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ADVERTISEMENT.

[Monograph L]

The publications of the United States Geological Survey are issned in accordance with the statute
approved Marcl 3, 1879, which declares that—

“ The publications of the Geological Survey shall eonsist of the aunual report of operations, geo-
logical and econowmic maps illnstrating the resources and classification of the lands, and reports upon
geueral and economic geology and paleontology. The annunal report of operations of the Geological

urvey shall accompany the annual repert of the Secretary of the Interior. All special memoirs and
reports of said Survey shall be issued in uniform quarto series if deemod uecessary by the Director, but
otherwise in ordinary octavos. Three thousand copies of each shall be pnblished for scientific exchanges
and for sale at the price of publication; and all literary and cartographic materials received in exchange
shall be the property of the United States and form a part of the libravy of the orgauization: Aud the
money’l’"esulting from the sale of such publications shall be covered into the Treasury of the United
States.
| The 8f‘;aollowing joint resolution, referring to all government publications, was passed by Congress
July 7, 1232:

“That whenever any document or report shall be ordered printed by Congress, there shall be
printed, in addition to the number iu sach case stated, the ‘usual number’ (1,900) of copies for binding
and distribution amopg those entitled to receive them.”

Exocept in those cases in which an extra number of any publication has been snpplied to the Sur-
vey by special resolution of Congress or has been ordered by the Secretary of the Interior, this office
has no copies for gratnitous distribution.

ANNUAL REPORTS.

1. First Annnal Report of the United States Geological Survey, by Clarence King. 1880, 5°, 79
pp. 1 map.—A preliminary report deseribing plan of organization aund publicatious.

I1. Secoud Aunnual Report of the Unifted States Geological Survey, 1880’81, by J. W. Powell.
1882, 8°, lv, 583 pp. 62 pl. 1 map.

111, Third Annual Report of the United States Geological Survey, 188182, by J, W, Powell,
1883, 82, xviii, 564 pp. 67 pl. and maps.

1V. Fourth Annual Report of the United States Geological Survey, 1882-'33, by J. W. Powell.
1884, B8°. xxxii, 473 pp. 85 pl. and maps, . ’ h

V. Fifth Annual Report of the United States Geological Survey, 188384, by J. W. Powell.
1885, 8O, xxxvi, 469 pp. 58 pl. and maps.

VI. Sixth Annual Report of the United States Geological Survey, 1584-'85, by J. W. Powell.
1#85. 89, xxix, 570 pp. 65 pl. and maps.

VII. Seventh Annual Report of the United States Geclogical Snurvey, 1885-'86, by J. W. Powell.
1888, 8°. xx, 656 pp. 71 pl. and wmaps. : )

VIII. Eighth A‘nnua,l Report of the United States Geological Survey, 188687, by J. W, Powell.
1899, 8°. 2v, xix, 474, xii pp. 53 pl. and maps; I p. L. 475-1063 pp. 54-76 ?I. and maps.

IX. Ninth Annual Report of the United States Geological Survey, 1887-°88, by J. W, Powell.
1889, 82, xiii, 717 pp. 88 pl. and maps.

The Tenth Annual Report is in press,

MONOGRAPHS.

1. Lake Bouneville, by Grove Karl Gilbert. 1890. 4°. xx, 438 pp. 51 pl. 1 map. Price $1.50.

1I. Tertiary History of the Grand Cafion District, with atlas, by Clarence E. Dutton, Capt., U. 8, A,
1852, 4°, xiv, 264 pp. 42 pl. and atlas of 24 sheets folio. Price $10.00,

11, Geology of the Comstock Lode and the Washoe District, with atlas, by George I, Becker.
1882, 1°, xv, 422 pp. 7 pl. and atlas of 21 sheets folio. Price $11.00.

IV. Comstock Mining and Miners, by Eliot Lord. 1883, 4°. xiv, 451 P 3 pl. Price $1.50.

V. The Copper-Bearing Rocks of Lake Superior, by Roland Duer Irving. 1883. 4°. xvi, 464 pp.
151, 29pl.and maps. Price $1L.85,
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VI. Contributions to the Knowledge of the Older Mesozoic Flora of Virginia, by William Morris
Fontaine. '433. 49, xi, M4 pp. 541 54 pl. Price $1.05.
16 ol VII. Silwier-Lead Deposits of Eareka, Nevada, by Joseph Story Curtis, 1834, 4°, xiii, 200 pp.

6 pl.  Price $1.20.

VIIIL Paleontology of the Enreka District, by Charles Doolittle Waleott. 1884, 4°, xiii, 208 pp.
241, 24 pl. Price $1.10.

IX. Brachiopoda and Lamellibranchiata of the Raritan Clays and Greensand Marls of New Jersey,
by Robert P. Whitfield. 1885. 4°. xx, 338 pp. 35pl. 1 map. Price §1.15.

X. Dinocerata. A Monograph of an Extinct Order of Gigantic Mammals, by Othniel Charles
Marsh., 1886, 4°. xviii, 243 pp. 56 1. 56 pl. Price §2.70.

XI. Geological History of Lake Lahontan, a Quaternary Lake of Northwestern Nevada, by Israel
Cook Russell. 1885, 4°. xiv, 283 pp. 46 pl. and maps. Price §1.75.

XII Geology and Mining Industry of Leadville, Colorado, with atlas, by Samuel Franklin Em-
mons. 1886. 4°. xxix, 770 pp. - 45 pl. and atlas of 35 sheets folio. Price $3.40.

XIII. Geology of the Quicksilver Deposits of the Pacific Slope, with atlas, by George F. Becker.
1888, 4°. xix, 486 pp. 7 pl. and atlas of 14 sheets folio.  Price §2.00.

XIV. Fossil Fishes and Fossil Plaunts of the Triassic Rocks of New Jersey aud the Conuecticat
Valley, by John 8. Newberry. 1888. 4°. xiv, 152 pp. 26 pl. Price §$1.00.

XV. The Potomac or Youuger Mesozoic Flora, by Williaws Morris Fontaine, 1389, 4°. xiv,
377 pp. 180 pl. Text and plates bound separately. Price $2.50.

XVI. The Paleozoic Fishes of North America, by John Strong Newberry, 1889, 4°. 340 pp.
53 pl.  Price $1.00. .

In preparation:

—Description of New Fossil Plants from the Dakota Group, by Leo Lesquerenx.

—Gasteropoda of the New Jersey Cretaceous and Eocene Marls, by R. P. Whitfield.

—The Penckee Iron-Bearing Series of Northern Wisconsin and Michigan, by Roland D. Irving
and C. R. Van Hise.

—Mollusea and Crustacea of the Miocene Formations of New Jersey, by K. P. Whitfield.

—Geology of the Eureka Mining District, Nevada, with atlas, by Arnold Hague.

—S8auropoda, by O. C. Marsh.

—8tegosaaria, by O. C. Marsh.

- Brontotheridse, by O. C. Marsh,

—Report on the Denver Coal Basin, by 8. F. Emruons.

—Report on 8ilver Cliff and Ten-Mile Miniug Districts, Colorado, by 8. F. Emmons,

—Flora of the Dakota Group, by J. S. Newberry.

—The Glaecial Lake Agassiz, by Warren Upham.

~Geology of the Potomac Formation in Virginia, by W. M. Fontaine.

BULLETINS.

1. On Hypersthene-Andesite and on Triclinie Pyroxene in Augitic Rocks, by Whitman Cross, with
a Geological Sketeh of Buffalo Peaks, Colorado, by 5. F. Emmeons. 1883, 8°. 42 pp. 2 pl. Price 10
conts.

2. Gold and Silver Conversion Tables, giving the coiuing values of troy ounces of fine metal, etc.,
eowputed Ly Albert Williams, jr. 1883, #°. 8pp. Price 5 cents,

3. On the Fossil Faunas of the Upper Devonian, along the meridian of 76° 30/, from Tompkins
County, N. Y., to Bradford County, Pa., by Henry 8. Williams. 1884. 8°. 36 pp. Price 5 cents.

4. On Mesozoic Fossils, by Charles A. White. 1834, 8° 36 pp. 9 pl. Price 5 cents.

5. A Dictionary of Altitndes in the United States, compiled by Henry Gannett. 1834. 8°, 325 pp.
Price 20 cents. -

6. Elevations m the Dominion of Canada, by J. W. Spencer. 1884. 8°. 43 pp. Price 5 cents.

7. Mapoteca Geologica Americana. A Catalogue of Geological Maps of America(North aud Sonth),
1752-1881, in geographic and chronologic order, by Jules Marcou and John Belknap Marcon. 1884,
8°. 184 pp. Price 10 cents.

