must be based, of course, on the con- 

sensus of authors and not on a single dissenting view, the latter, however 

interesting, is of no account in this matter. 

The third point is that ‘the pre-Cambrian folding does not exhibit such 

uniformity of direction as has been recently advocated” (by the writer). The 

claim that the folding is uniform in its grand outlines is based on the evidence 

gathered from the pre-Cambrian literature of the world there cited and will 

have to stand or fall with the correctness of the many observations. quoted. 
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It may be added that more corroborative literature is at hand, and that arti- 

cles which have appeared since the paper was written nicely fall in, in the 

pre-Cambrian trends given, with those merely inferred for the regions in ques- 

tion. It should also be pointed out, as has been fully done in my paper, that 

while the author speaks principally of the fold directions, the trend-lines of 

the pre-Cambrian rocks there under discussion comprise not only the fold 

directions, but also the direction of the foliation, schistosity, and of the major 

axes of the batholiths, all of which phenomena form a causally connected 

group. 

It should be remembered that these criteria, in a paper dealing with their 

continental or even world-wide order of magnitude, can not be judged fairly 

and properly from the study of a very limited area in the Adirondacks alone, 

however thoroughly this may have been done. 

Professor Miller further points out that “the vast length of pre-Cambrian 

time and the uncertainties of its divisions, as well as the difficulty in many 

places of distinguishing rock structures which developed during pre-Cambrian 

time from those produced by post-Cambrian diastrophism, are antagonistic to 

any attempt to decipher the pre-Cambrian configuration of the continent.” 

These difficulties are fully recognized in the paper and stated as such; but 

since also the general parallelism of the greater subdivisions in the different 

continents, of the northern hemisphere at least, is set forth following the 

views of Adams, Kemp, Willis, and others, and it is further brought out that 

the folding and its associated phenomena, as seen now in the pre-Cambrian 

rocks, is the summation of that of all pre-Cambrian eras and is treated as 

such; the criticism is beyond the point. Pre-Cambrian and post-Cambrian 

folding have been carefully separated in the paper, and areas where the latter 

is evident have been omitted from the discussion. 

As the conclusions set forth in my paper are based on a great mass of data 

seattered in the literature, they must stand or fall, I repeat, with the correct- 

ness of the: many observations there recorded and with those yet to be made. 

All that I, therefore, ask is that these conclusions be given a fair and unbiased 

trial by those engaged in the study of pre-Cambrian geology and paleogeogra- 

phy, and I have no doubt that such will be granted by the great majority of 

geologists. | 

Prof. A. P. Coteman: The early pre-Cambrian rocks of Canada rep- 

resent only the foundations of the original mountains. They have batho- 

lithic forms and the schistose structures strike in all directions around 

the great batholiths, but the batholiths themselves generally show an 

elongation in a direction roughly parallel to the edges of the pre-Cam- 

brian Shield. In northern Ontario the structures run usually from 

north 50 to 80 degrees east. The ancient mountain ranges overlying the 

batholiths probably ran in the direction shown by this trend in the 

elongation of the batholiths. 

Miss Margaret FuLtuer: The results of a recent detailed field study 

of the pre-Cambrian geology of the Front Range in Colorado, from the 
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Continental Divide eastward through the Valley of the Big Thompson 

River to the foothills, may shed some lhght on the question of the pre- 

Cambrian structure of the Cordilleran area. The pre-Cambrian consists 
of a series of highly metamorphosed sediments, mainly schists, intruded 

by two granites, with their accompanying wealth of pegmatites. The 

structure is one of numerous batholiths, which have arched and meta- 

morphosed the sediments in a long north-south belt, the more intense 

metamorphism being near the center of the range and extending north 

and south in a belt which grades eastward into a similar north-south 

parallel belt of less intensely metamorphosed rocks. This would indi- 

cate that the original pre-Cambrian structure had been one of linear in- 

trusion lines, arching up a north-to-south area. Similar structure in the 

region north and west of Colorado Springs suggests the same conditions. 

Probably the more recent arching, which uplifted the Front Range as it 

lies today, took place along the old pre-Cambrian line of diastrophism. 

Reply by Professor Mrtuer: I regret that Dr. Ruedemann is not here 

in person. His discussion, based entirely upon the very meager state- 

ments in the abstract of my paper, would, I believe, have been consider- 

ably modified had he heard my paper in full. 

In his paper (page 75) Dr. Ruedemann states it is an established fact 

that the Archean basement complex has undergone complete meta- 

morphism. I differ from him on this point, but I agree with him that 

this matter is not necessarily of critical importance, as shown in my paper. 

In the second point of his discussion Dr. Ruedemann imphes that my 

whole field of experience is the Adirondacks, but this is by no means 

true. He also states that all geologists, except myself, who have worked 

in the Adirondacks agree to the proposition that the whole Adirondack 

region has been severely folded. This is hardly a fair statement of the 

situation, because, in the first place, I myself accepted the idea of severe 

folding and compression of the region until about ten years ago, when I 

began to critically examine the field evidence, and, in the second place, 

some of the workers he cites studied only the northwestern flank of the 

Adirondack region, where I, too, believe there has been more or less fold- 

ing; some of the workers have never seriously argued for severe folding, 

and only two of them have recently really advocated a severe folding of 

the whole region. Now, as set forth in my paper, it is not a foregone 

conclusion that the two workers who have advocated severe folding are 

right and that 1 am wrong, certainly not in view of the fact that the 

array of evidence presented by me in 1916 (Journal of Geology, volume 

24, pages 587-619) has not been attacked. The fact that I have done a 
greater amount of detailed field-work on the pre-Cambrian rocks of 
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northern New York than anyone else ought to make my conclusion worth 

something. | 

In his third point Dr. Ruedemann defends his conclusion regarding 

uniformity of direction of pre-Cambrian folding by saying that the con- 

clusion is based upon evidence gathered from an extensive literature on 

pre-Cambrian geology. My answer is that for years I have been study- 

ing this same hterature; that I have very recently reviewed hundreds of 

pieces of this literature, and that I find the evidence pointing to a con- 

clusion different from that of Dr. Ruedemann. Like him, all I ask is 

that the evidence and conclusions which I present shall be given “a fair 
and unbiased trial’ by students of the pre-Cambrian. 

Dr. Ruedemann’s statement falls wide of the mark, as my paper plainly 

shows, when he says that I judge his paper, dealing with a worldwide 

order of magnitude, “from the study of a very limited area in the Adi- 

rondacks alone.” 

Finally, I do not agree with Dr. Ruedemann that he has carefully 

separated cases of pre-Cambrian and post-Cambrian folding, as brought 
out in various parts of my paper. 

If, as Professor Coleman states, the pre-Cambrian structures of north- 

ern Ontario mainly run from north 50 to 80 degrees east, they certainly 
are not even approximately parallel to the edge of the Canadian Shield 

in that general region. Furthermore, on the basis of Coleman’s own 

work, the pre-Cambrian structure of northern Labrador is conspicuously 

out of harmony with Dr. Ruedemann’s trend-lnes. 

Miss Fuller’s observations in a local portion of the Front Range of 

Colorado do harmonize with Ruedemann’s conclusion, as my map shows; 

but the pre-Cambrian structural trend is there exceptional for much of 

the Rocky Mountain region of the United States, even that part of the 
region just to the north, in Wyoming. 
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SUMMARY 

_ The rate of increase of temperature in the Lake Superior mines aver- 

ages about one degree per 105 feet, but is greater in depth, about one 

degree Fahrenheit per 90 feet. While the mean air temperature in 

Calumet is about 39 degrees Fahrenheit, the mean ground temperature 

is 43 degrees (42.6 degrees Fahrenheit), owing to the blanketing effect 

of the snow in winter. 

This increase of gradient is due to an increase of surface temperature 

about 10,000 years ago; for, by taking the gradient below 4,000 feet and 

producing it to the surface, we find a surface temperature of 32 degrees 

Fahrenheit, that which the ice bottom may have had. The time since 

the rise in temperature is found by seeing how much the scale of time 

may be enlarged in the probability curve connecting the temperature and 

time for a flow of heat due to a sudden rise of temperature, and yet have 

the curve lie under one constructed to show the excess of observed tem- 

perature over that due to the bottom gradient. 

There are indications of a milder climate between the Ice Age and the 

present. 

1 Manuscript received by the Secretary of the Society February 20, 1923. 

(703) 
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The deep gradient of one degree Fahrenheit in 90 feet, equal to one 

degree centigrade in 49.5 meters, is not so far from that which is normal 

to the earth, but it is easily explained by the absence of pyrite or signs of 
any recent exothermal reactions in the rock, by exhaustion of heat from 

below in early times, by the abnormal thickness of the crust indicated by 

the observations for isostasy, and the less radioactivity of basic rocks. 

Reactions leaving CaCl, in solution, and hence endothermal, do not need 

to be inferred. | 

Lake Superior has no appreciable effect on it, first, because the deeper 

temperature of Lake Superior (39 degrees Fahrenheit) is practically the 

same as that at Calumet; secondly, because the gradient near the lake is 

nearer the normal; and, thirdly, because the lake is too far from Calumet, 

compared with the difference in elevation, to have an appreciable effect. 

_ Similar postglacial heat waves should be and may be noted in the tem- 

perature of other deep wells. 

HISTORICAL 

The first observations on underground temperatures on Keweenaw 

Point were made back in 1847 and were reported by C. T. Jackson,? and 

are tabulated in my report on page 759. He rightly assumed 43 degrees 

as the surface soil temperature—that is, it is probably within one degree 

of this for the yearly average, which varies a little from year to year, as 

the table shows. The greatest depth then reached (with no account of 

the topography) was 236 feet, where the temperature was 45 degrees 

Fahrenheit. No account has been taken of mean depth from the surface, 

nor allowance for the topography in any of the measurements. 

The next important observations were made by H. A. Wheeler.* Sub- 

tracting one degree in 105 from his upper measurements, we get 41.7 

degrees Fahrenheit for the initial soil temperature; and, doing the same 

thing for his lower measurements, we find a temperature of 42.5 degrees 

Fahrenheit. 

In 1894 J. F. Roberts tested the bottom of the Central Mine. 

In 1901 I found in the Champion copper mine a temperature of 44 

(5 degrees) in the first level, 130 feet below surface, and 45 degrees in 

the second level, 250 feet down. Making the same deductions of one 

degree per 105 feet, we have 43.3 degrees Fahrenheit respectively, 42.6 

degrees for the surface temperature. In August a strong flow from (as 

was told me) 80 feet down in Calumet and Hecla hole 10, on section 16, 

2 Annual message to Congress and accompanying documents, 1849-50, Part III. 

3 American Journal of Science, vol. xxxii, 1886, pp. 125 to 138; also in Transactions 

St. Louis Academy of Science, my report, p. 760. 
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township 56, range 33, gave 43.3 degrees, one of the very best observa- 

tions—that is, not less than 42.6 degrees Fahrenheit surface temperature. 

These variations are but such as might be expected in the mean soil tem- 

perature from streaks of warm years and cold years, as we see from the 

table of temperature below, from the State Weather Service. In addition 

- to these variations, we have inaccuracies in thermometers, and in my 

case at least the thermometer was a pocket one, too small to read fractions 

of a degree accurately. There is also allowance to be made for mine 

ventilation, tending to increase readings below 60 degrees and decrease 

those above 70 degrees. There is also the fact that in no case was the 

real mean depth below the topographic surface computed nor the effect 

of underground circulation allowed for. All these factors must be al- 

lowed for if closer results are to be obtained, though they hardly will 

change the results 5 per cent. 

While State Geologist, I made various observations in 1901, 1906, and 

1910, assembled in my report on the Keweenaw series, and a very im- 

portant set was made by S. Smillie, engineer of Quincy Mine. All ob- 

servations were assembled in my report in 1911, and all the more impor- 

tant were reprinted by N. H. Darton in United States Geological Survey 

Bulletin 701. C. EH. Van Orstrand is continuing that work. 

There is also a method of attacking the problem of mean soil tempera- 

ture from the Weather Bureau side, thus: Find the mean temperature for 

a term of years, preferably just preceding the observation. Then assume 

that for the months when the mean temperature is below freezing, the 

ground temperature is freezing, for it is known that frost does not go 

down into the ground more than for a couple of feet. If we also assume 

that for the first month in spring, when the temperature averages above 

freezing (April), the ground temperature averages about freezing by the 

melting snow, we come to 43.7 degrees—a temperature within a degree of 

the temperatures directly measured. | 

SUMMARY OF DaTa 

The data have been so summarized in my report in 1911, and especially 

in Darton’s valuable Bulletin on the Geothermal data of the United 

States,* that it seems hardly needful to do more than give a few important 

figures to save the bother of reference and add a few observations I re- 

cently made, especially as I understand C. E. Van Orstrand has a yet 

more elaborate report in hand, which may precede this, and it is to be 

hoped will include in full the valuable records of the Calumet and Hecla 

Mine for Alexander Agassiz. 

4U. S. Geol. Survey Bulletin 701. 



DEPTH SCALE FOR MICHIGAN 46,000 

HiGuRY 1.—Differences from deepest Gradient in Michigan 

Probability curve in left corner. 

Figure 1 shows by the heavy black area in the lower left corner the probability curye 
(1—Pm), unity for m being indicated by a distance. The same distance from left to 
right as the depth of 1,000 feet, and in ordinates 10 degrees Fahrenheit, and the circles 
indicate the number of degrees by which the actual rock temperatures observed at depths 

corresponding to the abscissas are in excess of those which might be expected from the 
temperatures and the gradient at the bottom of the mine, 

Figure 2.—Temperatures in Michigan 

Figure 2 shows to the same depth scale, running from left to right, the temperatures 

(referred to the scale on the left) for various depths in Michigan copper mines, by 

hollow circles with a radius equivalent to one degree. Half circles indicate a greater 

range of probable temperature. The heavy black line indicates the bottom gradient, 
one degree Fahrenheit in 90 feet. 

Figury 3.—Temperatures in Lake Well, West Virginia 

Figure 3 shows by solid black circles with a temperature scale to the right and @ 

depth scale below, with the units in each half the size of those in Figure 2, so that the 
slopes are directly comparable, the temperatures and the bottom gradient as measured 

by C. H. Van Orstrand at Lake, West Virginia. 
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Degrees 
Fahrenheit 

The hottest and deepest reading was in the bottom of the Tamarack, at 

(S,560)>: feet 20-2. Us uit Se pee eh he ee Fa ec Ls ie cae eee, 91.4 

A more reliable record is by C. E. Van Orstrand, on the 81st level of 

the Calumet and Hecla (checked by myself in August, 1922, as 86 

degrees centigrade), at 2900. feetecs Se. ee Ooo Se ee 86.4 

I also found at the 78th level (about 4,700 feet from surface)......... 84 

at the T4th level, about "4,480 feet. i. vis os. ee ee 82 

at the 22d level, Ahmeek (1,870 feet), short drill-hole.... 65.4 

level, -Ahmeek,. dirt: on. floors. 2cJ “st - bees 62.3 

Isle Royale No. 5 shaft, 21st level (2,664 feet)..... about 66 

19th: level (2,425 feel)... kee 63 

Champion No.4 shaft, Sth: level. 2.2202... 2.2. ~. sos eee 51 

17th level warmed by mine circulation, probably, compare— 54 

Observation in 1909 on the 13th level, when the mine was 

NE WET 6 oo ok eS SE a Se pene ee Seti elo ab Gace ae ayia 

Arcadian Consolidated (New Baltic shaft), 1,100-foot 

level—that is, about (900 feet down)................. 58 

The more reliable® observations are, howeyer— 

Tamarack "5 -(4:662).- TCG s ooo wc waters a Ae Ve ke 8 Oe eee ne os ee ee ee 2 

Quincy .(3;875. feet) =" (S. Smillie yo se nye ee as re See 76 

(3:856 SIGEBR) os 2 Sa ie eo Ge oes ee 74 

(S,24G | LECL) Po coi ielee cia wise &, oe mle) 5m, 6 Sty one aa ap ge 

(1530 BECE) Sos: sala ciate» OW seine 6 bits ans oie eee 52 

C. J. McKie reports the temperature of water flowing from a drill-hole 

in the Baltic Mine of the Copper Range Company, 36th level (3,277 

feet), 71 degrees. On the 3,950-foot level, 1,200 feet from the shaft, 

rock and air temperature (3,599 feet), 74 degrees. J. W. Alt, chief 

engineer of the Montreal Mine, Hurley, Wisconsin, reports the tempera- 

ture of a drift at the bottom of that mine (1,676 feet down) as 19 degrees 

to 1914 degrees centigrade, and of water flowing from a drill-hole, 70 

gallons a minute, as also 1914 degrees centigrade, equal to 67 degrees 

Fahrenheit. 

The following table, for which we have to thank the Bureau of Mines 

and Mr. T. Dengler, the agent of the Mohawk Mine, shows not only the 

temperature at various depths, but by the dates, which may also be useful 

hereafter, something of the error to be expected in observations owing to 

ventilation, circulation, and variation of temperature in the air between 

winter (February) and summer (August). The dip of the mine varies 

5 Numbers in parentheses are vertical depths from the surface, supposed to be flat. 

6 The depths given by the engineer are below Lake Superior. To this Darton adds 

500 feet and I here 550, and I have changed my views as to the more reliable observa- 

tions. Crosscuts are better sometimes than short drill-holes, farther from ventilation, 

less affected by boring. 
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from 36 to 38 degrees, so that the depths from the surface, which varies 

not over 100 feet, are about 6/10ths (0.6) of the depth down the shaft. 

_ It will be noted that the air at the bottom varies not over 3 degrees 

Fahrenheit from the rock and water temperature, even when there is a 

wide range in the surface temperatures, and that it is practically satu- 

rated, even when much warmer than the air outside, showing the evap- 

oration that goes on and makes the mine dry and even dusty, although 

there is moisture in the rock. The bottom temperature of 56 degrees at 

something like 1,400 feet vertical depth beneath the surface is what might 

be expected. 
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LAKE SUPERIOR NOT EFFICIENT 

In his work in 1886, the first that brought into relief the low gradient 

of the copper mines of Michigan as compared, for instance, with those 

in Montana (the North Butte Mine at Butte, Montana, has at 2,800 feet 

a rock temperature of 107 degrees Fahrenheit), Wheeler suggested that 

the low gradient might be due to the cooling effect of Lake Superior. 

Unfortunately, this suggestion was taken up by Koenigsberger, the 

great European and world writer on this subject, in his paper before the 

International Mexican Congress.’ When he speaks of a “small” gradient, 

he means thereby one in which are few feet needed to obtain 1 degree 

rise, 9 degrees Fahrenheit = 5 degrees centigrade, 1 degree Fahrenheit 

for n feet = 1 degree centigrade for 0.55 meters. Thus no change in 

temperature at all would be a “large” gradient! He says (page 12) that 

the geothermal gradient is “greatest” near the surface, which agrees with ~ 

what should be the case if the mean surface temperature has risen since 

the Ice Age. On the other hand, “the more recent the eruption, the 

smaller the geothermic gradient.” ‘This is altogether in harmony with 

the contrast between the temperature of the copper mines of Butte, Mon- 

tana, where the igneous activity is Mesozoic, and those here cited, where 

the igneous activity is probably before the Taconic uplift and pre-Ordo- 

vician. Thus Wheeler’s suggestion is spread through the literature. It 

ean not be too strongly emphasized that Lake Superior has nothing to 

do with the gradient. 

In the first place, it will be noticed from the table above that the mean 

annual temperature of Calumet is only a degree or so from that of the 

bottom of Lake Superior, which is that of the maximum density of water 

(38.8 degrees Fahrenheit), a mere trifle compared with the differences 

in temperature that would exist had Michigan the same gradient as 

Montana. 

In the second place, Lake Superior is 5 miles away, and the lateral 

effect of cooling on a point only one mile down, common sense would 

indicate could be but slight, even if B. O. Peirce had not figured it out 

with a thorough use of mathematics in volumes 34 to 38 of the Proceed- 

ings of the American Academy of Sciences.® 

In the third place, the gradient in the Freda well, down on the edge 

of Lake Superior, is higher than in the deep mines back from the shore. 

7 Also Transactions Institution of Mining Engineers, vol. xxxix, part 4, New Castle- 

upon-Tyne, England, p. 11 of excerpt. 

8 Vol. 34, pp. 22-25; see also vol. 36, pp. 1-16; vol. 38, pp. 651-660, or Williamson 

and Adams, Physical Review, n. s., vol. xiv. 1919. pp. 101, 1038. 
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The water rose in an artesian flow from a depth somewhere between 709 

and 950 feet at a temperature of about 55 degrees, and the gradient is 

not far from one degree in 70 feet. It certainly can not be any lower 

than one degree in 84 feet, as given by Darton. 

EFFECT OF LAST Icr AGE 

If Lake Superior has no cooling influence, what is the cause of the low 

gradient? It may be that this is the normal gradient, due to the flow of 

internal heat from far below. Such a gradient would give a temperature 

of 1,500 degrees centigrade in 73.5 kilometer, or 2,000 degrees centigrade 

in 98 kilometer depths, from which lavas might be supposed to come. 

Then others generally found would be abnormal and affected by chem- 

ical reactions, and this is certainly often the case. But one thing that 

clearly appears from the data should be considered, and that is that the 

rate of increase is more rapid at the bottom. This, to which we shall 

return, might be laid to approaching a source of heat below, for in that 

case the curve of heat would be steeper as we go down, for not only is 

the heat increasing, but the rate of increase of heat increases as we ap- 

proach the source of heat. This would imply a continued acceleration 

of the increase of heat with deeper mining. But in that case we should 

expect an abnormally high gradient at the bottom, which is not true. 

The Montana mines reach a greater temperature in half the depth—tfor 

example, the North Butte Mine has at 2,800 feet a temperature of 107 

degrees Fahrenheit, and the igneous activity there has been much more 

recent. 

The same effect, however, would be produced if the surface tempera- 

ture had grown milder in later years. It would be the same kind of 

effect as the progress of a summer wave of heat downward, which has 

been studied® by Callendar and McLeod and many authorities of weather 

bureaus and agricultural stations. 

That there has been such an effect is certain, for we know that not so 

many thousands of years ago there was a time when the ice covered this 

region. There are, indeed, kettle-holes and other signs of melting ice 

blocks right over the Tamarack and Calumet and Hecla mines. Then 

we know that this was succeeded by a lake—Lake Duluth—which 

Leverett has studied,?® and that probably relatively soon thereafter the 

land emerged. What the changes were thereafter in ground temperature 

® Transactions Royal Society of Canada, vol. i, 1895, sec. 3, fig. 6; see also vol. ii, 

ps 109}-andi vol. iti,p, 31. 

10 Michigan Academy of Sciences, 1917. 
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we do not so well know, but there are some who speak of a relatively mild 

postglacial climate, which the underground temperatures indicate, as we 

shall see. | 
If, then, we assume that when the ice had melted, the temperature 

rose rather suddenly to the temperature of the bottom of Lake Superior 

(the temperature of the maximum density of water), and that Lake 

Duluth was like Lake Superior in that respect, we shall make a reason- 

able assumption. Yet it is possible that the ice which once filled the 

kettle-holes may have taken a hundred years after the recession of the 

ice-sheet to melt. If we assume that since the land emerged above Lake 
Duluth the mean temperature did not drop, but remained somewhere 

between the temperature of the maximum density of water (38 degrees 

Fahrenheit) and the present temperature or higher, but not lower, we 

make also a probable assumption. There was no readvance of the ice- 

sheet front, so far as I learn, after the abolition of Lake Duluth. 

Now the flow of heat waves into the ground has been a subject of in- 

vestigation many times,” and if we can give definite values for the varia- 

tion of surface temperature, we can calculate the underground tempera- 

tures. This we can not do exactly, but we can derive an approximation 

which will answer present purposes and can be handled by any geologist 

so as to adapt it to various data without undue labor in getting approxi- 

mate results, which will be as accurate as present facts warrant. 

Suppose that the Ice Age lasted long enough so that the temperature 

gradient was for great depth and below the depths of observation ad- . 

justed to the surface temperature of freezing (32 degrees Fahrenheit 

under the ice-sheet), and that at the end the temperature rose to 42 de- 

grees and stayed there. This rise would make an addition to the previous 

temperatures in the shape of a logarithmic curve of the probability inte- 

gral. It is the curve figured in figure 1. The maximum ordinate is 

determined by the rise in temperature. In the case chosen this is 10 

degrees. 
If one wishes to apply it to some other change in surface temperature, 

one increases the ordinates, or, what is the same thing, changes the unit 

of the scale of ordinates in proportion. | 

The ratio of the increase of temperature for various depths is given 

by the other ordinates to the surface increase. 

The depths are connected with the abscissas in this way, that the 

abscissas are proportional to m where m == x4/2a \ t,—that is, to the 

11 See references in my report for 1903, p. 205; also Ingersoll and Zobel, Mathemat- 

ical theory of heat conduction, chap. vii; also E. D. Williamson and L. H. Adams, 

Physical Review, n. s., vol. xiv, August, 1919, p. 100. 



EFFECT OF LAST ICE AGE Fa Bs 

depth—and inversely proportional to the square root of the time, and 

also to the square root of the diffusivity (a?) == 203 in foot-year units. 

One important thing must be noted. If the temperature has risen or 

fluctuated in any way since the time when the original increase is sup- 

posed, but always kept above the assumed initial sudden change, the tem- 

perature will always be above the temperatures which we thus compute. 

Now we find that the rate of increase or temperature at (figure 2) the 

bottom of the mines is almost precisely the same as the rate of increase 

which we get by connecting, for instance, Van Orstrand’s observation 

(probably the most accurate we have) with a surface temperature of 32 

degrees. The gradient from Van Orstrand’s temperature of 86.4 degrees 
at 4,900 feet to 32 degrees is 1 degree in 90 feet. Strictly, the depth 

should be taken from the topographic mean depth, giving more weight 

to the material immediately overhead; but that would probably not mean 

a difference in depth of over 100 feet, and the ventilation error is prob- 

ably as important, but more uncertain. 

According to Chamberlin, the gradient of 1 degree in 103 feet from 

the surface increased to 1 degree in 93.4 feet from 3,324 to 4,837 feet, 

which will make the bottom gradient just about 1 degree in 90 feet. 

Figure 2 shows this line and observations of all sorts compiled, and one 

may tell by inspection how far the statement is true. 

We then have this problem: To adjust the curve given by the black 
area of figure 2 to the excesses of temperature above the line showing the 

bottom gradient in figure 1 and see how large we can make the scale of 

abscissas. 

After a good deal of study to describe a method which will obtain time 

estimates with reasonable rapidity and with an accuracy as great as the 

data at present warrant, I suggest the following: Plot the observations 

with the temperatures as one set of ordinates and the depths as the other, 

as they are in figures 2 and 3. Draw a line from a point representing 

the temperature at the bottom, whose slope shall represent the rate of 

.change of temperature there per unit of depth. In figure 2 its slope is 

1 degree in 90 feet. Such a line should pass near or close to the actual 

temperatures below 3,500 feet. Then plot to the same scale of feet the 

amounts by which the observed temperatures at the various depths ex- 

ceed those given by the line just drawn, for the same depth. This has 

been done in figure 1. It is clear that up to a depth of about 3,000 feet 

the observations do not systematically exceed the temperatures given by 

the line drawn. It is also clear that this line hits the tos at a tem- 

perature not far from that of freezing. 

XLVII—BULL. Grou. Soc. AmM., VoL. 34, 1922 
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Then plot from the same origin a curve which is the reverse of the 

probability curve—that is, through the following points :'* 

nm = 7 ==. 000 08> 18" S36) STS" 1200 1.10 41.20 1.40 1:54" 1264 1282 

aaa 91 ..80 GP 227 |) 1bT A208 705.7 08 ee 

These values of y represent the effect of a sudden increase of tempera- 

ture at a time past (¢) and at a depth such that if a? is the diffusivity 

(== 203 here, 400 (Kelvin) for units of foot and year) the abscissa m == 

(depth y)/2a\ t. 

Now expand this probability curve reversed up, if necessary, by in- 

creasing every ordinate in the same proportion so that it shall be close to 

the surface temperature observations at the surface. Then see how much 

we can stretch it to the right, increasing all the abscissas in temperatures 

the same ratio, and still have the observed excess lie above the curve. If 

we let m == 1 correspond to 4,000 feet, most of the observations will lie 

below the curve in figure 1, and if m = 1 corresponds to 2,000 feet, the 

curve lies way under the observations. The nearest fit is by letting 

m == 1 correspond to 3,000 feet and stretching the curve to the right 

about three times. Whence, using 203 for the diffusivity instead of Lord 

Kelvin’s 400, as it agrees better with B. O. Peirce’s tests on these very 

rocks, we have 1 == 3,000/(2 X 14.4 x t) . Whence we have % == 

11,080 years since the rise started to spread downward. This checks well 

enough with recent estimates by de Geer and Antevs. 

It is clear that any other diffusivities or depths at which postglacial 

changes of climate are not yet perceptible can be readily placed in the 

above simple equation, which may be expressed in words as follows: 

The depth at which the excess of temperature, above that given by the 

gradient derived from temperatures too deep to be affected by postglacial 

warming for the said depth, is but 15.7 per cent of the excess of the sur- 

face temperature, is twice the square root of the diffusivity multiphed by 

the time since the sudden postglacial amelioration. 