8. On Secoundary Enlargements of Mineral Fragmeuts in Certain Rocks, by R, D. Irving and C. R.
Van Hise. 18584, 8. 56 pp. 6 pl. Price 10 cents,

9, A Report of work done in the Washiugton Laboratory during the fiscal year 138384, F. W,
Clarke, chief chemist; T. M, Chatard, assistant chemist. 1884. 8°, 40 pp. Price 5 cents,

10. On the Cambrian Faunas of North America. Preliminary stiidies, by Charles Doolittle Wal-
cott. 1884. 8°, 74pp 10 pl. Price 5 cents.

11. On the Quaternary and Recent Mollusca of the Great Basin; with Descriptions of New Forms,
by R. Ellsworth Call. Introdunced by a sketch of the Quaternary Lakes of the Great Basin, by G. K.
Gilbert., 1884, B8°, 66 pp. 6 pl Price 5 cents,

12. A Crystallographic Study of the Thinolite of Lake Lahontan, by Edward 8. Dana. 1884, 8°.
34 pp. 3pl. Price5 cents.

13. Boundaries of the United States and of the several States and Territories, with a Historical
Sketch of the Territorial Changes, by Henry Gannett. 1885. 8°, 135 pp. Price 10 cents.

14. The Electrical and Magnetic Properties of .the Iron-Carburets, by Carl Burns aud Viucent
Strouhal, 1885, 8°. 238 pp. Price 15 cents.
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ADVERTISEMENT. III

15, On the Mesozoic and Cenozoic Paleontology of California, by Charles A. White. 1885. 8%,
33 pp. Price 5 cents,

16. On the Higher Devonian Faunas of Ontario County, New York, by John M. Clarke, 1885. 8%,
86 pp. 3pl. Price 5 cents.

17. On the Development of Crystallization in the Igneous Rocks of Washoe, Nevada, with Notes
on the Geology of the District, by Arnold Hagne and Joseph P. Iddings. 1835, 89, 44 pp. Priced
cents.

18. On Marine Eocene, Fresh-water Miocene, and ofther Fossil Mollusca of Western North America,
by Charles A. White. 1885, 8°, 26 pp. 3 pl. Price 5 cents.

19. Notes on the Stratigraphy of Califernia, by George F. Beeker. 1885, 8°, 28pp. Price5cents.

20. Contributions to the Mineralogy of the Rocky Mountains, by Whitinan Cross and W. F. Hille-
brand. 1885, 8°, 114 pp. 1 pl. Price 10 cents.

21. The Lignites of the Great Sioux Reservation. A Report on the Region between the Grand and
Morean Rivers, Dakota, by Bailey Willis. 1885, 8°. 16 pp. 5 pl. Price § cents.

22, On New Cretaceous Fossils from California, by Charles A. White. 1885, 8°. 25 pp. & pl
Price b cents.

3. Observations on the Junction between the Eastern Sandstone and the Keweenaw Series on
Keweeuaw Point, Lake Saperior, by R. D. Irving and T. C. Chamberlin. 1885, #°. 124 pp. 17 pL
Price 15 ceuts.

24. List of Marine Mollusca, comprising the Quaternary fossils and recent forms from American
Localities between Cape Hatteras and Cape Roque, includiug the Bermndas, by William Healey Dall.
1845. 89, 336 pp. Price 2D cents.

25. The Present Technical Condition of the 8teel Industry of the United States, by Phineas Barnes.
1885. 89, 85 pp. Price 10 cents.

26. Copper Smelting, by Henry M. Howe. 1885. 8°. 107 pp. Price 10 cents.

27. Report of work done in the Division of Chemistry and Physics, mainly during the fiscal year
188485, 1826. 8°, 80 pp. Price 10 ceunts.

28, The Gabbros and Associated Hornblende Rocks ocenrring in the Neighborhood of Baltimore,
Md., by George Huutington Williams. 1836. 8°. 74 pp. 4 pl. Price 10 cents.

29. On the Fresh-water [nvertebrates of the North American J nrassie, by Charles A. White. 1886.
89, 41 pp. 4 pl. Price b cents.

30. Secoud Contribution to the Stndies on the Cambran Faunas of North America, by Charles
Doolittle Walcott. 1486, 8°. 369 pp. 33 pl. Price 25 cents.

31, Systematic Review of our Present Knowledge of Fossil Insects, inclading Myriapods and
Arachnids, by Samuel Hubbard Scudder. 1886. 8°, 128 pp. Price 15 cents.

32, Lists and Analyses of the Miueral Springs of the United States; a Preliminary Stady, by
Albert C, Peale, 1886, 8°. 235 Igp. Price 20 cents,

33, Notes on the Geology of Northern California, by J. 8, Diller. 1886, 8°. 23 pp. Price5 cents,

34, On the relation of the Laranmiie Molluscan Fauna to that of the succeeding Fresh-water Eocene
and other groups, by Charles A. White. 1836, =9 54 pp. 5 pl. Price 10 cents,

35. Physical Properties of the Iron-Carburets, by Carl Barns and Vincent Strouhal. 1886. 8°.
62 pp. Price 10 cents. -

.Sb Subsidenceof Fine Solid Particles in Liguids, by Carl Barus. 1886, 8°, 58pp. Price 10 cents.

Types of the Laramie Flora, by Lester F. Ward. 1847, 8% 354 pp. 57 pl. Price 25 centa.

.35 Peridotite of Elliott County, Keutucky, by J. 8. Diller. 1837. 8°. 31pp. 1pl. Price5 cents.

39, The Upper Beaches and Deltas of the Glacial Lake Agassiz, by Warren Upham. 1837, Bo,
84 pp. 1pl. Price 10 cents.

40. Changes in River Courses in Washington Territory due to Gtlaciation, by Bailey Willis. 1887,
89, 10pp. 4 pl Pries 5 cents.

41. On the Fossil Faunas of the Upper Devonian—the Genesee Sectlon, New York, by Henry 8.
Williams. 1887, 8°. 121 pp. 4 pl. Price 15 cents,

42, Report of work done in the Division of Chemistry and Physics, mainly daring the fiscal year
1885-'86. F. W Clarke, chief chemist. 1887, 8%, 152 pp. 1pl. Price 15 cents.

43. Tertiary and Cretaceous Strata of the Tunscaloosa, Tombigbee, and Alabama Rivers, by Eugene
A, Smith and Lawrence C. Johnson, 1887. 8%, 189 pp. 21 pl. Price 15 cents.

44. Bibliography of North American Geology for 1885, by Nelson H. Darton. 1837. 8°. 35 pp.
Price 5 cents.

45. The Present Condition of Knowledge of the Geology of Texas, by Robert T, Hill. 1887, 8°,
94 pp. Price 10 cents.

46, Nature and Origin of Deposits of Phosphate of Lime, by R. A. F. Penrose, jr., with an Intro-
duction by N, 8. Shaler. 1388, 80, 143 pp. Price 15 cents,

* 47. Analyses of Waters of the Yellowstoue National Park, with an Account of the Methods of -
Anpalysis employed, by Frank Austin Gooch and James Edward "Whitfield. 1888, 8°. 84 pp. Price
10 cents.

4%. On the Form and Position of the Sea Level, by Robert Simpson Woodward., 1888. 89, 88
pp.  Price 10 cents,

49, Latitudes and Longitudes of Certain Points in Missouri, Kansas, and New Mexico, by Robert
Simpson Woodward., 1889, 8°. 133 pp. Price 15 cents.

50. Formmlas and Tables to facilitate the Construction and Use of Maps, by Robert Stmpsou
Woodward. 1883, 8°. 124 pp. Price 15 cents.

51, Ou Invertebrate Fossils from the Pacific Coast, by Charles Abiathar White. 1889, 8¢, 102
pp. 14 pl.  Price 15 cents.
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52, Subaérial Decay of Rocks and Origin of the Red Color of Certain Formations, by Israel Cook
Russell. 1889, 89, 6bpp. 5pl. Price 10 cents.

53. The Geology of Nantucket, by Nathaniel Southgate Shaler. 1889, 89, 55 pp. 10pl. Price
16 cents.

54, On the Thermo Electric Measurement of High Temperatures, by Carl Barus. 1889. 8°.
313 pp. inel. 1 pl. 11 pl. Price 25 cents.