Lord Kelvin took the diffusivity a? as==400. Other figures are given 

in Ingersoll and Zobel’s Appendix A, but they omit B. O. Peirce’s figures 

on the copper-bearing rocks,’* to wit: 

12 Davis, Brenke, and Hedrick’s Calculus Tables, p. 54; Johnson’s Theory of Error, 

and Ingersoll and Zobel, ‘*‘Theory of Heat Conduction,” p. 144. e 

18 Proceedings of the American Academy of Arts and Sciences, May, 1903, vol. XXXVI, 

no. 23, pp. 658 and 659. 

The diffusivities in ¢. g. s. units, used by B. O. Peirce. Callendar and McLeod, Inger- 

soll and Zobel, and physicists generally, must be multiplied by 33,800 to put them into 

the foot-year units used by Lord Kelvin, and by 3,153,6 to turn them into meter-year 

units. There is a decimal point wrong in the figures for meters on page 199 of my 

report for 1908. 
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The diffusivity is the conductivity divided by the density * the spe- 

cific heat capacity per unit weight. This latter 1s not far from .2, but 

has not been determined. With due regard to the fact that the forma- 

tion is mainly trap and but very little amygdaloid, and still less con- 

glomerate, I have taken .006 as a fair value for the diffusivity in ¢. g. s. 

units = 203 in terms of feet and years. 

This value is much that which Lord Kelvin found for damp Calton 

Hill trap, and .0064 in c. g. s. units is quoted as an average for certain 

erustal rocks by Ingersoll and Zobel. It is only about half the value, 

400, so often used. It is clear that it would be wrong to assume an in- 

flection of the curve at 4,000 feet, so that there must have been a marked 

amelioration of the climate since 19,600 years ago. On the other hand, 
if the heat wave had only gone 2,000 feet, the change would have started 

only 5,000 years ago. It has plainly gone farther. It looks as though 

there had been an era of milder climate between the present and the Ice 

Age, with a mean annual temperature perhaps as much as 60 degrees 

Fahrenheit. 

MATHEMATICAL DISCUSSION 

For shallow depths relative to the curvature of the earth the latter 

may be neglected, and the case may be considered one of the flow of heat 

in an infinite body with the temperature at different depths at the begin- 

ning given, and also the variation of temperature from time to time at 
the surface. This problem has been treated by many authors beside 

myself.7# 

‘Among those more readily accessible than my old text-book, Rie- 

mann’s “Differential gleichungen,” the works of W. E. Byerly’? and 

Ingersoll and Zobel,*® the article by Byerly in Merriman’s Course in 

Higher Mathematics may be mentioned, as well as an article by Dr. T. 

Tamura in the Monthly Weather Review for July, 1903. 
It is the case stated in problem 3, on page 88 of Byerly’s work, easily 

solved by combining the solutions of sections 50 and 51. 

14 Tn vol. vi, the annual report for 1903, and publication of the new series of the 

publications of the Geological Survey of Michigan, Lansing, Michigan. 

1 “Wourier’s series and spherical harmonics,” articles 49-54, Ginn. 

1% An introduction to the mathematical theory of heat conduction with engineering 

and geological applications, Ginn, 1913. 
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Let twas) be the temperature at a depth of (a) at a time represented 

by (é), and let 

y/ 

(1) Ut) = wu (zt) + U (xt)y where 

(2) wc issuch that w’(2.)= 0, and w’ wo) = F(¢t)—that is, is a function 

of the time only, at the surface, where z is 0. 

Also: 

(3) Wey 18. Such that 2” 44. — O,.amid We7 7, — a (ee 

(4) Then ut) will be = F(t) at the surface—that is, 

Wien = ee) 

Urzo) = f (x). 

But wu must also satisfy the differential equation 

(OS Dara Da: 

A value of w’’() is found in Article 50 of Byerly and of w’j that will 

satisfy this equation (6) as well as the conditions above (by Byerly equa- 

tions (6) and (7) of page 84, and (10) of page 88. Compare Ingersoll 

and Zobel, page 70, equation (22),) and we have: 

—g2 
7 la gs 282 ) m=] soqavie FH st/sa)-at 
if —(A—2x)? (Aart —(A+2)?/4a7t 

tava, (. ) soya 

and if we replace the second part by the value given in Byerly’s equa- 

tion (7), page 84 and also write 

(5) Also 

(8) m=2/2avt, we have: 

(9) pee ee -. F (t—m?2t/B?) dB+—= Sa " f Copa dp 

~ [°F (-a+ms/x) ap. 

If the functions F and f are known, these expressions may be expanded 

into strings of probability integrals of the form 

P 2 m Bae 

av i mM. 

Suppose, for illustration, 

(10) f(x) =U" (eo) = Ueos) =A +B, 

where we may assume that under the ice-sheet A was about 32 degrees 
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Fahrenheit and B was 1/90, then the last part of equation (9) becomes 

Cape ees i! : (+8 (e+-ma/2) Jap 
0 —B2 

~ € (A+B (—2-+m_/a) )as. 
™ 

We see that the A terms are equivalent to one-half of Po Pos 

(P cea a m)« y 

The B terms, taking out B, m, and x from under the integral sign, are 

oa) ro) —p2 Ue(reaercr ea” [)( a 
The last two integrals are easily solved and are zero, for we may take 

: 6? as the variable, and dG? is 28d8, and the limits of integration for 

are the same, whether 8 is m or —™m. 

Also P~ =1; thus all the Bx terms reduce simply to Bz, and 

a2) 4" =A. PA Be. 

If <=0 m=~ and P»n=1 and wu” (z.)A+Bz, as it should. 

If, now, we assume for F its simplest value and assume that 

(13) F(t) is simply C, a constant, say the present mean annual 

temperature of Calumet, (48 degrees) F(t)=C, then the first part of 

equation (9) becomes: 

(14) ib =O a) 

Combining equations 14 and 12, we have this result, that if uo.y=C 

and U(x) =A+Bzx 

(15) then wer =C’+(A—C)P,+ Bx. 

It is this formula which we have used to estimate the time since the 

last Ice Age, but it is only a first approximation. The expression for 

the rate of increase downward under the ice may, perhaps, be nearly 

enough covered by the expression A+ Bz, if the ice ages are reasonably 

long; but the expression for the surface temperature is surely not uniform. 

It might naturally be a periodic one with a constant temperature during 

the times that the region is covered with ice. A simple form on which 

I have done some numerical work assumes u=0°, and, starts at the 

middle of an Ice Age, from t=0 to t=7'/4, then lets w= sin a up to 

37/4, and then =0 to T, where T is one complete period of climatic 

fluctuation, 

Such a curve might not be very far from representing the real fluc- 

tuation of temperature, except that the duration of the ice-cap would 

vary, growing less toward the margin of the ice-cap and also having 
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more or less lag after the climatic minimum in extending and after 

the climatic maximum in retreating. 

Such a curve may be represented by a series of sine terms 

Carneaaeey WA 
| uh 

n/2 2n f 

(16) w=F(t)= 5 oes (sum of terms (—1) (oan 

sin 2rnt/T, and if we represent F(t) by any such series of sine terms 

sin (2rnt/7T +1) we can get a general expression for wu’ (xt) by writing 

for each term e—D (sin 2nt+1—D), where D=(x/axV 7 /T as above. 

The resulting series are, however, not always convergent or only 

semi-convergent, though they are the more rapidly convergent the 

greater x and the less t, and I have not carried the mathematical work 

numerically farther, as we know so little regarding post-glacial climate 

fluctuations. It may be noted however, that each sine term represents 

an effect on the temperature which is later, and less, the deeper the 

point the temperature of which is studied. 

If we take a relatively simple assumption, we can get a closer approxi- 

mation to the actual readings. Assume that there was not merely a 

sudden jump to a temperature of C(=43 degrees), but that there is a 

simple sine variation of temperature added. This will bring in three 

new constants which we can juggle with, to wit, the amplitude of this 

variation (KK), the period of duration of it (7'), and the time at which it is 

zero (L). It is therefore no wonder if we can, by giving them certain 

values, get pretty good accord. If we note that the actually observed 

temperatures are most in excess of those obtained by the equation 

(15) uen=C+(A—C)P,, 4+ Br =43-+ (82-48) Px /2V 203¢-+ 1/902 tor 

about 1,800 feet depth, where they are about 8 degrees in excess, we can 

get a good approximation by assuming that the crest of the periodic 

wave above mentioned is now at that depth, and that it was at the 

surface when the ice went off. Whence we get 

(16) 27(11,080)/T 1800V7/2.37 +L=7/2 

(17) 2n(0)/T=0V 7/2.38T +L=7/2 

Eliminating from these equations, we find that this would involve a 

period T of about 90,000 years. 

Then by V 

an 00/7 /9.12(TO) ANG 994 / 
(18) Ke 1800V'7/203(T=90,000) _ 9 _ p24, VE 

we find that K= about 17 degrees if this is the value of T. 

This would imply an immediately postglacial mean temperature of 
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about 60 degrees, growing gradually cooler to the present temperature 

of 48 degrees. 

OTHER CAUSES OF LOW GRADIENTS 

On page 764 of my report on the Keweenaw Series, above cited, I have 

listed a number of the factors in making the rate of increase of tem- 

perature in the copper mines relatively low, apatt from any glacial effect. 

Presented briefly, they are as follows: 

(1) Most mines have been put down where oxidation of pyrite or of 

coal may have increased the temperature as far down as this action went. 

Temperatures taken in borings for oil may also have been affected by 

exothermic reactions. Of such reactions there is very little trace in the 

copper mines. If the calcium chloride found at the bottom of the mines 

was derived from a chlorine-containing glass, it would be endothermic. 

(2) The greater the diffusivity, the less the gradient. The copper- 

bearing rocks, however, have not a high diffusivity, but a low one, about 

half the average for the earth used by Kelvin, about two-fifths that of 

granite, and about two-thirds that of marble. Thus the low gradient 

must be attributed to some other cause. 

(3) An imbibition of waters from above would, of course, lower the 

gradient. I believe that this has taken place and is an important factor, 

but I can not use the low gradient as a very weighty argument for such 

imbibition, because the low gradient might be accounted for otherwise, 

as we see. 

(4) As I have discussed in some detail, the extrusion of the great 

thickness of lava flows of the Keweenawan would tend to exhaust the 

heat beneath and make an extra thick crust, and hence a lower. gradient. 

There are indications of such a thicker crust which may be drawn from 

eravity observations, and from the theory of isostasy. 

(5) Not only that, but Joly in his recent book, “The Birth Time of 

the World,” and Arthur Holmes in his book, “Age of the Earth,’ and 

in articles contributed to the Geological Magazine, and others have called 

attention to the fact that a very substantial part of the geothermal 

gradient may be due to radioactive heat. So as the traps are much less 

radioactive than the average rocks, according to some investigations, a 

thickness of 30,000 feet of trap as against the same amount of granite 

would go a good way toward accounting for a gradient of one foot in 90 

rather than one foot in 60, according to some results. The data are, 

however, not yet very accordant.17 

“Wor references, see Clarke’s data of geochemistry. U. S. Geol. Survey Bull. No. 695, 

pp. 306-315. 
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(6) The heat of crushing and orogenic actions may very likely tend 

to raise the average gradient in other places, but be absent here. 

On the whole, I must maintain still that “the low gradient is not icon- 
sistent with endothermic reactions and with downward-working waters. 

It will probably be a long time before we shall be able to say at all defi- 

nitely which part of the low gradient must have been due to each factor.” 

This will probably come through comparative studies of the gradients 

in different districts. 

OTHER REGIONS 

If, however, the temperatures near the surface are higher than would 

be inferred from the temperatures at the bottom, and the rate of change 

there, and the consequent less average gradient for the whole depth, than 

that at the bottom are due to postglacial warming, they must not be con- 

fined to the Copper Country. The phenomena must be widespread, al- 

though the amount of warming at the surface and the depth to which 

the warming has penetrated should naturally vary from place to place. 

This is indeed the case. It would take us too far to follow it up in a 

paper which was started as a study of one phase of the question of copper 

deposition, especially as we may look for a monograph on the subject by 

C. EH. Van Orstrand, who is doing much more accurate work than any I 

have done; yet, just for illustration, we have plotted in figure 3 his ob- 

servations of the temperatures in the Lake well.1® It should be noted 

that as the rocks are quite different, and the diffusivity also different, 

and the well near the very edge of the farthest extension of the ice-sheet, 

one should not expect the size nor the depth of penetration of the post- 

glacial heat wave to be the same. In each case, however, there is a fairly 

uniform gradient near the bottom of the well. In each case this gradient 
points to a surface temperature near freezing. The depth of penetration 

of the heat wave seems somewhat greater in West Virginia, though not 

as much as might be expected. 

Since reading this paper my attention has pee called to similar 

facts and a similar explanation given by Prof. H. Arctowski, of Lwow 
(Leopol).*° 

The records of the deepest mine in the world, that of Saint Juan del 

Rey, Brazil (6,726 to 6,426 feet), also show a much more rapid rise 

toward the bottom.*° . 

18 Darton’s U. S. Geol. Survey Bull. No. 701, p. 94, and the reports of the West Vir- 

ginia Survey ; also a separate pamphlet by I. C. White. 

127 Kosmos, May 2, 1928. 

20 Mining and Metallurgy, June, 1923, p. 2838. 
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InrTropUcTION (§ 1) 

McEvoy? was the first geologist to describe the succession near Yellow- 

head Pass, between British Columbia and Alberta, on the line of the 

Grand Trunk Pacific Railway. He applied McConnell’s* terms, Bow 

River and Castle Mountain, to the clastic lower and the calcareous upper 

portions respectively, mapping Mount Robson itself as Castle Mountain. 

Walcott has published two papers on the geology.* These papers are 

extensively referred to in the following pages, but this is the proper place 

to record my regret at having to present an interpretation of the stratig- 

raphy so widely different from that of Mr. Walcott. It is unfortunate 

that conclusions so diverse from those that have preceded them should 

be based on field work so incidental as my own, and I should hesitate to 

present the results of a few days’ reconnaissance in an area where another 

has done several seasons’ work if my evidence were not extensive. 

The differences between the two interprtations of the sections involve 

so many points that the general reader who pays too close attention to 

the descriptions of formations or individual mountains may become con- 

fused. For such there is presented a generalized section giving Walcott’s 

interpretation and my own (§ 2), and three tabular correlation tables: 

the nomenclature and thickness of the formations (§ 3).; the included 

fossils and the age relationships of the formations (§ +) : and the nomen- 

clature of the mountains and the rocks exposed in each formation (§ 5). 