55. Report of work doune in the Division of Chemistry and Physics, mainly during the fiscal year
188687 Frank Wigglesworth Clarke, chief chemist. 1889. 89, 96 pp. Price 10 cents.

56. Fossil Wood and Lignite of the Potomac Formation, by Frank Hall Knowlton. 1889, 8°,
72 pp. 7 pl. Price 10 cents.

57. A Geological Reconnaissance in Southwestern Kansas, by Robert Hay. 1890, 8°. 49 pp.
2 pl.  Price 5 cents.

58, The Glacial Boundary in Western Penusylvania, Ohio, Kentucky, Indiana, and Illinois, by
George Frederick Wright, with an introduction by Thomas Chrowder Chamberlin., 12890, 8°. 112
pp. inel. 1 pl. 8 pl. Price 15 cents.

59 The Gabbros and Associated Rocks in Delaware, by Frederick D. Chester. 1880. 8°. 45pp.
1 pl. Price 10 cents.

60. Report of work done in the Division of Chemistry and Physies, mainly during the fiscal year
1887-788. F. W. Clarke, chief chemist. 1890. 8%, 174 pp. Price 15 cents.

¢1. Contributions to the Mineralogy of the Pacific Coast, by William Harlow Melville and Wal-
domar Lindgren. 18%0. 8°. 40 pp. 3pl. Price 5 conts.

63. A Bibliography of Paleozoic Crusfacea from 1698 to 1889, inecluding a list of North Amer-
ican species and a systeinatic arrangement of genera, by Anthony W. Vogdes. 1830, 8°. 177 pp.
Price 15 cents. :

64. A Report of work done in the Division of Chemistry and Physies, mainly during the fiscal
year 1888-'83, F. W. Clarke, chief chemist. 1890. 89, 60 pp. Price 10 cents.

66. On a Group of Voleauic Rocks from the Tewan Mountains, New Mexico, and on the cccurrence
of Primary Quartz in certain Basalts, by Josepb Paxson Iddings. 1890, 82, 34 pp. Price 5 cents.

In press:

62. The Greenstone Schist Areas of the Menominee and Marquette Regions of Michigan, by -
George H. Williams, with an introduction by R. D. Irving,

65. Comparative Stratigraphy of the Bituminous Coal Rocks of the Northern Half of the Appa-
lachian Field, by I C. White,

67. On the relations of the Traps of the Newark System in the New Jersey Region, by Nelson H.
Darton.

In preparation:

— The Viscosity of Solids, by Carl Barus.

— Altitudes between Lake Superior and the Rocky Mountains, by Warren Upham,

— Mesozoic Fossils in the Perinian of Texas, by C. A, White.

— Natural Gas Districts in Indiana, by Arthur John Phinney.

— A Classed and Annotated Bibliography of Fogsil Insects, by Samue! Hubbard Scudder.

— A Late Voleanic Eraption in Northern California and its peculiar lava, by J. 8, Diller.

STATISTICAL PAPERS.

Mineral Resources of the Unifed States [1832], by Albert Williams, jr. 1883, 8°, xvii, 813 pp.
Price 50 cents,

Mineral Resources of the UUnited States, 1383 aud 1834, by Albert Williams, jr, 1885, 8°, xiy,
1016 pp. Price 60 cents.

Mioeral Resources of the United States, 1885, Division of Mining Statistics and Technology.
1886. 8°. vii, 576 pp. Price 40 cents.

Mineral Resources of the [Inited States, 18306, by David T. Day. 1837. 89, wiii, 813 pp. Price
50 cents.

Mineral Resources of the United States, 1887, by David T. Day. 1888, 89, vii, 832 pp. Price
50 cents.

Mineral Resources of the United States, 1888, by David T. Day. 1890, B89, vii, 653 pp. Price
50 cents.

The money received from the sale of thess pnblications is deposifed in the Treasury, and the
. Secretary of that Departineut declines to reeeive bank checks, drafts, or postage-stamps; all remit-
tances, therefore, must be by POSTAL NOTE or MONEY ORDER, made payable to the Librarian of the
U, 8. Geological Survey, or in CURRENCY for the exact amount. Correspondence relating to the pub-
lications of the Survey should be addressed N
To THE DIRECTOR OF THE
UNITED STATES GEOLOGICAL SURVEY,

WasHiNgTOoN, D. C.
WasmiNgToNn, D, C., dugust, 1890,
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Xv



PREFACE.

When the Geological Survey was created, in 1879, it had for its field
of operations the country west of the Great Plains. In its original organi-
zation, under the directorship of Clarence King, the Division of the Great
Basin was established, with headquarters at Salt Lake City, and the Divis-
ion undertook as its first large work the investigation of the Pleistocene
lakes.

Afterward the field of operations of the Survey was extended over the
entire United States, and as the appropriations of funds were not corre-
spondingly increased, a re-organization became necessary. One factor of
that re-organization was the abolition of the Great Basin Division. Its last
field examinations were made in 1883, and the publication of the present
volume closes its work.

The preparation of the volume was begun before the re-organization,
and many of the plates for its illustration were then engraved. It was
planned to be chiefly descriptive and to be restricted to the single lake
whose name it bears. All general discussions were to be deferred until
many lakes had been studied. But when it became necessary to bring the
work to a close, the plan of publication was changed, and it was determined
to include in this volume such generalizations as were permitted by the
material gathered.

This change of plan is in part responsible for the great delay in the com-
pletion of the manuscript, but the chief cause of delay has been the assump-
tion by myself of new duties before old ones were fully discharged.

Portions of the material of the volume have already received publica-
tionin various ways. An outline of the history of Lake Bonneville appeared
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MON YeeXI



XVl PREFACE.

in the Second Ammual Report of the Survey. A partial discussion of the
deformation of the plane of the Bonneville shore-line was presented to the
American Society of Naturalists at its Boston meeting, 1885. The Fifth
Annual Report contained a paper on the topographic features of lake shores.
The subjects of the first and second of these publications are here greatly
amplified. The text of the third is in large part repeated in the second
chapter of this volume; but the specialist will find new matter on pages -
25-26, 30-31, 39, 42-45, H3-hHh, 63-65H, 71, 80-83. He will also note that
the discussion of rhythmic embankments takes a new form in another
chapter. .

To those assistants, colleagues, and fellow students who have contrib-
uted to my store of material I have endeavored to give credit in the pages
of the text, but it has been impossible there to acknowledge my multifarious
obligations for friendly aid, advice, and eriticism. To numerous citizens of
Utah and Nevada I am indebted for substantial favors, and some parts of
the work would have been very difticult without the special facilities afforded
by the railways of Utah.

G K G,



ABSTRACT OF VOLUME.

CHAPTER 1: INTRODUCTION.—Diastrophic p'mcessos tend to the formation of cloged basins; atmos-
pheric, to their destenction.  In arid regions formative processes prevail; in hmmnid, destrue-
tive.—The Great Basin ix the chief North Ameceriean distriet of interior drainage, bnt is inferior
to thore of other continents. Its dry climate is cansed by certain relations of winds and occan
currenty,—The Pleistocene lakes of the Great Basin have been previously studied by Stansbnry,
Beekwith, Blake, Simpson, Engelmann, Whituey, King, IHague, Emwons, Iayden, Bradley,
.Poole, Howell, and Peale.—The Bonueville Basin is the northeastern part of the Great Basin,
and inclndes one-fourth its area.—The term Pleistocene is preferred to Quaternary, as being less
connotive.