The paper throws new light on the stratigraphy and paleontology of 

a most interesting section of the lowermost Paleozoic, and its details are 
essential to the future worker who may wish to use the area as a key for 

exploratory work in the neighboring regions, because some of the forma- 

tions, stated by Walcott to be typically exposed in certain mountains, are 

entirely absent from them (Mounts Mumm and Rearguard, for exam- 

2 Ann. Rept. Geol. Surv. Canada for 1898, vol. xi, 1901, Part D. 

2 Idem for 1886, Part D, 1887, pp. 29D-30D. 

New Lower Cambrian subfauna: Smithsonian Misc. Coll.. vol. 57, no. 11, 1913, pp. 

309-326, pls. 50-54 (published July 21). 

Cambrian formations of the Robson Peak district, British Columbia and Alberta, 

Canada. Idem, vol. 57, no. 12, 1913, pp. 327-343, pls. 55-59 (published July 24). 
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ple), and because these mountains are those closest to and most easily 

climbed from the usual camp, at the foot of Robson Glacier. For this 

reason the writer feels that he should not postpone publication until the 

faunas can be worked up. 

GENERALIZED SecTION, Mount Rosson ReEetion (§ 2) 

WALCOTT 

ORDOVICIAN : 
Robson limestones (§ 23).... 

Massive and _ thin-bedded 
limestones, partly arena- 

ceous and dolomitic. 
Fossils: ‘‘Near the base” 

(from the Extinguisher), 

“where there is a com- 
mingling of Upper Cam- 
brian and Ordovician 
mpes «(8 236) 5 “also 
higher up” (drift blocks 
in a moraine), “where 
numerous Lingule of Or- 
dovician 
oceur” (§ 230). 

Wore Orgoevician: ... 6s... ke vs 

characteristics © 

UPPER CAMBRIAN: 
Lyng limestones (§ 24)..... 

Thin-bedded gray and blu- 
ish gray limestone with 

bands of shale. 

Fossils: None. 

Dorval Upper: Cambrian........ 2AOO-| Total Uppers Cambrian)... 2: 

BURLING 

ORDOVICIAN : 

The Robson limestones are 
not known to be present 

in the Mount Robson re- 
gion (§ 23d), the top of 

Mount Robson appearing 
to lie at or very close to 

the horizon of the Ex- 
tinguisher fauna instead 

of 3,000 feet above it. 

There is a thin-bedded se- 
ries of shales and_ in- 

traformational conglom- 

erates, carrying Ordo- 

vician fossils, above the 

top of the Lynx forma- 
tion. These are exposed 

in the Extinguisher and 
in the summit of Mount 

Rearguard, where they 

are.cut off by erosion 375 
feet above the base. They 

are unnamed in this 
paper (§ 23f). 

S000s LOtal Ordoveran sf .e 8 oie elem oho 

UPPER CAMBRIAN: 

LNs KOPN CEO! CSA) ee sek 

More or .2ss thin and ir- 

regularly bedded _ series 

of limestones and shales, 

marked at the base by 

ripple-marks, mud-cracks, 

and casts of salt crystals. 
Thickness obtained in 

Mounts Lynx and Rear- 

guard (§§ 14, 18, 24). 
Fossils: Abundant and in 

a score or more horizons. 

Feet 
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MIDDLE CAMBRIAN : 
Titkana limestones: (§ 25)... 

Massive beds of thin layers 
of bluish gray limestone 
with bands of dolomitic 
limestone. 

Thickness in Mounts Tit- 
kana and Rearguard | 
(§ 25a). 

Fossils: An upper horizon 

comparable with the Ste- 
phen and a lower hori- 
zon 1,000 feet below 
(§ 25a). 

MM umm limestones (§ 26).... 
Massive-bedded gray are- 

naceous limestone. 

Thickness estimated from 

an exposure of the 
“Hota” in Mumm Peak 
(§§ 26b, 300). 

Fossils : None. 

Hitka formation (§ 27)..2... 
Alternating bands of thin 

layers of arenaceous lime- 

stones and shales. 
Thickness estimated from 

an exposure of the Tit- 

‘kana in Mount Hitka 
(S200): 

Fossils: None. 

Tatay limestones (§28)..... 
Massive-bedded gray are- 

naceous limestone. 

Thickness obtained in Tatei 

cliff. 

Fossils: None. 

MIDDLE CAMBRIAN: 

Titkana limestones (§ 25)... 
More or less thin-bedded 

usually dark-colored lime- 

stones with bands of shale 
and beds of dolomitic 

limestone. — 
Thickness in Titkana Peak 

(§§ 18, 24d, 25a). 

Fossils: Abundant and in 

a score or more of hori- 

zons, including the upper 
one of Walcott, which oc- 
curs 600 feet above the 
base of the formation, 

and the lower one, which 
occurs at the base of the 
formation (§ 25a). 

Not present in the section. 

The formation was de- 
seribed from an exposure 
of the “Hota” (§§ 30), 
309, 32c), but was as- 
signed to a position in 

the section which made 
it and the Tatei synony- 
mous. The latter name 
has been accepted for 

the formation (§ 28b). 

Not present in the section. 

The Hitka and the Tit- 
kana are synonymous 

and the latter term has 
been accepted (§ 25b). 

Tatet limestones (§28)..... 
More or less massive blue 

to blue gray limestones, 

1,000 feet being exposed 
beneath TitKana above 
Lake Adolphus and 900 
feet in Tatei cliff, but 
upper and lower bound- 
aries uncertain, because 
Walcott’s description is 
general and does not re- 
cord fossils. 

Fossils: Frequent, several 

lots being secured, but 
less fossiliferous than 
underlying Chetang or 
overlying Titkana. 

MOUNT ROBSON 

Feet 

2,550 

1,000 



GENERALIZED SECTION 

Feet 

Chetang limestones (§ 29)... 900 
Bluish gray thin - bedded 

limestones. 
Thickness in Chetang cliff. 
Fossils: An upper horizon 

and a lower 250 feet be- 
low, with Atbertella. 

Total Middle Cambrian....... 6,200 

Lower-Middle Cam- 
brian boundary 

Walcott (§ 8a). 

LOWER CAMBRIAN : 
Hota formation (§30)...... 

Gray arenaceous limestones 
and siliceous shales al- 
ternating with massive 
quartzitic sandstones. 

Thickness obtained from 
an exposure of the “Tah” 
in Mumm Peak, near 
Mural glacier, and lith- 
ology is descriptive of the 
lah?’ (§ 30d) . 

Fossils: Walcott (personal 
communication) states 

that the “new Lower 
Cambrian subfauna” with 
Olenellus was referred by 
error to the Mahto and 
belongs here (see § 32d 
and note opposite). 

Mahto sandstones (§81).... 
Massive - bedded quartzitic 

sandstones with bands of 
siliceous shale. 

1,800 

Fossils: None (page 339 of 
Walcott). (See footnote 
in § 81c.) 

Chetang limestones (§ 29)... 
Thin-bedded blue limestones 

with some shales. 
Thickness in Chetang cliff. 
Fossils: Abundant in many 

horizons. Albertella was 

found in Chetang cliff, 
and in several horizons 

on Mural Brook, and in 

the summit of Mumm 

Peak (§ 29D). 

Adolphus limestone (§ 30)... 
Gray arenaceous limestone, 

changing on the strike, 
near the base, to thin- 

bedded blue-black lime- 
stones. 

Thickness obtained in 
Mumm Peak (§§ 30f, 30g, 
B22) 

Fossils: Well-defined Mid- 
dle Cambrian fossils were 
found at two horizons in 

the thin-bedded lime- 
stones at the base of the 
Adolphus. 

The “new Lower Cambrian 
subfauna” of Walcott 
does not occur in the 

Adolphus (‘‘Hota’’), but 
in the “Tah” (see § 32e). 

Total Middle Cambrian......... 

Lower-Middle Cam- 

brian boundary, 

Burling (§ 8). 

LOWER CAMBRIAN: 
Mahto sandstones (§31).... 

Comparatively thin-bedded 
quartzitic sandstones with 

purplish sandy shales. 
Thickness estimated in 
Mumm Peak (§ 31d). 

Fossils: I first placed the 

‘new Lower Cambrian 
subfauna” with Olenel- 
lus and Pedeumias here 

(§ 82d), but as the bound- 
ary is now drawn that 
fauna belongs with the 
“Tah. No other fossils 
found. 

725 

Feet 

950 

400 

1,200 
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Feet Feet 

Tah formation (§ 32)......:> 800 Mural limestone formation 

Siliceous shale and _ inter- Bs A Nr a ee aE ee 1,000 
bedded siliceous lime- Massive arenaceous' lime- 

stones. stones with interbedded 
shales and quartzitic 
sandstones. 

Thickness in Mumm Peak. 

Thickness in Tah Peak. Fossils: Abundant at many 
Fossils: None. horizons, the “new Lower 

Cambrian subfauna”’ oc- 

curring 550 feet below 
top (§ 32e). 

McNaughton sandstones...... 500 Unnamed sandstones (§ 33).. 400 
Thickness in Yellowhead Thickness in Mumm Peak, 

Pass (§ 33). base concealed. 
Fossils: None. Fossils: None. 

Total Lower Cambrian........ 3,900 | ‘otal Lower Cambrian........ 2,600 

PRE-CAMBRIAN: 

Miette sandstones (§ 34).... 2,000 
*RE-CA MBRIAN : 

Total. Campnag..0 oi 3 tele 12,200 | ‘otal. Cambrian: (2%... S22. eee 12.500 

| 
| Not studied. 

NOMENCLATURE AND THICKNESS OF FoRMATIONS (§ 3) 

Mr. Walcott described twelve formations in his papers on the Mount 

Robson region—ten from the region itself, one from the McNaughton 

Mountains, and one from the Miette River. Because of duplications and 

changes in the interpretation of the stratigraphy in some of the moun- 

tains, it has been necessary to reduce the number of these formations to 

seven. The changes which have been required are expressed in the fol- 

lowing table, in which there are sectional referencs to the detailed ex- 
planations which occur in the text. The formations are listed in strati- 

graphic order, reading from the top down (Table 1). 

INcLUDED Fossits AND AGE RELATIONSHIPS OF FORMATIONS (§ 4) 

The main differences in the formations and fossil horizons listed by 

Walcott and the writer are (a) the discovery of thin-bedded Ordovician 

limestones and shales above the Lynx instead of the Robson limestones, 

and (b) the reference of the New Lower Cambrian subfauna, a horizon 

referred by Walcott to the “Hota,” but found by the writer in the “Tah” 
(Table 2). 

NOMENCLATURE OF MOUNTAINS AND ROCKS EXPOSED IN EACH 
FORMATION (§ 5) 

Mr. Walcott has made several changes in or additions to the names 

applied to the topographic features of the Mount Robson region by the 



Formation name 

(Walcott) .* 

Robson limestones 
(above Extin- 

guisher fauna). 

Lynx limestones 
(below Extin- 
guisher fauna). 

Titkana limestones. 

Mumm limestones. 

Hitka formation. 

Tatay limestones. 

Chetang limestones. 

Hota formation. 

Mahto sandstones. 

Tah formation. 

McNaughton sand- 
stones. 

| 

* Names in stratigraphic ol 





‘ 

Tarte 1 

Formation name 

(Walcott) .* 
Remarks. 

Robson limestones 
(above BPxtin- 
guisher fauna). 

Lynx limestones 

(below Pxtin- 
guisher fauna). 

Apparently absent from 
Mount Robson region ($§ 
23d and 23e). 

Greatly enlarged by finding 
38,000 feet of additional 
strata between the top of 
Walcott’s Lynx and the 
Dxtinguisher fauna. 

Accepted formation 

name (Burling). 

Estimated thickness 

(Walcott). 
Measured thickness 

(Burling). 

Unnamed (§ 23f). 

Lynx formation 
(below Bxtin- 
guisher fauna). 

Titkana limestones. Titkana limestone. 

Mumm limestones. 

Hitka formation. 

Tatay limestones. 

Described and named from 
an exposure of the ‘‘Hota,” 
which is now called Adol- 
phus (§§ 260, 300, 32c). 

(Absent. ) 

3,000 feet in Mount 
Robson. 

2,100 feet in “Lynx 
Mountain” (§ 14). 

2,200 feet in Mount 
Titkana. 

600 feet in Mumm 
Peak. 

375 feet of Ordovician shales 
and thin-bedded limestones 
occur above Wxtinguisher 
fauna in Mount Rearguard 

(§ 287). 

5,000 feet in the real Mount 
Lynx and in Mount Rear- 
guard. 

2,500 feet in Mount Titkana. 

It does not occur in Mumm 
Peak (§§16 and 32c). 

Merely a duplication of the 
Titkana (§ 250). 

(Absent. ) 1,700 feet in Mount 
Hitka. 

Spelling changed to Tatei 
by Canadian Geographic 
Board (§ 21). 

Tatei limestones. 800 feet in Tatay 
cliff. 

Tt is the Titkana which oc- 
eurs in Mount Hitka 
($270). 

1,000 feet in Mount Titkana 
and Tatei cliff. 

Chetang limestones. Chetang limestones. 

Hota formation. Confused (stratigraphy, fos- 
sils, localities, and mode 
of occurrence) with the 

“Tah,” the Mahto, and the 

“Mumm” (§ 30). 

Mahto sandstones. 

Adolphus limestone 

(§ 309). 

900 feet in Chetang 
cliff. 

950 feet in Chetang cliff and 

in the top of Mumm Peak. 

800 feet in Hota 
cliff. 

400 feet. below the Chetang, 

in the top of Mumm Peak. 

Mahto sandstones. 1,800 feet in Mahto 
Mountain. 

1,200 feet (estimated) in 

Mumm Peak. 

Tah formation. Confused (stratigraphy, fos- 
sils, localities, and mode 

of occurrence) with the 

“Hota,” the Mahto, and 

the “Mumm” (§ 32). 

Mural limestone 

(§ 329). 
s00 feet in Tah 

Mountain. 
1,000 feet in Mumm Peak. 

McNaughton sand- 
stones. 

Left unnamed in Mount Rob- 

son region (§ 330). 

Unnamed (§ 830). 500 feet in Mc 
Naughton Moun- 

tains. 

400 feet in Mumm Peak, base 

not exposed. 

* Names in stratigraphic order, youngest at the top. 
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Formation | 
(Walcott). 

Robson limestones. | Drift 
an¢ 
gui 

($. 

Lynx limestones. N one 
ee so 

Titkana limestones. | An | 

p 
| lo 

Mumm limestones. None 

Hitka formation. None 

Tatay limestones. None 

Chetang limestones. | An 
low 

Hota formation. The 
. Ca 

fal 

30¢ 

Mahto sandstones. None 

Tah formation. None 

McNaughton sand- | None 
stones. 
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TABLE 2 

Formation Fossils Age Formation Fossils Age 

(Walcott). (Walcott). (Walcott). (Burling). (Burling). (Burling). 

Robson limestones. | Drift fossils (§ 23b) | Ordovician. Unnamed series, | 4horizons. Ordovician. 
and the Extin- shales and thin- 
guisher fauna bedded limestones 
(§ 28e). overlying the 

Lynx (§ 23f). 

Lynx limestones. None. Upper Cambrian. Lynx formation. 25 horizons. Upper Cambrian. 

Titkana limestones. | An upper (Ste-| Middle Cambrian. Titkana limestones. |17 horizons above | Middle Cambrian. 
phen) and a the Stephen, 4 
lower. below. 

Mumm limestones. None. Middle Cambrian. Synonym of the|Absent from the/Absent from the 
Tatei (§ 260). section. section. 

Hitka formation. None. Middle Cambrian. Synonym of the}]Absent from thej|Absent from the 
Titkana (§ 27D). section. section. 

atay limestones. None. Middle Cambrian. Tatei limestone 4 horizons. Middle Cambrian. 
(§ 21). 

Chetang limestones. | An upper and a/| Middle Cambrian. Chetang limestone. |8 horizons aboye| Middle Cambrian. ° 
lower (Albertella). the Albertella 

zone, 3 in it, and 
2 below. 

Hota formation. The “New Lower| Lower Cambrian} Adolphuslimestone |2 horizons, both} Middle Cambrian. 

Cambrian sub- (§§ 8a and 30e). (§ 309). near the base. 
fauna’ (§§ 380e, 
80d, 32b, 32c). 

Mahto sandstones. None. Lower Cambrian. Mahto sandstones. None. Lower Cambrian 
(§§ 8b, 30e). 

Tah formation. None. Lower Cambrian. Mural limestone 4 horizons, includ-|} Lower Cambrian. 

(§ 329). ing the horizon 
of the “New 
Lower Cambrian 
subfauna,’ 750 
feet below top 
(§§ 320 to 32e). 

MeNaughton sand- None. Lower Cambrian. Unnamed (§ 330). None. Lower Cambrian. 

stones, 
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Usual geographic 

name, 

The Extinguisher. 

(Unnamed. ) 

% Unnamed. ) 

(Un 1amed.) 

Mount Rearguard. 

(Unnamed. ) 

(Unnamed. ) 

(Unnamed. ) 

Mumm Peak. 

Lynx Center. 

Lynx Mountain. 

Mount Robson. 

Moose Pass Station. 

(Unnamed. ) 

Ptarmigan Peak. 

Walcott! 

range 

i 

Billings’ 

Chetang 

Mount H 

Hota cli 

Tyatungé 

“Lynx M 

Mahto M 

| 

McNaugt 
tains. 

Mumm P 

Phillips | 
in tex 

Phillips 
in leg 

Robson 

Tah Mo 

Tatay cli 

Titkana 
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TABLE 3 

Usual geographic 

name. 

Walcott’s name, ar- 

ranged alphabet- 

ically. 
Accepted name, 

Formations exposed (Walcott), 

named in order, the young- 

est first. 

The Extinguisher. Billings’ Butte. The Extinguisher. The Extinguisher fauna 
(§ 23¢). 

(Unnamed.) Chetang cliff. Chetang cliff. Chetang limestones. 

i Unnamed. ) Mount Hitka. Mumm, Hitka, and Tatay. 

(Un 1amed.) Hota cliff. 

Formations exposed (Burling), 
named in order, the young- 

est first. 

Hota formation (superseded 
by Adolphus limestone, (§ 
309). 

Mount Rearguard. Tyatunga Mountain. Mount Rearguard. Titkana. 

Lynx formation (§ 14). 

The Hxtinguisher fauna (§§ 
6a, 11, 14, and 23f). 

Chetang limestones. 

Lynx, Titkana, Tatei, and 
Chetang (§ 12). 

Upper and lower contacts 
not shown. These are ex- 
posed in Mumm Peak (§§ 
13, 16). 

Wxtinguisher fauna (at top) 
underlain by Lynx forma- 

tion to exposed base (§ 18). 

(Unnamed. ) “Lynx Mountain.” Still unnamed (§§ 
14 and 17). 

(Unnamed. ) Mahto Mountain. Mahto Mountain. Mahto sandstones. 

Unknown (see §14, last 
paragraph). 

Upper and lower contacts 

with fossiliferous forma- 
tions shown in Mumm 
Peak. 

(Unnamed. ) MeNaughton Moun- 
tains. 

Mumm Peak. Mumm Peak. Mumm Peak. 

Lynx Center. Phillips Mountain 
in text ($17). 

McNaughton sandstones. Not visited (§ 33). 

Titkana, Mumm (typically), 
Hitka, Tatay, Chetang, 
and Hota (§ 16). 

Lynx Mountain. Phillips Mountain 
in legend (§ 17). 

Lynx Mountain. 

Mount Robson. Robson Peak. Mount Robson. 

Lynx limestones. 

Chetang, “Hota” (Adolphus), 
Mahto, “Tah” (Mural), 
and unnamed basal sand- 
stones (§§ 309 and 32c). 

Lynx formation in part (§$§ 
11, 240, and 24d). 

Robson limestone (3,000 
feet) forming top, with 
Extinguisher fauna below 
(§ 23a). 

Moose Pass Station. Tah Mountain. 

(Unnamed.) 

Ptarmigan Peak. 

Tatay cliff. 

Titkana Peak. 

Tatei cliff. 

Titkana Peak. 

Tah formation. 

Probably Lynx formation 
(5,000 feet), with Dxtin- 
guisher fauna at or near 
top (§ 23d). 

Mural limestone supersedes 
this (§ 329). 

Tatay limestone. Tatei limestone (§ 28d). 

Titkana and Mumm. Titkana and Tatei (§ 22). 
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NOMENCLATURE ioe 

earlier explorers. For such of these as are concerned in the study of the 

geology, the following table is prepared. ‘The differences between the 

formations stated by Walcott as occurring in a mountain and the forma- 

tions found there are not due to varying interpretations of the same 

strata, but to the fact that Mr. Walcott did not allow for possible fault- 

ing between adjacent mountains in making visual correlations. (Mounts 

Titkana and Rearguard, for example), or did not allow enough where 

the faulting is evident (Mounts Hitka and Mumm, for example) 

(Table 3). 

CONTACT BETWEEN THE Upper CAMBRIAN® AND POST-CAMBRIAN 

(ORDOVICIAN OR DEVONIAN) (§ 6) 

(§ 6a.) According to Walcott (page 336 of his paper), “there is no 

known well-defined lithological break between the Ordovician and the 

Cambrian” in the Mount Robson region. He draws the line tentatively 

in the isolated series of thin-bedded and shaly limestones exposed in the 

Extinguisher (“Billings Butte’), “where there is a commingling of the 

Lower Ordovician and the Upper Cambrian faunas.” 

This fauna has since been discovered in place in the summit of Mount 

Rearguard (§§ 18 and 237), and evidences of disconformity have been 

observed at the hne where the Cambro-Ordovician boundary is now 

drawn. ‘The break in the section does not appear to be so important as 

that between the Middle and Upper Cambrian (§ 7), but it should be 

mentioned that the Ordovician, as here used, appears to include the 

Ozarkian of Ulrich, and that we have in our fossil collections many fossil 

horizons from the beds immediately above and below the boundary as 

we have drawn it. 

(§ 6b.) The contact between the Cambrian and the Ordovician seemed 

so important, and the new light obtained on the problem from widely 

separated districts of the Cordilleran region by the writer was so exten- 

sive, that when the first draft of this paper was written he expected to 

postpone that general subject to a separate publication. The collections 

are not now available to him in his peregrinations, but it will be of inter- 

est to students to know that the boundary between the Upper Cambrian 

and the overlying rocks in both the Canadian Pacific Railway section and 

the Grand Trunk Railway section exhibits certain remarkable features. 

(§ 6c.) As was announced in 1916,° there is a large area in which the 
relations of the Upper Cambrian and early Ordovician to the Devonian 

are those of angular conformity, and the detection of the line is so diffi- 

cult that geologists have united into one group the rocks above and below. 

° The discussion includes a consideration of the Ozarkian. 

‘Summary Rept. Geol. Surv. Canada for 1915, p. 98, 1916. 
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The Devonian has been found to lie disconformably on the Cambrian or 

early Ordovician rocks in Roche Miette, west of Jasper, Alberta;’ in 

North Kootenay Pass, south of Crowsnest Pass, between British Colum- 

bia and Alberta;$ near Elko, west of Fernie, British Columbia;° on 

Beaver Creek, northeast of Helena, Montana;'® in the Sawback Range 

west of Banff, Alberta; in the mountains at the east end of Lake Minne- 

wanka, north of Banff, Alberta; in the mountains at the head of Upper 

Columbia Lake, south of Golden, British Columbia, and elsewhere. 

A survey of these various occurrences leads to the following conception 

of the relations. In the Canadian Pacific Railway section it appears that 

where the Upper Cambrian is thick and characterized by what we might 

call the accepted type of Upper Cambrian fauna it passes up into the true 

Ordovician (Black River, Trenton, and Richmond) without known > 

passage through the Ozarkian fauna, but that where the Upper Cambrian 

is thin and characterized by an Ozarkian fauna it is overlain directly 

and without angular uncontormity, sometimes even without easily ob- 

servable disconformity, by the Devonian. The latter condition of affairs 

is, however, characteristic only of the eastern margin of the Rocky Moun- 

tain belt, though it persists along this eastern margin from Roche Miette 

on the north almost to the International Boundary, a distance of 335 

miles. 

(§ 6d.) In the Mount Robson region, central with respect to the entire 

Rocky Mountain belt, the Upper Cambrian is fairly thick, but passes: 

upward into rocks carrying faunas comparable with certain phases of the 

Ozarkian. On the eastern edge of this portion of the Rocky Mountain 

belt, however, the Upper Cambrian of Roche Miette is thin, carries 

Ozarkian faunas, and is overlain directly by the Devonian, as it is in the 

Sawback Range and in the vicinity of Lake Minnewanka, on the Cana- 

dian Pacific 200 miles to the south. If the analogy between the two 

sections (Canadian Pacific and Grand Trunk Pacific) holds and we are 
right in the generalization which we have made for the Canadian Pacific 

Railway section, we might expect to find true Ordovician in the fairly 

central Mount Robson region. The presence of apparently Ozarkian 

types near Mount Robson, where the rocks are surprisingly fossiliferous, 

might on the other hand lead us to suppose that our generalization needs 

certain modifications, and that we may have merely overlooked the 

Ozarkian faunas in our collecting from the thick but relatively less fos- 

7 Dowling: Summary Rept. Geol. Surv. Canada for 1911, pp. 205-208, 1912. 

8 Adams: Discovery of phosphate of lime in the Rocky Mountains (of Canada). 

Commission of Conservation, Canada, 1915, p. 18. 

9 Schofield: Summary Rept. Geol. Surv. Canada for 1913, pp. 131-132, 1914. 

10 Walcott: Smithsonian Misc. Coll., vol. 64, 1916, p. 271. 
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siliferous sections of the Upper Cambrian in the Rocky Mountain geo- 

syncline to the south. But the future student should not be surprised 

if he finds the Devonian resting on the semi-Ozarkic faunas which imme- 

diately overlie the Lynx formation in the Mount Robson region, and this 

might even happen in the summit of Mount Robson itself. 

The problems involved are very interesting, and the rocks may prove 

even more generous to the student who shall make more than a rapid 

reconnaissance in this fossiliferous region. 

CONTACT BETWEEN THE MIppDLE AND UppEer CAMBRIAN (§ 7) 

Walcott draws the line between the Middle and Upper Cambrian at 

the base of the “unfossiliferous’” Lynx limestones and above the Titkana 

lhmestones, in which he found a fauna comparable with that of the Ste- 

phen formation. The discovery of many other fossil horizons in the 

1,600 feet which separate the Stephen faunal horizon of the Titkana 

from the Lynx, together with abundant fossils in a dozen or more hori- 

zons in the Lynx formation, has shown the author the faunal correctness 

of the separation, and the writer has already described™* the lithological 

and stratigraphical grounds which confirm the presence at this point in 

the section of a break similar in character and magnitude to the break 

between the Middle and Upper Cambrian in the Canadian Pacific Rail- 

way section 200 miles to the south. In each section the upper layers of 

the Middle Cambrian exhibit the downwarping which has been ascribed 

by the writer to peculiar conditions of subaérial desiccation, and the 

lower layers of the Upper Cambrian exhibit mud-crack, ripple-mark, 

cast-of-salt crystal, and other shallow-water sedimentation phenomena. 

CONTACT BETWEEN THE LOWER AND MippLeE Camprian (§ 8) 

($ 8a.) Walcott places the boundary between the Lower and Middle 

Cambrian between the “Hota” and the Chetang, the former described 

as carrying the “new Lower Cambrian subfauna” with Olenellus, the 

latter as carrying Albertella. 

The lowest fossil horizon secured by Walcott in the Chetang is 550 feet 

above the base of the formation in Chetang cliff, and evidence is pre- 

sented, in the discussion of the “Hota,” Mahto, and “Tah” formations 
‘ 

“4 Shallow-water deposition in the Cambrian of the Canadian Cordillera. Ottawa 

Nat., vol. 29, 1915, pp. 87-88. 

Notes on the stratigraphy of the Rocky Mountains, British Columbia and Alberta. 

Summary Rept. Geol. Surv. Canada for 1915, p. 99, 1916. 

Downwarping along joint planes at the close of the Niagaran and Acadian. Journ. 

Geol., vol. 25, 1917, pp. 145-149. 

XLVIII—BuLL. Grou. Soc. AM., Vou. 34, 1922 
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($$ 30c-d, 31a, 32b-e) to show that the “new Lower Cambrian subfauna” 

with Olenellus, referred by Walcott to the “Hota,” occurs in the “Tah,” 

nearly 1,750 feet below the base of the Hota, and therefore more than 

2,250 feet below Albertella. Since we have discovered typical Middle 

Cambrian fossils in the basal layers of the “Hota” or its immediately 

underlying calcareous beds, we are free to feel a reasonable doubt as to 

the presence of Olenellus in the “Hota.” 