Cuarter 11: TOPOGRAPHIC FEATURES OF LaKE SHORES.—The waves and shore eurrents of lakes are
prodnced by the same winds. They work together in littoral transportation. Where a shore
current is accelerated, littoral erosion occurs; where it is retarded, littoral deposition. Where
the current departs from the shore a spit is built.—The delts formation has three parts. The
upper and middle parts are coarser than the lower; the bedding of the middle is more highly
inclined than that of the npper and lower.—An adolescent coast is marked by narrow terraces
and absence of shore drift and embankments; numerous embankments mark the mature coast.—
Wave work renders coast lines less tortnous.—Cliffs, terraces, and ridges, dne to shore processes,
may be distinguished from similiar features produced otherwise by the study of their forms,
structures, and relations,

CriapTER I11: Suores oF LAKE BONNEVILLE.—The Bonneville shore-line is about 1,000 feet above
Great Salt Lake. and compasses an area of 19,750 sqnare miles. The Provo shore-line contours
the basin 375 feet lower, and is the strougest marked of all the shore-lines. Between the Bonne-
ville and the Provo are the Intermediate shore-lines.—The synchrouism of the entire Bonneville
shore-line is showu by its series of embankwments.—The Intermediate embankments are ryhthmic
produets of the irregular oscillations of the water surface.——Deltas belong chiefly to the Provo
shore-line.—Tufas were deposited just below the water surface.—The chronelegic order of the
shore-lines is (1) Intermediate, (¥) Bonneville, (3) Provo,

CHAPTER IV: OUTLET.~At the level of the Bonneville shore-line the lake overflowed, sending a stream
from the nortl end of Cache Valley northward to the Snake River. Thesill of the outlet was of
allavium, but with a limestone ledge beneath. Tho allavinin was easily washed away, and a
prism of water about 375 foet deep went out by a debaole, lowering the lake to the level of the
limestonse ledge. This level coincides with the Provo shore-line.

CHAPTER V: BonnNrviLLE BEDS,—Within the cirele of the Bonneville shore-line are lake sediments of
the same date, The White Marl, relatively thin and caleareons, lies above the Yellow Clay, rela-
tively thick and aluminons.—They are separated by a plane of erosion, testifying to a dry epoch
between two humid epochs. The calcareous character of the upper member is theoretically con-
nected with the burial of salts during the dry epoch.—The strata contain fresh-water shells of
living species.—They are divided by a system of parallel joints, asceribed to earthquake shocks.
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CHAPTER VI: HISTORY OF BONNEVILLE BasiN.—Previous to the Bonneville history the basin was
arid. The first rise of the lake was withoat overflow, and was long maintained ; the Yellow Clay
was then deposited. The secoud rise went 90 feet higher, causing overflow, but was of shorter

" duration; the White Marl was then deposited, The final drying divided the basin into a dozen
independent basins, the largest of which contains Great Salt Lake. Since 1845 that lake has
repeatedly risen and fallen through a range of 10 feet.—The history of Lake Bonneville is par.
alleled by that of Lake Lahoutan, and each is connected with a history of glaciation in adjacent
monntaing, This counection, the depanperation of the fossil shells, and an analysia of the ¢limatic

conditions of glaciation, lead to the conelusion that the lacustrine epochs were epochs of relative
cold. .

Caarrer V1I: Lake BONNEVILLE AND VOLCANIC ERUPTION. —The group of small craters and basaltic
lava fields near Fillmore, Utah, are closely related to the lake history. Some eruptions took place
beneath the water of the lake, others since its disappearance, and others again during the inter-
lacustrine epoch.,—Nnmerous basaltie ernptions oceurred in the lake area Lefore the lake period,
and at still earlier dates rhyolite was extravasated.

CiarTer VIII: Laxe BONNEVILLE AND D1asTROPHISM.—Orogenic change during a period subsequent
to the lake is showu by fault searps. The formation of fault scarps is accompanied by earth-
quakes. —Epeirogenie change during a period subsequent to the lake is shown by the deformation
of vhe planes of the shore-lines, Under the postnlate that the doming of the planes is due to the
drying away of the lake, it is concluded that the strains induced by the unloading of the areas
exceeded the elastic limit of the material and caused viscous distortion of the earth’s crust.
This result, taken in connection with thé phenomeuna of mmountain uplift, leads to an estimate of
the strength of the crusf.

CHAPTER IX: AGE or THE EqQuus Fauna,—The Equus fanna at its type locality is contained in lake
beds correlated by physical relationa with the uppermost of the Lahontan and Bonneville beds,
The fanna, previously called later Pliocene, is thus shown to have lived in late Pleistocene time.



LAKHKH BONNEVILLE.

BY G. K. GILBERT.

CHAPTER I.

INTRODUCTION.

This volume is a contribution to the later physical history of the Great
Basin.  As a geographic provinee the Great Basin is characterized by a dry
climate, by interior drainage, and by a peculiar mountain system. Its later
history includes changes of climate, changes of drainage, voleanic eruption,
and crustal displacement. Lake Bonneville, the special theme of the vol-
ume, was a phenomenon of climate and drainage, but its complete history
includes an account of contemporaneous eruption and displacement.

When the work of the geologist is finished and his final comprehensive
report written, the longest and most important chapter will be upon the
latest and shortest of the geologic periods. The chapter will be longest
because the exceptional fullness of the record of the latest period will enable
him to set forth most completely its complex history. The changes of each
period—its erosion, its sedimentation, and its metamorphism—obliterate
part of the records of its predecessor and of all earlier periods, so that the
order of our knowledge of them must continue to be, as it now is, the
inverse order of their antiquity.

The great importance of the chapter on the latest period lies in the
fact that it will contain she key for the decipherment of the records of the
earlier. The records of those periods consist of the products of various
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2 LAKE BONNEVILLE.

processes of change, and these products are to be interpreted only through
a knowledge of the processes themselves. Many of the processes can be
directly observed at the present time, and it is by such observation, com-
bined with the study of freshly formed and perfectly preserved products,
that the relation of product to process is learned. It is through the study
of the phenomena of the latest period that the connection between present
processes of change and the products of past changes is established.

In view of these considerations the Bonneville study has been con-
ducted with a double object, the discovery of the local Pleistocene history
and the discovery of the processes by which the changes constituting this
history were wrought.

INTERIOR BASINS.

In physical geography the terms “basin” and ‘“‘drainage district” are
synonymous, and are used to indicate any area which is a unit as to drain-
age. The basin of a stream is the tract of country it drains, whether the
stream is a great river or the most insignificant tributary to a river. We
thus speak of the basin of the Ohio and of the basin of the Mississippi, and
say that the latter includes the former.  And it may be said in general that
the basin of any branching stream includes the basing of all its tributaries.

The basin of a lake is the tract of country of which it receives the
drainage, and it includes not only the basins of all affluent streams but the
area of the lake itself. The term “lake basin” is also applied to the depres-
sion occupied by the water of a lake and limited by its shores, and where
confusion might arise from the double use, the wider sens« is usually indi-
cated by the adjective “hydrographic” or its equivalent. If the lake has
an outlet its basin is a part of the basin of the effluent stream, but if it has
no outlet its basin is complete in itsclf, and is wholly encircled by a line of
water-parting. In such case it is called a continental, or interior, or closed,
or shut, or drainless basin. '

If an interior basin exists in a climate 3o arid that the superficial flow
of water, which constitutes drainage, is only potential and not actual, or
else is occasional only and not continuous, it contains no perennial laka
and is called a dry basin.
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The boundaries separating basins are water-partings or divides, and
these are of all characters, from the acute erests of mountain ranges to low
rolls of the plain scarcely discernible by the eye. Interior basins are com-
pletely encircled by lines of water-parting.

The existence of interior basins depends on two conditions: a suitable
topographic configuration and a suitable climate. The ordinary process of
land sculpture by running water does not produce cup-like basins, but tends
on the contrary to abolish them. Wherever a topographic cup exists the
strearns flowing toward it deposit within it their loads of detritus, and if
they are antagonized by no other agent eventually fill it. If the cup con-
tains a lake with outlet the outowing stream erodes the rim of the basin,
and eventually the lake is completely drained.

The work of streams occasionally produces topographic cups by the
rapid formation of alluvial deposits where two streams meet.  If the power
of one stream to deposit is greatly increased, or if the power of the other
stream to erode is greatly diminished, the one may build a dam athwart the
course of the other and thus produce a lake basin.

The great agent in the production of lake basins, or the agent which
has produced most of the large basins, is diastrophism,' and in a majority
of the cases in which basins are partitioned off by the alluvial process just
described, the change in the relative power of the streams is brought about
by diastrophisin.

Other basin-forming agencies are volcanic eruption, limestone sinks,
wind waves, dunes, land slides and glaciers. By far the greatest number
of topographic cups are due to glaciers; but with these we are not now
concerned.

The basins of ordinary lakes are distinguished from interior basins by
overflow, and that depends on climate. The rainfall of each basin is or
may be disposed of by three processes: first, evaporation from the soil and

'] find it advantageous to follow J. W. Powell in the use of diastrophism as a general term for
the process or processes of deformation of the earth’s crust. The products of diastrophism are conti-
nents, plateaus and mountains, ocean beds and valleys, faults and folds. Diastrophism is coordinate
with voleanism, and is the synonym of displacement and dislocation in the more general of the two
geologic meanings acqunired by each of those words. Its adjective is diastrophic.