($ 8b.) We have, therefore, no alternative but to draw the line between 

the Lower and the Middle Cambrian below the “Hota.” Just where to 

draw it below the “Hota” is, however, a little more difficult (§§ 30f, 3ic, 

32d-e), for, curiously enough, the immediately underlying clastic series 

does not yield Olenellus as it does in the Canadian Pacific Railway sec- 
tion. Here—that is, in the Mount Robson region—the first beds resem- 

bling the 20-foot bed of limestone which has been described?” as forming 

the top of the Lower Cambrian in the Canadian Pacific section are those 

of a bed approximately 2,000 feet below the base of the “Hota,” in the 

Mumm Peak (north face). section. The highest Lower Cambrian horizon 

secured by ourselves from the beds underlying the “Hota” is separated 

from that Middle Cambrian formation by some 1,500 feet of quartzites 

and arenaceous limestones, and on paleontologic grounds the line between 

the Lower and the Middle Cambrian merely lies somewhere between. 

From a stratigraphic standpoint, and in the absence of any evidence of 

unconformity below, the line appears to be correctly drawn at the top of 

this quartzite series; and, since the top of the Mahto was also drawn at 

the top of the quartzitic series, the top of the Lower Cambrian and the 

top of the Mahto coincide. (See §§ 30 and 31.) 

In the Mount Robson region, therefore, an apparently unfossiliferous 

dominantly quartzitic series approximately 1,500 feet thick separates the . 

highest Olenellus fauna from known Middle Cambrian; and, while we 

have placed these rocks in the Lower Cambrian, it will be worth while to 

contrast and compare the section with those in other portions of the 

Cordillera. 

($ 8c.) Known Middle Cambrian lmestones somewhat abruptly over- 

lie unfossiliferous quartzites in the Stansbury Range, Simpson Range, 

Beaver River Range (Cricket Spring), and House Range sections of 

Utah (first group). In the Onaqui Range, Blacksmith Fork Canyon, 

East Fork Canyon, Geneva, Wasatch Canyon, and Promontory Point 

sections (second group), however, there appears to be an almost imper- 

ceptible gradation between the quartzites and the limestones; and, since 

the underlying quartzites in a section (Mill Canyon, Idaho) closely re- 

2 Burling: Museum Bull., Geol. Surv. Canada, no. 2, 1914, pp. 106 and 115. 
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lated to the second group have yielded true Middle Cambrian fossils, the 

quartzites in the second group of sections have all been tentatively re- 

ferred to the Middle Cambrian.’* The succession in the Mount Robson 

region is abrupt, however, and more nearly resembles that in the first 

group of sections named. The underlying quartzites in all the sections 

of this group have so far proven unfossiliferous; but, since Olenellus has 

been collected from the upper part of the quartzitic series in the closely 

related southern Wasatch Range (Big Cottonwood) section and in the 

Oquirrh and Pioche sections, the quartzites in these, as well as those in 

the first group of sections, and in the Mount Robson region, are referred 

to the Lower Cambrian. 

($ 8d.) In the Canadian Pacific Railway section it has not been so 

much a question of where to draw the line in an unfossiliferous interval 

as of where to draw the line in a very fossiliferous series where scattered 

fragments of Olenellus have been identified from horizons well above the 

basal clastics. Such occurrences have been ascribed by the writer to 

recurrence, and the discovery of the presence at the top of these clastics 

of a diastrophic break of considerable magnitude** seems to confirm this 

delineation of the Lower-Middle Cambrian boundary. Walcott does not 

accept recurrence as an explanation and minimizes the stratigraphic im- 

portance of the unconformity at the base of the Mount Whyte, placing’ 

the boundary at the top of the Mount Whyte, well above any possible 

occurrence of Olenellus. A recent textbook’® even makes the statement: 

“Tt should be made clear that the genus Olenellus became extinct before 

the Middle Cambrian strata were deposited,” and calls it one of the prin- 

ciples laid down as a basis for the subdivision of the Cambrian system. 

But we are coming to realize that the sudden introduction of new forms 

is of far more importance than the ultimate extinction of the old, and 

that in the delimitation of stratigraphic boundaries we must substitute 

the proper valuation of a debatable series of diastrophic and organic 

phenomena for a simple yes or no. 

($ 8e.) In the Mount Robson region it is more nearly possible to use 

. the shorter method; but even here the drawing of the Lower-Middle 

Cambrian boundary involves placing it somewhere in an unfossiliferous 

1,200-foot quartzite series (Mahto) which separates known Lower Cam- 

brian limestones (“Tah” == Mural) below from known Middle Cambrian 

limestones (“Hota’ == Adolphus) above. We have given our reasons for 

18 Burling: Museum Bull., Geol. Survey Canada, no. 2, 1914, p. 110. 

144Summ. Rept. Geol. Surv. Canada for 1915, p. 100, 1916. 

.& Smithsonian Mise. Coll., vol. 67, no. 3, 1917, pp. 61-67. 

16 Miller: Historical Geology, 1916, p. 57. 
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choosing to draw it at the top, where the change from sandstone to lime- 

stone forming conditions is fairly abrupt, rather than at the more or less 

transitional calcareous to arenaceous boundary at the base of the Mahto. 

CoNTACT BETWEEN THE LoweER CAMBRIAN AND PRE-CAMBRIAN (§ 9) 

The contact of the Lower Cambrian sandstones with the pre-Cambrian 

rocks in the Robson district is described by Walcott (pages 329-330) as 

finely shown “to the north, west, south, and southwest of Yellowhead 

Pass, in Mount McEvoy (Mount Toot Toot), and Yellowhead Mountain, 

Mount Fitzwilliam (Mount Pelée), and other high points from 8 to 20 
miles east to the mouth of the Moose River.” The contact was not 

studied by the writer, and since difficulties were encountered by Walcott 

in drawing the boundary, we lack definite knowledge of the relations 

between the two series. 

ToOPoGRAPHIC FEATURES, WITH DETAILS AS TO SYNONYMY AND 

- STRATIGRAPHY 

CHETANG CLIFF (§ 10) 

Chetang Cliff is a new name applied by Walcott to a cliff southwest of 

Coleman Brook. The cliffs expose the Chetang limestones, but the con- 

tact with the underlying formations and the portion up to and including 

the Albertella fauna is much better exposed in the summit of Mumm 

Peak. 
THE EXTINGUISHER (§ 11) 

The Extinguisher,'* a small cone of black rock in the Robson glacial 

cirque, is referred to by Walcott as Billings Butte. Its especial interest 

lies in the fact that the fauna found in its rocks is, so far as we know, 

the youngest in the Mount Robson region, and outcrops in place in the 

beds immediately overlying those forming the summit of Mount Rear- 

guard (§§ 23c and 23f). It is not improbable that the fauna occurs 

near the summit of Mount Robson itself ($§ 23d-e). The Extinguisher - 

beds are much higher stratigraphically than those in the top of Lynx 

Mountain (§ 24d). 

MOUNT HITKA (§ 12) 

Mount Hitka is a name given by Walcott to the high ridge northeast 

of Mumm Peak and separating that peak from the valley of the Smoky 

River. From it is derived the name of a formation which he describes 

as occurring between the Tatay beneath and the “Mumm” above. As we 

17 Coleman: The Canadian Rockies, new and old trails. 
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have shown (§ 27)), there is duplication, and the beds called “Hitka” 

are those called Titkana in the mountain of the latter name. 

HOTA CLIFF (§ 13) 

Hota cliff, on the northeast side of Coleman Brook, is in a position to 

expose the Hota formation if there is no faulting to the southwest; but 

the exposures are very poor, the contacts with the overlying Chetang and 

the underlying Mahto are covered, and no fossils are recorded by Walcott. 

The description of the rocks bears no resemblance to that of the rocks 

occupying the corresponding stratigraphic position in Mumm Peak, 

.where the contacts and every foot of the formation are exposed (§ 309). 

LYNX MOUNTAIN (§ 14) 

Lynx Mountain: Wheeler, 1912, Canadian Alpine Journal, volume 4, map. 

Phillips Mountain: Walcott, 1913, Smithsonian Miscellaneous Collections, vol- 

ume 57, number 12, page 333, plate 57, figure 2, and plate 58, figure 1. 

(Credited by Walcott with a height of 9,542 feet, which is the height of 

Lynx Center Station of Wheeler.) 

Lynx Mountain (10,471 feet high) is the topographic feature to which 

Walcott has applied the name “Phillips” ($17), his photographs leaving 

no doubt as to the mountain meant. The mountain to which he applies 

the name Lynx is a still unnamed peak, of unknown height, southwest 

of Lynx Mountain. 3 

Walcott’s description of the Lynx formation states that it forms almost 

the entire mountain to which he gave that name, but we are not certain 

of its presence in this snow-and-ice-covered peak. The Lynx formation 

does outcrop, however, in Walcott’s “Phillips Mountain”; and, since this 

is the real Mount Lynx, the name Lynx is entirely appropriate to the 

formation (§ 24). _ 

MAHTO MOUNTAIN (§ 15) 

Mahto Mountain was proposed by Walcott for the ridge separating 

Smoky River from Calumet Creek. The Mahto formation is better ex- 

posed, because of its observable relations to fossiliferous overlying and 

underlying formations in Mumm Peak (§ 16), but the name Mahto has 

been retained. 

MUMM PEAK (§ 16) 

Mumm Peak’* (9,740 feet) is the high point directly north of Mount 

Robson, on the north side of Robson Pass, and is described by Walcott as 

exposing the Hota, the Mumm (typically), and the Titkana, and by 

18 Wheeler: Canadian Alpine Journ., vol. 4, 1912, p. 36. 
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necessity the intervening Chetang, Tatei, and Hitka formations. As a 

~-matter of fact, the so-called “Hota,” just above the Mural Glacier,’ is 

the “Tah” (§§ 30d, 32b-e), and the top of the mountain does not expose 

the Titkana, but the Chetung (§§ 26b and 29b). The succession in 

Mumm Peak is not (reading from the base upward) “Hota,” Chetang, 

Tatei1, Hitka, Mumm, and Titkana, but “Tah,” Mahto, “Hota,” and 

Chetang (§§ 30g and 32c). 

“PHILLIPS MOUNTAIN” (§ 17) 

Phillips Mountain was proposed by Walcott (page 333) for a station 

(Lynx Center, 9,542 feet) which Wheeler”? was forced, by the lateness 

of the day, to occupy on the crest of the north aréte of Lynx Mountain, 

but in his illustrations (plates 57 and 58) Walcott applies the term 

Phillips to Lynx Mountain, assigning to the latter an elevation of only 

9,542 feet and crediting the unnamed peak between Mounts Resplendent 

and Lynx with the name Lynx and the height (10,471 feet) determined 

by Wheeler for the real Mount Lynx. Lynx Center Station lies on the 

sky line of Walcott’s figure 2 of plate 57, half way between the two 

glaciers to the left of the summit (see the plate opposite page 22) of 

Wheeler’s report, which represents the view from this point). 

MOUNT REARGUARD (§ 18) 

Mount Rearguard (9,000 feet) was named by Coleman?’ and con- 

firmed by Wheeler.*? It is the mountain which Walcott suggested chang- 

ing to Lyatunga; but the new name has not appeared in the decisions of 

the Geographic Board of Canada. The mountain is described by Walcott 

as one of the two mountains best exposing the Middle Cambrian Titkana 

limestones; but examination of the section showed that even the oldest 

rocks exposed in the mountain lie much higher than the Middle Cam- 

brian Titkana. The mountain affords a wonderful and very fossiliferous 

* section of the Upper Cambrian from the Extinguisher Ordovician fauna, 

at the top, to low down in the Lynx formation, at the base. 

MOUNT ROBSON (§ 19) 

Mount Robson (15,068 feet) is already so well known that we shall 

not discuss its discovery or nomenclature. A brief discussion of the 

wonderful section exposed will be found under the heading “Robson 

19 Smithsonian Misc. Coll., vol. 57, no. 12, 1913, pl. 59, fig. 1. 

70 Canadian Alpine Journ., vol. 4, 1912, p. 19. 

21 The Canadian Rockies, new and old trails. 

= Canadian Alpine Journ., vol. 4, 1912, p. 36. 
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limestones” (§ 23). With the rocks as abundantly fossiliferous as they 

are, it is to be hoped that some mountain-climber who reaches the top 

will slp a small chunk of the rock in his pocket before beginning the 

clescent. 

TAH MOUNTAIN (§ 20) 

Tah Mountain was proposed by Walcott for the peak occupied by 

Wheeler as Moose Pass Station (see his map of 1912). Walcott uses 

the name for the “Tah” formation, but Tah Mountain has not received 

the approval of the Geographic Board, and the published description of 

the formation has been so confused (§§ 30a-d, 32b-e) that we have given 

to it the name of Mural limestone formation (§ 329). 

TATEI CLIFFS (§ 21) 

Tatei cliffs (revised by the Geographic Board of Canada from “Tatay” 

of Walcott) is a name applied to the uppermost of three cliffs southwest 

of Coleman Brook and above and to the southwest of Chetang cliff for 

the purpose of obtaining a formation name which has been retained. 

TITKANA PEAK (§ 22) 

Titkana peak (9,320 feet) was first called Ptarmigan Peak by Cole- 

man, who thus duplicated the name of a mountain north of Lake Louise, 

on the Canadian Pacific Railway. The name Ptarmigan was also given 

to the pass between the mountain of that name and Lynx Mountain. 

Wheeler”® calls attention to the duplication and suggests Snowbird Moun- 

tain and Pass, but on his map he applies the term Snowbird to the pass 

only. Walcott accepts Snowbird for the pass, but proposes a new name, 

Titkana, for the peak, and the latter has been accepted by the Geographic 

Board of Canada. ) 
The section exposed in the mountain corresponds with Walcott’s gen- 

eral description, so far as the Titkana hmestones are concerned, the only 

changes made in the present paper being in the total thickness and in the 

discovery of many abundantly fossiliferous horizons. The underlying 

limestones in the cliffs above Lake Adolphus, which Walcott refers to 

the “Mumm,” are, however, to be referred to the Tatei instead ($§ 26 

and 28). 

8 Canadian Alpine Journ., vol. 4, 1912, p. 37. 
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GEOLOGIC FORMATIONS, WITH DETAILS AS TO SYNONYMY AND 

STRATIGRAPHY 

“ROBSON LIMESTONES” (§ 238) 

(§ 23a.) The “Robson hmestones” are estimated by Walcott to extend 

from the summit of Mount Robson some 3,000 feet down, and are de- 

scribed as “light gray or dove-colored and bluish gray, thin-bedded lme- 

stones,” the upper half, or 1,500 feet, being described as practically in- 

accessible in the summit of the peak and appearing to be more massive 

bedded and arenaceous than the beds below. 

($ 23b.) Two fossil localities are described, one in drift blocks brought 

down by the “Chupo Glacier” (61w), which is stated to “indicate a 

horizon very close to, if not within, the base of the Ordovician,” and the 

other (61q) in the Extinguisher (“Billings Butte”). 

The species listed by Walcott from the drift on the “Chupo Glacier” 

certainly form an assemblage which the average paleontologist would 

have little hesitancy in placing in the Cambrian, with the possibilities as 

much in favor of the Middle as the Upper. However, one opinion re- 

garding the actual fossils is worth more than a number of opinions based 

on a list of species. We can only call attention to the fact that it is a 

drift locality, to the fact that there are thousands of feet of Middle and 

Upper Cambrian beds outcropping above the place in which it was found, 

and to the fact that it appears to be represented in the collections at our 

disposal from the Mount Robson region in the limestones of the Titkana 

formation. | 

($ 23¢.) The species listed by Walcott from locality 61q in the Ex- 

tinguisher are described as.an assemblage “of Upper Cambrian and 

Ordovician types,” which indicate the base of the Ordovician. For this 

reason the isolated?* Extinguisher beds are referred by Walcott to the 

lower portion of the “Ordovician Robson hmestones.” The discovery of 

the Extinguisher beds and fauna in the uppermost portion of the Mount 

Rearguard section has, however, afforded us data as to the actual rela- 

tions existing between the Extinguisher beds and the Lynx lmestones, 

and consequently between the Ordovician and the Upper Cambrian. - 

(§ 23d.) The writer secured known fossil horizons in the limestones 

of Mount Robson 1,600 feet above the level of Berg Lake, or at an eleva- 

tion above sealevel of about 7,100 feet. Since Mount Robson has an alti- 

24 Walcott (Ann. Rept. Smithsonian Inst. for 1915, p. 252, and Nat. Geog. Mag., vol. 

24, 1913, p. 633, legend) speaks of a ‘“‘satisfactory tie’’ made on the basis of dips, but 

a visit to Mount Rearguard, which must have shared in such a visual correlation, shows 

it not to be “Middle Cambrian,’ but Upper Cambrian in age, and leaves the position of 

the Extinguisher fauna in Mount Robson open (S§§ 23f, 24d). 
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tude of 13,068 feet, there is room for some 6,000 feet of beds (the strata 

are very nearly horizontal) between the fossil horizon secured and the 

top of the mountain. Now, the fossil horizon secured is equivalent to 

the base of bed number 11 in the Titkana limestones, 1,100 feet below 

the top of the formation, which, with the thickness of the Lynx hme- 

stones (4,950 feet); yields a total thickness of 6,050 feet between the 

7,100-foot (elevation) fossil horizon and the Extinguisher fauna. The 
stratigraphic position of this fauna (Extinguisher) and the top of the 

mountain should, therefore, coincide, and from this point of view there 

seems to be no room in the top of Mount Robson for strata younger than 

those carrying the Extinguisher fauna. 

(§ 23e.) The unbroken section of 9,809 feet, stretching from the sum- 
mit of Mount Robson (13,068 feet) down to the level of Lake Kinney 

(3,259 feet), which les close to the top of the basal clastics, also yields 

a figure which compares very favorably with the 9,850 feet of measured 

beds between the basal clastics and the Extinguisher fauna. Of course, 

50 feet in 10,000 is more accurate than the rocks are, to say nothing of 
the measuring, and we do not know the extent of the break in the Lynx 

Mountain section or just how far below the surface of Lake Kinney the 

basal clastics begin; but while the closeness of the correspondence is 
purely adventitious, the approximation confirms our interpretation of 

the stratigraphy. 

(§ 23f.) Above the Lynx limestones there is a thin-bedded series of 

shales and interformational conglomerates (375 feet exposed) carrying 

an abundance of Ordovician fossils (the Extinguisher fauna) ; and while 

these have nothing in common with the published descriptions of the 

“Robson limestones,” except possible occurrence on the top of Mount 

Robson, they might, perhaps, receive the name Robson shales at the hands 

of a future student who shall find them there. They do occur in the 
Extinguisher and in the summit of Mount Rearguard. 

LYNX FORMATION (§ 24) 

(§ 24a.) The Lynx hmestones are described by Walcott as unfossilif- 

erous and as beginning on the south slope of Titkana Peak, near Snow- 

bird Pass, and extending over “Phillips Mountain” (Lynx Mountain) 

into the base of “Billings Butte” (the Extinguisher), to the horizon of 

the Extinguisher fauna, with a thickness of 2,100 feet. 
(§ 240.) As determined by sections measured back of the summit of 

Titkana Peak, in Lynx Mountain (Walcott’s “Phillips”), and in Mount 

Rearguard (Walcott’s “Iyatunga”) (§§ 17 and 18), the Lynx formation 

has a thickness of 4,950 feet to the horizon of the Extinguisher fauna, is 
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abundantly fossiliferous, and is one of the most eat es of the 

formations in the region. 

(§ 24c.) The Lynx formation extends from the base of the Upper 

Cambrian to the base of the Ordovician. It is marked at the base by a 

series of shales which exhibit shallow-water phenomena ($7), and, hke 

the Upper Cambrian in so much of the Cordillera, is frequently charac- 

terized by interformational conglomerates. The limestones forming the 
upper part of the Lynx formation are cliff-forming, and the line between 

the Upper Cambrian and the Ordovician is drawn between them and an 

overlying series of shales and thin interbedded interformational con- 
glomerates which carries the Extinguisher fauna and which is referred 

to the Ordovician. The line occurs about halfway up in the section ex- 

posed in the Extinguisher and at the top of Mount Rearguard. 

($ 24d.) Walcott describes the Lynx formation as lying below the 

Extinguisher fauna-—a definition which is accepted—one of the reasons 

for the discrepancy between the figures of 2,100 and 5,000 feet respec- 

tively for the thickness of the formation being his assumption that Mount 

Rearguard exposed the Middle Cambrian, and that the Extinguisher 

beds directly overlay those of Mount Lynx. Mount Rearguard exposes 

the upper portion of the Lynx and is itself directly overlain by the Ex- 

tinguisher beds and fauna. Mount Lynx exposes only the lower portion 

of the Lynx formation. 

Titkana limestones: Walcott, Smithsonian Miscellaneous Collections, volume 

57, number 12, 1913, pages 330, 334, 337, and 341. 
Hitka formation, as far as both position in section and exposure in Hitka 

Mountain: Walcott, idem, pages 334, 338, and 341. 

Titkana: Burling, Museum Bulletin number 2, Geological Survey of Canada, 

1914, page 109. 

Hitka: Burling, idem, page 109. 

Titkana: Walcott, Problems of American geology. New Haven, 1915, page 179. 

Hitka: Walcott, idem, page 179. 

TITKANA LIMESTONES (§ 25) 

(§ 25a.) According to Walcott, the Titkana limestones have an esti- 

mated thickness of 2,200 feet and are best seen in the west slopes of 

Titkana Peak and in Mount Rearguard (“Iyatunga”). As has already 

been shown (§$18 and 24d), this formation is not present at all in 

Mount Rearguard, but the section in Titkana Peak exposes both the top 

and bottom of the formation. : 

Two fossil horizons were secured by Walcott—one, locality 61v, in a 

cliff just above the Robson Glacier, and the other (611 and 61m) 1% 
miles west-northwest of the summit of Titkana Peak. The first of these 
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localities (61v) contains a fauna comparable to the fauna of the Stephen 
formation in the Canadian Pacific Railway section, and is represented in 

our collections from the mountain (Titkana) itself by a locality 600 feet 

above the base of the formation. The second of the two localities (61/ 

and 61m) is represented in our collections from both Titkana Peak and 

“Mount Hitka” by a locality at the base of the formation 600 feet below 

the horizon of the Stephen fauna. 

(§ 250.) As has been described under the “Hitka” (§§ 12 and 27d), 

there appears to be duplication involving that formation and the Titkana. 

Our reason for choosing the term Titkana and abandoning the Hitka is 

that while the former is stated to be unfossiliferous, Walcott found two 

fossil horizons in the Titkana, and the latter formation is much better 

exposed in the peak of the same name than is the Hitka in Mount Hitka. 

A comparison of the abundant fossils found in many horizons of the 

“Witka” and the Titkana confirms their identity. 

“MUMM LIMESTONES” (§ 26) 

(§ 26a.) According to Walcott, the “Mumm limestones” are Middle 

Cambrian, massive-bedded, gray, arenaceous limestones weathering to 

gray and buff tints, with an estimated thickness of 600 feet, and occur 

(1) in the northwest base of Titkana Peak (— Tatei limestones), (2) 

on the westward slope of the ridge east-northeast of the lower end of 

Lake Adolphus (= Tatei hmestones), and (3) in the upper part of 

Mumm Peak (== Hota limestone). No fossils were found. 

($ 26b.) As has been stated already (§ 16), inspection of the rocks 

forming the top of the mountain proved them to belong to the Chetang, 

a formation which is described by Walcott as lying 2,500 feet below the 

“Mumm,” and is, according to his section, separated from that forma- 

tion by two other formations. The Mumm limestones are, therefore, 

non-existent, so far as Mumm Peak is concerned—in fact, the limestone 

to which the name was there applied is the “Hota” (§§ 306, 30g, and 
32¢). We have shown (§§ 28 and 27b) that the limestones in localities 

1 and 2 above are to be referred to the Tatei, and that there is a duplica- 

tion in Walcott’s section which involved the confusion of the Mumm with 

the Tate1 and the Hitka with the Titkana. The absence of any fossils 

in Walcott’s collections from the Mumm, Hitka, and Tatay formations, 

3,100 feet, made the identification of his section in the field a slow 

process, the problem being further complicated by the facts (a) that 

neither the Mumm limestone nor any limestone of the age assigned to 

the Mumm occurs in the mountain in which it is stated to be typically 

developed (§ 382c), and (b) that the “Hitka,” in the mountain of that 
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name, is not overlain by the massive limestones of the Mumm, but by a 

series of red shales indistinguishable from the basal Lynx (§27b). For 

these reasons we have not used the name Mumm in this paper. 

“HITKA FORMATION” (§ 27) 

(§$ 27a.) The “Hitka formation” is described by Walcott as occurring 

(a) between the Tatay cliffs and the Mumm limestones, on the westward 

slope of the ridge east-northeast of the lower end of Lake Adolphus, and 

(6) in Hitka Mountain. 

(§ 276.) Five formations were found by the writer in Mount Hitka— 
a middle one underlain by two limestones referable to the Tatei and the 

Chetang respectively (all fossiliferous) and overlain by red and yellow 

shales referable to the Lynx. If the “Hitka” is the upper red and yellow 

shales, it is underlain by.the Titkana instead of the Tatei; if it is the 

middle formation, it is clearly identical with the Titkana. The fossils 

amply corroborate this. 

TATEI LIMESTONES (§ 28) 

Mumm limestones (locality near lower end of Lake Adolphus): Walcott, 

Smithsonian Miscellaneous Collections, volume 57, number 12, 1913, page 

330. 

Not Mumm limestones, given as typically exposed in upper part of Mumm 

Peak: Walcott. idem, pages 334. 337 (= Adolphus, §§ 30a. 306, 30g, and 

32¢). 

Mumm limestones, so far as position below TitKana limestones in general sec- 

tion is concerned: Walcott, idem, pages 334, 337, 341. 

Mumm limestones, exposure at northwest base of Titkana Peak: Walcott. 

idem, page 337. 

Not Mumm limestones, so far as description is concerned: Walcott. idem, 

pages 334, 357, 341 (drawn from an outcrop of the “Hota’’). 

Tatay limestones, so far as position above the Chetang and occurrence in Tatei 

cliffs is concerned: Walcott, idem, pages 334, 338, and 341. 

Mumm formation: Burling, Museum Bulletin number 2, Geological Survey of 

Canada, 1914, page 109. 

Tatay formation: Burling, idem, page 109. 

Mumm formation: Walcott, Problems of American geology, 1915, page 179. 

Tatay formation: Walcott, idem, page 179. 

($ 28a.) The Tatei limestones are described by Walcott as being 

massive-bedded, gray, siliceous, and arenaceous, with an estimated thick- 

ness of 800 feet and without fossils. 

(§ 28b.) As has been described in the discussion of the “Hitka lime- 

stones” (§ 27) and the “Mumm lmestones” (§ 26), this formation over- 

hes the Chetang and underlies the Titkana instead of the “Hitka,” both 
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the “Hitka” and the “Mumm” representing duplications in the section 

and being none other than the Titkana and the Tatei respectively. 

CHETANG LIMESTONES (§ 29) 

(§ 29a.) According to Walcott, these are Middle Cambrian in age, 
have an estimated thickness of 900 feet, and outcrop in Chetang cliff. 

Fossils were found by Walcott in the Chetang limestones and the forma- 

tion affords a known point from which to begin our interpretation of 

Walcott’s section of the over- and under-lying rocks. 
($ 296.) Though the formation can be seen and is fossiliferous at the 

type locality, exposures are there poor, especially with regard to the 

upper and lower boundaries, and the latter is important, since it is de- 

scribed by Walcott as involving the contact between the Lower and the 

Middle Cambrian. This conception of the stratigraphy differs from the 

one presented in this paper ($§ 8, 30¢). The lower part of the Chetang 

limestones is very well exposed and is very fossilferous at the top of 

Mumm Peak (§§ 16, 26), 30g, 32c), but erosion has there removed the 

overlying rocks. Several Albertella horizons were also found in a section 

exposed in the gorge below Mural Glacier. 

ADOLPHUS (“HOTA”) LIMESTONE (§ 30) 

Hota formation, so far as position in the section is concerned: Walcott, 

Smithsonian Miscellaneous Collections, volume 57, number 12, 1913, pages 

335, 338, and 341. (The description of lithology and the lists of included 

fossils are derived from an exposure of the “Tah” (Mural limestone) in 

Mumm Peak, just above the Mural Glacier, which was mistaken for the 

Hota) (§§ 30d, 320). : 

Mumm limestones, so far as both description and position in Mumm Peak are 

concerned: Walcott, idem, pages 334, 387 (§§ 30g, 32c). 

Not the Mumm limestones listed as occurring near lower end of Lake Adol- 

phus: Walcott, idem, page 330 (= Tatei, §§ 22 and 26b). 

Not the Mumm limestones listed as occurring in northwest base of Titkana 

Peak: Walcott, idem, page 337 (= Tatei, §§ 22 and 260). 

Hota formation, so far as position in the section is concerned: Burling, Mu- 

seum Bulletin number 2, Geological Survey of Canada, 1914, page 109. 

Hota formation, so far as position in the section is concerned: Walcott, Prob- 

lems of American geology, 1915, page 179. 