It is eonvenient also to divide diastrophism into orogeny (mountain-making) and epeirogeny
(continent-making). The words epeirogeny and epeirogenic are defined in the opening paragraph of
chapter VIII.



4 LAKE BONNEVILLE.

from the vegetation supported by it; second, evaporationfrom a lake sur-
face; third, outflow. If the rainfall is sufficiently small, it is all returned
to the air by evaporation from the soil and vegetation, and the basin is dry.
If it is somewhat larger, the portion not directly evaporated accumulates in
the lowest depression, forming a lake, from the surface of which evaporation
is more rapid. . The area of the lake surfacc is determined by the arca of
the basin, the rainfall and the local rates of evaporation. The basin is
closed so long as a lake sufficient for the purpose of evaporation does not
require such an extent as to cause it to discharge at the lowest point of the
rim. The area enclosed by a contour passing through the lowest point
of the rim, the total area of the basin, aud the local climate are the three
factors which determine whether a given topographic eup shall constitute
an interior basin. If the area of a topographic cup and the area of the
maximum lake it can contain are nearly identical, it may constitute an in-
terior basin in a region of humid climate. If the contour through the lowest
point of the rim encloses an area very small in comparison with the entire
basin, the maintenance of an outlet is not inconsistent with an arid elimate.

If there were no erosion and sedimentation, unchecked upheaval and
subsidence would greatly multiply the number of basins.  On the contrary,
if all displacement should cease, and the foundations of the earth become
stable, erosion and sedimentation would merge all basins into one. The
actual state of the eartl’s surface is therefore at once the result and the
index of the continuous conflict between subterranean forces on the one
hiand and atmospheric on the other. The two processes which destroy ba-
sins are conditioned by climate. In an arid basin the inwashing of detritus
is slow and there is no outflow to corrade the rim; but with abundant rain-
fall the accamulation of detritus is rapid and corrasion g()nspires with it to
diminish the inequality between center and rim. In arid regions, therefore,
the formative subterranean forees are usually victorious in their conflict with
the destructive atmospherie forces, and as a result closed basins abound;
in humid regions the destructive agencies prevail and lake basins are rare.
In the present geologic age it is necessary to restrict this generalization to
lands in the lower latitudes, because the glaciation of the last geologic period
created an immense number of lake basings in humid regions of high latitude,
and running water has as yet made little progress in their destruction.
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THE GREAT BASIN.

The major part of the North American continent is drained by streams
flowing to the ocean, but there are a few restricted areas having no out-
ward drainage. The largest of these was called by Fremont, who first
achieved an adequate conception of its character and extent, the “Great
Basin,” and is still universally known by that name. It is not, as the title
might suggest, a single cup-shaped depression gathering its waters at a com-
mon eenter, but a broad area of varied surface, naturally divided into a
large number of independent drainage districts. It lies near the western
margin of the continent and is embraced by rivers tributary to the Pacific
Ocean.  Omn the north it is bounded by the drainage basin of the Columbia,
on the east by that of the Colorado of the West, and on the west by the
basins of the San Joaquin, the Sacramento, and numerous minor streams.
The central portion of the western watev-parting is the crest of the Sierra
Nevada, one of the greatest mountain masses of the United States, and far-
ther south high mountains constitute much of the boundary. The northern
half of the eastern boundary is likewise high, winding through the region
of the High Plateaus. The remainder of the beundary does not follow any
continuous line of upland, but erosses mountain ranges and the intervening
valleys without being itself marked by any conspicuous elevations. It is
defined only through a study of the drainage. The general form of the
area, as exhibited on Plate 11, is rudely triangular, with the most acute angle
southward. The extreme length in a direction somewhat west of north and
east of south is about 880 miles, the extreme breadth from east to west, in
latitude 40° 307, is 572 miles, and the total area is approximately 210,000
square miles.  Of political divisions it includes nearly thewhole of Nevada,
the western half of Utal, a strip along the eastern border of California and
a large area in the southern part of the State, another large area in south-
eastern Oregon, and smaller portions of southeastern Idaho and southwest-
ern Wyoming. The southern apex extends into the territory of Mexico at
the head of the peninsula of Lower California.

The region is occupied by a number of mountain ridges which betray
system by their parallelism and by their agreement in a peculiar structure.
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Their general trend is northerly, inclining eastward in the northern part of
the basin and westward at the south. The individual ridges are usually
not of great length, and they are so disposed en echelon that the traveler
winding among them may traverse the basin from east to west without
crossing a mountain pass. The type of structure is that of the faulted mono-
cline, in whieh the mountain ridge is produced by the uptilting of an oro-
genic bloek from one side of a line of fracture, and it has been named (from
the region) the Basin Range type. Its distribution, however, does not coin-
cide perfectly with the district of interior drainage. On the one hand the
Great Dasin includes along its eastern margin a portion of the Plateau
province, with its peculiar structural type, and on the other the Basin Range
province extends southward through Arizona to New Mexico and Mexico.

Between the ranges are smooth valleys, whose alluvial slopes and floors
are built'of the débris washed through many ages from the mountains. In
general they are trough-like, but in places they coalesce and assume the
character of plains. The plains occupy in general the less elevated regions,
where an exceptional amount of detritus has been accumulated. In the local
terminology they are called deserts. The largest are the Great Salt Lake
and Carson deserts at the north and the Mojave and Colorado deserts at the
south. The Escalante, the Sevier, the Amargosa, and the Ralston are of
subordinate importance.

Where the basin is broadest, the general elevation of its lowlands is
about 5,000 feet, but they are somewhat higher midway between the eastern
and western margins, so as to separate two areas of relative depression, the
eastern marked by the Great Salt Lake and Sevier deserts, and the western
by the Carson desert. Southward there is a gradual and irregular descent
to about sea-level, and limited areas in Death Valley and Coahuila Valley lie
lower than the surface of the ocean.

"The aridity of the region is shown instrumentally by the records of
rainfall and atmospheric humidity. On the broad plain bounded east and
west by the Appalachian Mountains and the Mississippt River, 43 inches of
of rain falls in a year. On the lowlands of the Great Basin there falls but 7
inches. In the former region the average moisture content of the air is 69
per cent of that necessary for saturation; in the lowlands of the Great
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Basin it is 45 per cent.! From the surface of Lake Michigan evaporation re-
moves each year a layer of water 22 inches deep? The writer has estimated
that 80 inches are yearly thus removed from Great Salt Lake,® and Mr.
Thomas Russell has computed from annual means of temperature, vapor
tension, and wind velocity that in the lowlands of the Great Basin the an-
nual rate of evaporation from water surfaces ranges from 60 inches at the
north to 150 inches at the south.* .

The variation with latitade exhibited by the evaporation is found also,
inversely, in the raintall, but is not clearly apparent in the humidity. In
the southern third of the Basin the lowlaud rainfall ranges from 2 to 5 inches.
On the line of the Central Pacific Railroad, between the 40th and 42d par-
allels, it averages 7 inches; i the Oregonian arm at the north, 15 inches.
The average lowland precipitation for the whole area is between 6 and 7
inches.  With the relative humidity approximately constant, the evapora-
tion rate varies directly and the rainfall inversely with the temperature, and
both latitude and altitude here make the lowland temperature fall toward
the north.  The sympathy of rainfall with temperature is likewise shown in
the greater precipitation of the mountains as compared with adjacent valleys.
Mountain stations proper are wanting, but rain-gauge records on the flanks
and in the passes of mountains show a marked advantage over those in
neighboring lowlands.  An estimaie based on these, on the records at high
points in the Sierra Nevada, and on approximate knowledge of the heights
and areas of the mountains and plateaus of the Great Basin, places the
average precipitation for the whole district at 10 inches.

The story of climate is more eloquently told by the hydrography and
the vegetation. In the valleys of the northwestern arm of the basin there
are numerous lakes, drainless and of varying extent, but fed by streams
from mountain ranges of moderate size. In the middle region the only per-
ennial lakes are associated with mountain masses of the first rank. The

'These figures and those in the preceding sentences are based on data compiled by the U, 8, Sig-
nal 8Service. Through the courtesy of Gen. A. W. Greely, Chief Signal Officer, the writer has had
aceess to manuscript data as well as printed.