(§ 30a.) The “Hota formation” is described by Walcott as composed 

of a series of “gray arenaceous limestones and siliceous shales alternating 

with massive quartzitic sandstones,” 800 feet thick and lying beneath the 

hmestones of the Chetang formation on the southwest side of Coleman 

Brook. By definition it is the formation separating the Mahto from the 

Chetang. 
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(§$ 30b.) Now, the formation occupying this position in the contin- 

uous and fossiliferous section of the “Tah,” Mahto, “Hota,” and Chetang 

formations ($$ 16 and 32c) exposed in Mumm Peak is a massive 300- 

foot cliff-forming, gray arenaceous limestone, with transitional clastics 

at the base; and it is this bed which Walcott took to be a younger lime- 
stone, 3,400 feet higher in the section than the “Hota,” and to which he 

gave the name “Mumm limestone” (§§ 265 and 32c). 

($ 30c.) Walcott (page 339) refers to the “Hota” as the “New Lower 

Cambrian subfauna” described by him in the preceding number of the 

Miscellaneous Collections (volume 57, number 11). This fauna was 

mostly collected from drift blocks on the surface of Mural Glacier, but 

Walcott (legend to plate 59) locates the horizon in the cliffs just above 

the glacier. 

($ 30d.) A section of the beds in this locality, beginning at the gla- 

cier, passes up through the “Tah” into the Mahto sandstones, and shows 

(a) that the beds in the position indicated by Walcott he approximately 
2,500 feet below the “Hota,” and (0) that the general description given 

for the lithology of the “Hota” was derived from an exposure of the 

“Tah” ; for, unless Walcott’s “Hota” is incorrectly defined as underlying 

the Chetang and really hes 2,500 feet below that formation and beneath 

a massive series of quartzites, the beds containing the “New Lower Cam- 

brian subfauna” can in no way be referred to the “Hota” and must be 

referred to the “Tah” (see § 32). 

(§ 30e.) Walcott places the “Hota” formation in the Lower Cambrian, 

but the Olenellus, on which this correlation is based, occurs in the “Tah” 

at a place where the latter had been identified as “Hota.” Naturally, 

therefore, the line between the Lower and Middle Cambrian was drawn 

at the top of the “Hota”; but we have found typical Middle Cambrian 

fossils in the base of the “Hota” without Olenellus, and have drawn the 

Lower-Middle Cambrian boundary below ($§ 8, 30f, 31c, 32d, 32e). 

(§ 307.) It will be noticed that our generalized sections (§ 2) gives 

the “Hota” (Adolphus) a thickness 400 feet less than Walcott, and it 
should be stated that neither the addition of 400 feet from the overlying 

Chetang, nor the addition of any number of feet up to one thousand, 
apparently, from the underlying Mahto would add Lower Cambrian 

fossils to the “Hota,” though it would explain the reference to quartzites 

in Walcott’s description of: the “Hota.” 

(§ 30g.) Lest any one should think that the differences between Wal- 

cott’s interpretation and my own are due to failure correctly to identify 

his formations, it may be stated that his “Hota” is the formation under- 

lying the Chetang, however it is described lithologically, and the Chetang 
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is one of the three formations in which Walcott found fossils. Its iden- 

tification at the type locality as well as in Mumm Peak is based on in- 

disputable fossil evidence, and the formation directly underlying it in 

Mumm Peak must, therefore, be the “Hota.” That this is so is further 

proved by the presence, below the Mumm Peak “Hota,” of a series of 

quartzitic sandstones comparable with the Mahto; and this section (Che- 

tang, “Hota,” and Mahto), reading from the top down, overlies, in one 

unbroken, perfectly exposed section (§$ 16 and 32c), the beds in which 

Walcott secured the “New Lower Cambrian subfauna” and which he 

thought to be the “Hota” of Hota cliff. 

For the sake of clearness, I have used the term “Hota” in speaking of 

this limestone in the preceding pages, but we have in this paper discarded 

the term “Hota” and adopted the name Adolphus, for the following 

reasons : te 

(a) Without fossils or observable upper and lower contacts, we can not 

be at all sure that the “Hota” even outcrops in the ridge named, but it 

does outcrop in the cliffs of Mumm Peak above Lake Adolphus in ob- 

servable relations to the overlying Chetang and the underlying Mahto 

($$ 16 and 32c). 7 

(b) The published descriptions of the “Hota” are based on exposures 

of the “Tah” (§ 30d). . 

(c) The real “Hota” (the limestone immediately underlying the in- 

disputable Chetang, which forms the summit of Mumm Peak) is de- 

seribed, located, and given the name Mumm (§§ 26 and 32c). 

(d) The fossils credited to the “Hota,” and these include a very i1m- 

portant assemblage of Lower Cambrian fossils, did not come from the 

“Hota,” but from the “Tah” (§§ 30c, 30d, 32c-e). 

(e) The “Hota” is described as Lower Cambrian, but it is so referred 

on the basis of fossils occurring a thousand or more feet lower in the 

section (§ 8a) and of a “New Lower Cambrian subfauna” which occurs 

2,000 feet below (§ 30d). The “Hota” (Adolphus) is Middle Cambrian 

in age. 
MAHTO SANDSTONES (§ 31) 

($ 31a.) The Mahto sandstones are described by Walcott as occurring 

between the more or less calcareous “Tah” (== Mural) hmestone forma- 

tion beneath and the similar, though more limy, “Hota” (== Adolphus) 

above. It was credited at first with the “new Lower Cambrian subfauna” 

which he later took out of the Mahto and assigned to the overlying 
“Flota” (§§ 30c, d, e, 82d, e). 

($ 316.) The Mahto is described by Walcott as unfossiliferous and the 
boundaries we have drawn ($§ 30e, f, g, 32e) leave it without fossils as 
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well. The very base of the overlying “Hota” contains typical Middle 

Cambrian fossils, and the underlying “Tah” is abundantly fossiliferous, 

all of the horizons discovered in the latter being Lower Cambrian. 

($ 31c.) The Mahto sandstones therefore represent an apparently 

unfossiliferous quartzitic series between the Middle Cambrian and the 

first Olenellus,”> and the line between the Lower and the Middle Cam- 

brian is drawn at the top of the Mahto formation (§§ 8, 30e, 30f). 

(§ 31d.) Our estimated thickness of 1,200 feet for the Mahto in 

Mumm Peak differs from Walcott’s estimate of 1,800 feet for its thick- 

ness in Mount Mahto, five miles away. The relation of the arenaceous 

beds above to the calcareous beds below, which is the basis on which the 

line is drawn in Mumm Peak, may vary in the distance separating the 

latter peak from Mount Mahto. 3 

MURAL (“TAH”) LIMESTONE FORMATION (§ 32) 

Mahto formation, as the name for the beds carrying the “new Lower Cam- 

brian subfauna”’: Walcott, Smithsonian Miscellaneous Collections, volume 

57, number 11, 1913, pages 311-316. (According to Walcott, § 32d, this use 

of the term Mahto was by error.) 

Hota formation, as the name for the beds carrying this fauna: Walcott, idem, 

number 12, 1913, page 339. (An error in identification, § 32c.) 

Tah formation, as the unfossiliferous formation between the Mahto and the 

McNaughton: Walcott, idem, pages 335 and 339. 

Tah formation: Burling, Museum Bulletin number 2, Geological Survey of 

Canada, 1914, page 109. (On page 108 the reference of the “new Lower 

Cambrian subfauna” to the Hota is questioned.) 

Tah formation: Walcott, Problems of American geology, 1915, page 179. 

Mahto formation: Walcott, Annual Report of the Smithsonian Institution for 

1915, plate 17, 1916, page 254. (A reversion by inadvertence to the no- 

menclature of the first reference, § 32d.) 

Mahto formation, as the formation carrying one of the new Lower Cambrian 

subfauna forms (Padeumias): Burling, Bulletin of the Geological So- 

ciety of America, volume 27, 1916, pages 158-159. (The error of placing 

this fauna in the overlying “Hota” had been recognized, but the line be- 

tween the Mahto and the underlying “Tah” was at this time drawn so as |. 

to include the fauna in the Mahto—S8§ 81), 32d, 32e.) 

Mahto formation, as the formation carrying the Pedeumias above mentioned : 

Burling, Ottawa Naturalist, volume 30, 1916, page 55. (See note to pre- 

ceding reference. ) 

(§ 32a.) The “Tah” formation is described by Walcott as occurring 

just above Moose Pass, at the base of “Tah Mountain,” with a thickness 

2 It is, of course, possible that the Olenellus fragments credited to the Mahto on page | 

335 of Walcott’s paper did come from the Mahto, and that the formation is not unfos- 

siliferous, as stated on page 369, and the rocks are so frequently fossiliferous that many 

may be found in the Mahto by the next observer. 
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of 800 feet, unfossiliferous, and resting on a few layers of McNaughton 

sandstones before the whole section is cut off by a fault which brings 

down the Upper Cambrian. : 

($ 32b.) This formation is the one which Walcott found occurring 

just above the “new Lower Cambrian subfauna” in the moraine of the 

Mural Glacier and identified as “Hota” ($§ 30 and 31). This threw out 

the whole Mumm Peak section and resulted in the identification of the 

thin-bedded quartzites of the Mahto as the Chetang and the description 

of the real “Hota” (now called Adolphus), which stands out clear and 

distinct as a cliff above, for a new and much higher limestone, to which 

the name Mumm was given. 

(§ 32c.) It should be recorded that when I reached the summit of 

Mount Hitka, approaching it from the valley of Smoky River, I did not 

know that the faulting between Mount Hitka and Mumm Peak was as 

large as it is, and I had not the slightest doubt that I was viewing the 

section described by Walcott—Mumm, Hitka, Tatei, Chetang, and Hota, 

listing them from the top down. I was the most surprised of individuals 

when I started up the north face of Mumm Peak, and, after passing 

through Walcott’s “Hota,” with its profusion of Olenellus (the “new 

Lower Cambrian subfauna”’), reached a quartzitic series more than a 

thousand feet in thickness, instead of the Middle Cambrian Chetang 

limestones. It was not until I reached the summit of Mumm Peak from 

the south side that I could realize (a) that the limestone to which Wal- 

cott had apphed the name “Mumm” was really the “Hota,” and (b) that 

the Mural Glacier fossils (the “new Lower Cambrian subfauna”’) came 

not from the “Hota,” but from a horizon approximately 1,750 feet below. 

(§ 32d.) I first drew the line between the “Tah” and the Mahto below 

bed number 8 of the north face section, and in my description of 

Pedeumuas robsonensis’® | referred this form to the Mahto. This coin- 

cided with Walcott’s reference of the “new Lower Cambrian subfauna,”’ 

of which Pedeumias robsonensis is a member, to the Mahto.?7 I thus 

ignored the fact that the same fauna had been referred three days later?® 

to the “Hota,” and accepted its re-reference to the Mahto three years 

-later.?° 

This reference of Pedeumias robsonensis, and therefore of the new 

subfauna, to the Mahto was, however, questioned by Mr. Resser, of the 

United States National Museum, in a personal communication : 

76 Ottawa Nat., vol. 30, 1916, p. 55. 

*1 Smithsonian Misc. Coll., vol. 57, no. 11, 1913 (July 21), pp. 309-326. 

*8 Idem, no. 12, 1913 (July 24). pp. 338, 339. 

* Ann. Rept. Smithsonian Inst. for 1915, pl. 17, p. 254, 1916. 

3) XLIX—BULL.. Grou. Soc. Am., Vou. 34. 192 
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“In the description of the species Pedeumias robsonensis you give the 

horizon as Mahto. Walcott in his description of this fauna gives it thus also, 

but in his next paper (July 24) he gives the fauna as occurring in ‘the Hota. 

I called his attention to this difference and he says the correct formation is 

the Hota.” 

(§ 32e.) As we have shown (§8§ 30c, d, g, and 32c), the “new Lower 

Cambrian subfauna”’ of Walcott occurs not in the “Hota,” but in the 

Mahto or the “Tah.” In the absence of any recognizable break, the line 

between these two formations has now been drawn (§ 80) so as to include 

in the overlying Mahto only the dominantly arenaceous series and so as 

to transfer to the underlying “Tah” the essentially calcareous series. 

Such a separation places the “new Lower Cambrian subfauna” 550 feet 

below the top of the “Tah” (Mural limestone) formation. 
The differences between the interpretations of Mr. Walcott and myself 

are in no way dependent on the drawing of the line between the “Tah” 

and the Mahto. He said, and repeats through Mr. Resser, that the “new 

Lower Cambrian subfauna” came from the “Hota,” a formation over- 

lying the Mahto. We have visited the type locality and have found the 

fauna under discussion in the “Tah,” a formation underlying the Mahto. 

(§ 327.) The Mural limestone formation is one of exceptional interest ; 

and while all of the fossils secured by Walcott, as well as the specimens 

described by the writer, were secured from drift blocks in the lateral 

moraine of the Mural Glacier, an abundant fauna has now been secured 

from the formation itself. In addition to being very fossiliferous in its 

locality above the Mural Glacier on Mumm Peak, the Mural limestone 

formation is there shown in observable relations with its over- and under- 

lying formations. The underlying sandstones (not certainly to be corre- 

lated with the McNaughton sandstones of Walcott) are here over 400 

feet thick. 

(§ 32g.) Our main reasons for making the change from “Tah” to 

Mural are the failure of the Geographic Board to accept the name, the 

remoteness of the mountain, the absence there of observable relations to 

the other formations and of fossils, and the confusion of the “Tah” and 

the “Hota,” stratigraphically, lithologically, and paleontologically. 

MC NAUGHTON SANDSTONES (§ 33) 

(§ 33a.) The McNaughton sandstones are described by Walcott from 

the McNaughton Mountains, some 20 miles distant from the locality in 

which the other formations were identified. They are there given an 

estimated thickness of 500 feet and are described as unfossiliferous. The 
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drawing of a line between them and the Miette sandstones is described 

as a matter of some difficulty (§ 9). 

($ 330.) The quartzitic limestones which underlie the Mural lime- 

stone formation in the Mount Robson region may or may not be directly 

underlain by the pre-Cambrian, and may or may not be correlateable 

with the McNaughton sandstones. Even though they form, so far as 

known, the exposed base of the Cambrian sequence in the Mount Robson 

region, we prefer to leave their naming to the future student who shall 

determine their relations to the pre-Cambrian. 

MIETTEH SANDSTONES (§ 34) 

The Miette sandstones are described by Walcott as having an esti- 

mated thickness of 2,000 feet, and as being best exposed along both sides 

of Yellowhead Pass from Grant Brook on the west to Fitzhugh on the 

east, and to be overlain by the McNaughton sandstones, the line of 

demarcation being very uncertain. The writer did not find the contact 

between the Cambrian and the pre-Cambrian in the Mount Robson region 

and is unable to add to the description given (§ 9). 
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