2D, Farrand Heury, in a report on the meteorology of the Laurentian lakes. Rept. of Chief of
Engineers for the year 1808. Washington, 1869, p. Y80.

3Report on the lands of the Arid Region . . . , J. W. Powell, 24 ed., Washington, 1879, p. 73.
iMS. report to the Chief Signal Officer,



8 LAKE BONNEVILLE.

great Sierra forming the western wall of the basin receives each winter a
heavy coating of snow——the greater part on the side of the great Californian
valley, but enough east of the water-parting to maintain a line of lakes in
the marginal valleys of the Great Basin. The Wasatch range and its asso-
ciated plateans, overlooking the Basin from the east, are less favored than
the Sierra, but still receive an important precipitation, and by gathering the
drainage from a large area, support Great Salt Lake, the largest of the Ba-
sin’s water sheets. The East Humboldt Range, standing midway, and one
of the largest mountain masses within the basin area, catches enough moist-
ure to feed at one base two small lakes and at the other the Humboldt
River. The neighboring and smaller mountains are whitened every winter
by snow, a large share of which either evaporates without melting or, if
melted, is absorbed by the soil, to be returned to the thirsty air without
gathering in drainage ways. Many of them are without perennial streams;
some even lack springs; and of the mountain creeks, few are strong enough
to reach the valleys before succumbing to the ravenous desert air. The
Humboldt itself, though fairly entitled to the name of river, dwindles as it
goes, so that its remnant after a course of two hundred miles is able to sus-
tain an evaporation lake barely twenty-five square miles in extent. Most
of the small closed basins are without permanent cereck or lake, containing
at the lowest point a playa or “alkali flat”— a bare, level floor of fine saline
earth, or perhaps of salt, over which a few inches of water gather in time
of storm. .

In the southern half of the Basin there are no lakes dependent for their
water on the interior ranges. At the cast the most southerly lake is Sevier,
in latitude 39°; the last of the lakes sustained by the Sierra is Owens, be-
tween the 86th and 37th parallels. Then for three hundred miles evapora-
tion is supreme. Playas abound, streams are almost unknown, and springs
are rare.  Death Valley, with its floor of salt spread lower than the surface
of the ocean, is overlooked on either side by mountains from 5,000 to 10,000
feet high, but they yield it no flowing stream, and more than one traveler
has perished from thirst while endeavoring to pass from spring to spring.
The Mohave “river” is a hundred miles long, but it preserves its life only
by concealment, creeping through the gravel of the desert and betraying
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its existence only where ledges of rock athwart its course force it to the
surface.

As in other desert regions, precipitation here results only from cyclonie
disturbance, either broad or loeal, is extremely irregular, and is often vio-
leut.  Sooner or later the “cloud=burst” visits every tract, and when it comes
the local drainage-way discharges in a few hours more water than is yielded
to it by the ordinary precipitation of many vears. The deluge scours out
a chanuel which is far too deep and broad for ordinary needs and which
centuries may not suffice to efface.  The abundance of these trenches, in
rarious stages of obliteration, but all manifestly uusuited to the every-day
conditions of the country, has natarally led many to believe that an age of

excessive rainfall has but just ceased—an opinion not rarely advanced by
travelers in other arid regions. So far as may be judged from the size of
the chaunels draining small catcliment basins, the rare, brief, paroxysmal
precipitation of the desert is at least equal while it lasts to the rainfall of the
fertile plain. .

A line of cottonwoods marks the course of each living stream, but
otherwise the lowlands are trecless.  So are most of the alluvial foot-slopes
and some of the smaller mountains, especially at the south. Except on the
high plateaus in central Utaly, there is little that may be called forest.  The
greater mountains have much timber in their recesses, but are not clothed
with trees. The growth is so irregular and interrupted that the idea of a
tree limit could not have originated here, but it may be said that only the
strageling bush-like cedar passes below 6,000 feet at the north or 7,000 feet
at the south. Only conifers are of such size and abundance as to have
economic importance.  Oak and maple grow commonly as bushes, forming
low thickets, but occasionally rank as small trees, along with the rarer hox-
elder, ash, locust, and hackberry. The characteristic covering of the low-
lands is a sparse growth of low bushes, between which the earth is bare,
excepting scattered tufts of grass.  Toward the north, and especially on the
higher plains, the grass is naturally more abundant and the bushes oceupy
less space, but the introduction of domestic herds favors the ascendency of
the bushes. At the south the bushes are partly of different species, and they
are partially replaced by cactuses and other thorny plants. The playas are
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bare of all vegetation and are usually margined by a growth of salt-loving
shrubs and grasses. A single southern bush bears leaves of deep green, but
with this exception the desert plants are grey, like the desert soil. These,
and the persistent haze whose grey veil deadens all the landscape, weary
the eye with their monotony, so that the vivid green marking the distant
spring is welcome for its own sake as well as for the promise of refreshment
to the thirsty traveler.

The causes of this arid climate lie in the general circulation of the
atmosphere, in the currents of the Pacific Ocean, and in the configuration
of the land. There is a slow aerial drift from west to east, so that the air
coming to the Basin has previously traversed a portion of the Pacific, to
which its temperature and humidity have become adjusted. Off the west
coast of the United States there is a southward current, believed to be the
chief branch of the Kuro Siwa. Prof. George Davidson® estimates its width
at about 300 miles, and finds that its temperature rises with southward
advance only one degree Fahrenheit for each degree of latitude. Being
derived from a north-moving current, it reaches our coast with a tempera-
ture higher than that normal to the latitude, while at the south its tempera-
ture is below the normal. As pointed out by Dutton,? the air passing from
it to the land at the north is cooled by the land and precipitates moisture,
while the similar air-current at the south is warmed by the land and con-
verted to a drying wind. The Great Basin falls within the influence of the
drying wind, its southern part being more affected than its northern. At the
extreme south and the extreme north the mountains between the ocean and
the Basin do not greatly interfere with the eastward flow of air, but between
latitudes 35° and 41° the Sierra Nevada forms a continuous wall, rarely less
than ten thousand feet high. In rising to pass this obstruction the air loses
much of its stored moisture, especially in winter, and it descends to the Basin
with diminished humidity. The Basin is further influenced by deviations of
the air-currents from the castward direction, and its southern part falls in
summer within the zone of calms theoretically due to a descending current
at the margin of the northern trade-wind; but observational data are too

meager for the discussion of these factors.

! Letter to the writer.
2Canse of the Arid Climate of the western portion of the U. 8., Capt. C. E. Dutton: Am. Jour.

Sci., 3d ser., vol. 22, p. 249.
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The southern portions of Arizona and New Mexico and the western part
of Texas resemble the Great Basin in climate, and they contain a number
of small interior basins. These are not so fully determined in extent as the
Great Basin, but several of them may be approximately indicated. One of
the largest lies between the Rio Grande and its eastern branch, the Pecos,
extending from latitude 35° in central New Mexico to latitude 319 in west-
ern Texas. In its broadest part it is bounded on the west by the San An-
dreas and Organ Mountains, and on the east by the Sacramento and Guada-
loupe. Its area, of whieh two-thirds lies in New Mexico, is about 12,500
square miles. Southwest of the Rio Grande, in Mexico, there is a larger
tract of interior drainage, containing a number of saline lakes, and to one
of these, Lake Guzman, the valley of the Mimbres River of New Mexico
descends.  Other basins adjacent on either side to that of the Mimbres are
believed to bear the same relation to Lake Guzman, sloping gently toward
it, but contributing no water unless during periods of rare and exceptional
storm. Yet other basins without exterior drainage are contiguous to these,
and unite to form in southwestern New Mexico an arm of the Mexican
district of interior drainage, the area within New Mexico probably falling
between 7,000 and 7,500 square miles. North of this, and intersected cen-
trally by the 103d meridian and the 84th parallel, lies a smaller basin, includ-
ing the plain of San Augustin. Its area is about 1,800 square miles. - In
southeastern Arizona a slightly smaller basin lies between the Caliyuro and
Dragoon Mountains on the west and the Pinalefio and Chiricahua Mount-
ains on the east, including the Playa de los Pimas.  Another and still smaller
basin is known to exist in the Hualapi Valley of northwestern Arizona, anc
it is probable that others occur in the western part of the Territory, both
north and south of the Gila River. When all have been determined and
measured, it is estimated that the total area of the interior basins of the United
States, additional to the Great- Basin, will be found equal to 25,000 square
miles, making the crmnd total for the United States about 232,000 square
miles—the thirteenth part of our territory. Mexico contains other inland
districts besides the one mentioned above, and the total area in that country
may be one-third as great as ours. It is probable that the remainder of the
continent drains to the ocean.
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Large as are these districts, it is nevertheless true that North America,
as compared with other continents, is not characterized by interior drainage.
According to data compiled by Murray, the closed basins in Australia aggre-
gate H2 per cent of its area, those of Africa 31 per cent, of Eurasia 28 per
cent, of South America 7.2 per cent, of North America 3.2 per cent' The
Great Basin is great only in comparison with similar districts of our own
continent. The interior district of the Argentine Republic and Bolivia is
half as large again, and that of central Australia exceeds the Great Basin
seven times; Sahara exeeeds it sixteen times, and the interior distriet of Asia
twenty-three times.

HISTORY OF INVESTIGATION.

The history of the early geographic exploration of the Great Basin has
been carefully detailed by Simpson in the introduction to the report of his
own expedition. In 1776 it was penetrated by Padre Escalante from the
sontheast, and about the same time its southern rim was crossed by Padre
Graces, but it does not appear that they discovered the peculiarity of its
drainage. From about 1820 to 1835 the northern and broader portidn of
the basin was gradually explored by Indian-traders, who learned of the
existence of undrained lakes and passed the account from mouth to mouth,
but made no maps and published no accounts of their discoveries. Capt.
Bonneville, an army officer on leave, traveling in the interest of the fur
trade but with the spirit of exploration, took notes of geographic value
(1833), which were put in shape and published after a lapse of some years
by Washington Irving, and his map is probably the first which represents
interior drainage. While Irving’s account was in press, Fremont was en-
gaged in his justly celebrated exploration which afforded to the world the
first clear conception of the hydrography of the region? Since that time
numerons expeditions, public and private, have contributed details, so that
now the external boundary of the Great Basin is well known except at the
extreme south, and its internal configuration has been described and mapped
throughout four-fifths of its extent. - v

''The total annnal rainfall of the land of the globe, and the relation of rainfall to the annunal dis.
charge of rivers. By John Murray. Scottish Geog. Mag. vel 3, pp. 65-77.

2Report of the Exploring Expedition to the Rocky Monntains in the yeaf 1842 and to Oregon and
North California in the years 1343-'44, by Brevet-Capt. J. C. Fremont. Washington, 1845,
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Our knowledge of that lacustrine history to which the present volume
is a contribution beging with Stansbury. Fremont, finding a line of drift-
wood a few feet above the water of Great Salt Lake, inferred a small varia-
tion of its level, but appears to have overlooked the ancient shore-lines ter-
racing the mountains round about. IHe described the coating of tufa on the
valley sides near Pyramid Lake, and the thought that it might be a lacust-
rine deposit occurred to Iiimm, but was deemed inadmissible on account of the
thickness of the formation.

Stansbury in 1849 and 1850 made an elaborate survey of Great Salt
Lake and its vieinity, meandering its shore, determining its depth by a series
of soundings, and controlling his work by a system of triangulation. In
his itinerary, while deseribing the plain where now stands Lakeside station
of the Central Pacific railway, he says:

This extensive flat appears to have formed, at one time, the northern portion of
the lake, for it is now but siightly above its present level. Upon the slope of a ridge
connected with this piain, thirteen distinet successive benches, or water-marks, were
counted, which had evidently, at one time, been washed by the lake, and must have
been the result of its action continued for some tiine at each level. The highest of
these is now about two hundred feet above the valley, which bhas itself been left by
the lake, owing probably to gradual elevation oceasioned by subterraneous causes. 1If
this supposition be correct, and all appearances conspire to support it, there must have
been here at some former period a vast inland sea, extending for hundreds of miles;
and the isolated mountains which now tower from the flats, forming its western and
southwestern shores, were doubtless huge islands similar to those which now rise
from the diminished waters of the lake.!

One of his sketches of I'remont Island, reproduced in a lithograph
facing page 102 of his report, exhibits terraces of the same sort, and he says
in another place that the island, which is “at least 800 or 900 feet Ligh,”
presented “the appearance of regular beaches, bounded by what seemed
to have been well-defined and perfectly horizontal water-lines, at different
heights above each other, as if the water had settled at intervals to a lower
level, leaving the marks of its former clevation distinetly traced upon the
hillside. This continued nearly to the summit, and was most apparent on

the northeastern side of the island.”?

'Exploration and Suarvey of the Valley of the Great Salt Lake of Utah, . . . . by Howard Stans-
bury, Capt. Top. Eng., Philadelphia, 1852, p. 105.
21bid. p. 160.



14 LAKE BONNEVILLE.

Beckwith, who led a geographic expedition across the Great Basin in
1854, makes the next advance in the description of the lacustrine phenom-
ena, and his contribution is so important that I quote it entire:

The old shore-lines existing in the vieinity of the Great Salt Lake present an
interesting study. Some of them are elevated but a few feet (from five to twenty)
above the present level of the lake, and are as distinet and as well defined and pre-
served as its present beaches; and Stansbury speaks, in the Report of his exploration,
pages 158160, of dritt-wood still existing upon those having an elevation of five feet
above the lake, which unmistakably indicates the remarkably recent recession of the
waters which formed them, whilst their magnitnde and smoothly-worn forms as nnmis-
takably indicate the levels which the waters mwaintained, at their respective forma-
tions, for very considerable periods.

In the Tuilla Valley, at the south end of the lake, they are so remarkably distinct
and peculiar in form and position that one of them, on which we {raveled in crossing
that valley on the 7Tth of May, attracted the observation of the least informed team-
sters of our party—to whom it appeared artificial. Its elevation we judged to be twenty
feet above the present level of the lake. It is also twelve or fifteen feet above the
plain to the south of it, and is several miles long; but it is narrow, only affording a
fine roadway, and is crescent-formed, and terminates to the west as thongh it had once
formed a eape, projeeting into the lake from the mountains on the east—in miniatare,
perhaps, not unlike the strip of land dividing the sea of Azoff from the Putrid sea.
From this beach the Tuilla Valley ascends gradually towards the south, and in a few
miles becownes partly blocked up by a cross-range of mountains, with passages at either
end, however, leading over quite as remarkable beaches into what is known, to the
Mormons, as Rush Valley, in which there are still small lakes or ponds, once, doubt-
less, forming part of the Great Salt Lake.

The recessious of the waters of the lake from the beaches at these comparatively
slight elevations, took place, beyond alt doubt, within a very modern geological period;
and the volume of the water of the lake at each subsidence—by whatever cause pro-
duced, and whether by gradual or spasmodic action-seems as plainly to have been
diminished; for its present volume is not sufficient to form a lake of even two or three
feet in depth, over the area indicated by these shores, and, if existing, would be annu-
ally dried up during the summer.

These banks—which so e¢learly seem to have been formed and left dry within a
period so recent that it would seem impossible for the waters which formed them to
bave escaped into the sea, either by great convulsions, opening passages for them, or
by the graduoal breaking of the distant shore (rim of the Basin) and draining them off,
without having left abundant records of the escaping waters, as legible at least as the
old shores they formed-—are not peculiar to the vieinity of this lake of the Basin,
but were observed near the lakes in Franklin Valley, and will probably be found
near other lakes, and in the nnmerons small basins which, united, form the Great
Basin.

But high above these diminutive banks of recent date, on the mountains to the
east, south and west, and on the islands of the Great Salt Lake, formations are seen,
preserving, apparently, a uniform elevation as far as the eye can extend—formations
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on a magnificent scale, which, hastily examined, seem no less unmistakably thaun the
furmer to indicate their shore origin. They are elevated from two or three hundred to
six or eight hundred feet above the present lake; and if upon a thorough examination
they prove to be ancient shores, they will perhaps afford (being easily traced on the
numerous mountains of the Basiu) the means of determining the churacter of the sea
by which they were formed, whether an internal one, subsequently drained off by the
breaking or wearing away of the rim of the Basin—of the existence of which at any
time, in the form of continuons elevated mountain chaius, there seems at present but
little ground for believing—or an arm of the main sea, which, with the contiuent, has
been elevated to its present position, and drained by the successive stages indicated
by these shores.!

A year earlier Blake explored the Colorado desert between San Diego
and Fort Yuma, finding unmistakable evidence of its former occupation by
a lake. He observed a shore line, tufa deposits, and lacustrine clays, and
in the clays and tufa, as well as scattered over the surface of the desert, he
found fresh-water shells, and a single brackish shell, Gnathodon. His de-
seription and discussion are full and eminently satisfactory, but his expla-
nation takes the lake he describes out of the field of present interest, for he
shows that only its disappearance and not its origin is to be ascribed to
climate. The lake basin was created by the growth of the delta of the Col-
orado River, which was built across the Gulf of California, separating a
portion of its upper end. When the river, shifting on its delta, is turned to
the right, a lake is maintained behind the barrier, a lake with outlet to the
Gulf, and therefore fresh. When the river turns to the left, it flows directly
to the Gulf, and the lake is dried away. The latter is the present and his-
torie condition, but occasionally at extreme flood a portion of the river's
water has been known to flow for many miles toward the desiccated basin.?
7 Simpson, exploring for wagon routes in the broadest part of the Great
Basin, in 1859,° observed in Cedar and Rush valleys the sanie water lines
that had been scen by Stansbury farther north;-and Henry Engelmann,
the geologist of his party, noted not only shore terraces but lacustrine silt
and tufa and fresh-water shells. He points out that the saltness of the

iExplorations . . . from the mouth of the Kansas River, Mo., to the Sevier Lake, in the Great
Basin. By Lieut. E. G. Beckwith, Foot note to p. 97. In Pacific Railroad reports, vol. 2, Washing-
ton, 1855,

#Geological Report, by William P. Blake, In Pacific Railway Reports, vol. 5, 1856, pp. 97-99,
236-239.

3 Explorations across the Great Basin of the Territory of Utah for a direct wagon-route from
Camp Floyd to Genoa, in Carson Valley, in 1859, by Captain J. H. Simpson, Washington, 1876,
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Basin lakes is inconsistent with the prevalent impression that they possess
subterranean outlets, and comparing their former with their present extent,
refers the difference to climate. He argues that the present geographie con-
ditions tend to the diminution of rainfall, and that under them the basin has
become progressively more and more arid.  But thére is nothing in his dis-
cussion serving to explain the greater humidity of the preceding age.

The reports of Simpson and Engelmann, though prepared in manu-
script immediately after the completion of their exploration, were not printed
until 1878, and in the mean time many observers saw the lake vestiges and
wrote upon them. Whitney, visiting Mono Lake in 1863, and noticing old
shore-lines rising in a series to the height of 600 feet above the water, raised
the question—for many years unanswered—whether the old lake was con-
fined to the Mono Valley or communicated with lakes in other valleys of the
Great Basin, and pointed out that whatever conditions produced the ancient
glaciers of the adjacent Sierra were competent to expand the lake! Hay-
den in 1870 examined the old shore-lines in the immediate vicinity of Great
Salt Lake, correctly correlated them with lacustrine deposits at various
points, showed their recency as compared to the later Tertiary beds of the
vicinity, and referred them to the Quaternary. He also found shells in the
deposits, and from their character recognized the freshness of the old lake.?
Bradley, two years later, recognized the broad terraces flanking Ogden
River and other streams of the vicinity as deltas built by the same streams
in the ancient lake, observed that the Ogden delta deposits extended into
the mountain canyon of the river, and drew the important conclusion that
before the age of the high terraces Great Salt Lake was not far, if at all,
above its present level.® About the same time Poole made additional obser-
vations on the shore-lines of the same basin and traced them as far westward
as the Deep Creek Mountains.*

The observations of Hayden, Bradley, and Poole were independent
and original, and by reason of priority of publication they belong to the

IGeol. Burv. of California, Geology, vol. 1, by J. D, Whitney. Pliladelphia 1865, pp. 451-452,

2. 8, Geol. Surv. of Wyoming. . . 1870, by F. V. Hayden. Washington, 1872, pp. 169, 170,
1782, 175,

3 Report of Frank H. Bradley, in U. 8. Geol. Surv. of the Territories, Rept. for 1872, Washing-
ton, 1873, pp. 192, 196,
4The Great American Desert, by Henry S, Poole: Proé. Nova Scotia Inst. Nat. Sei., vol. 3, pp.
208-220, :
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history of the subject, but, as already mentioned, they were partially an-
ticipated by those of Simpson and Engelmann, and wholly anticipated by
those of King, Hague and Emmons, the geologists of the Fortieth Parallel
Exploration. The work of this corps covered a belt one hundred miles
broad, spanning the Great Basin in its broadest part, and within this belt
the Pleistocene lakes were studied and for the first time approximately
mapped. It was shown that the corrugated surface of the Great Basin in
this latitude is higher in the middle than at the east and west margins, war-
ranting a general subdivision into the Utah Basin, the Nevada Plateau and
the Nevada Basin; that the Utah Basin formerly contammed a large lake,
Bonneville, extending both north and south beyond the belt of survey; that
the Nevada Basin contained a similar lake, Lahontan, likewise exceed-
ing the limits of the belt; and that the valleys of the central plateau held
within the belt no less than eight small Pleistocene lakes. The mechanical
sediments and chemical deposits of the lakes were studied, and were ascer-
tained to overlie subaerial gravels, thus proving that a dry climate had pre-
ceded the humid climate of the lake epoch; and it was inferred from the
chemical deposits of Lake Lahontan that the iake had been twice formed
and twice dried away.!

The field work that afforded this important body of information was
performed chiefly in the years 1867-70, but publication was delayed till
1877-78. In 1872 Howell and the writer, traveling with topograplic par-
ties of the Wheeler Survey, traversed the Utah Basin on many lines, and
our reports, printed in 1874 and 1875, contained an account of Lake Bon-
neville, the extent of which we were able to indicate with inconsiderable
error, and to which the writer gave a name.? Thus, by an accident of pub-
lication, King and his colleagues lost that literary priority in regard to Lake
B()uuevﬂlc to which they were fairly entitled by priority of investigation.

lGeol prl of bhe 40th Parallel. Vol. 1, Systematic Geology, by Clarence King. Washmgton,
1278; vol. 2, Descriptive Geology, by Arno!d Hague and 8. F. Emmons. Washington, 1877,

2Prelim. Geol. Rept. by G. K. Gilbert; Appendix D to Progress Rept. Expl. aud Sur. W. of
the 100th Mer. in 1872, Washington, 1874, pp. 49-50.

Explorations aud Surveys west of the 100th Meridian, vol. 3, Geology. Washington, 1875. Part
1, by G. K. Gilbert, treats of Lake Bonneville on pp. 88-104. Part 3, by Edwin E. Howell, treats of
Lake Bonneville on pp. 249-251.

MON I 2
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In 1877 Peale observed shore terraces in various parts of Cache valley!

From 1875 to 1878 I spent each summer in Utah as a member of the
Powell survey, and found many opportunities in connection with other work
to continue the study of Lake Bonneville. This was especially the case in
1877, when the duty of gathering information as to the irvigable land of the
basin of Great Salt Lake led me all about the margin of the Salt Lake desert.
When the corps for western surveys were reorganized in 1879, I was placed
in charge of the Division of the Great Basin, with the understanding that the
Pleistocene lakes, previously investigated only in an incidental way, should
form a principal subject of study. Late in the season some months were
spent in the field, with Mr. W. D. Johnson as assistant; and a corps was
organized the following year. Of this corps, Mr. Israel C. Russell was prin-
cipal assistant, and he remained with the work from first to last, being
assigned independent investigations after the first season. Messrs. H. A.
Wheeler, W. J. McGee, and Geo. M. Wright took part in the geologic work
tor shorter periods.  Messrs. Gilbert Thompson, Albert L. Webster, Willard
D. Johnson, and Eugene Ricksecker, associated with the work at various
times as topographers, and Messrs. Fred. D. Owen, J. B. Bernadou, and E.
R. Trowbridge, temporarily attached to field parties as general assistants,
all contributed to the mapping and illustration of the lake phenomena.

The field work of the year 1880 was in the Bonneville Basin, and little
was afterward donein that area. In 1881 Mr. Russell made a preliminary
examination of the vestiges of Lake Lahontan in the Nevada Basin and of
the Mono Basin, and in the following spring extended his reconnaissance
to the lake basins of southeastern Oregon. I was called to Washington in
the spring of 1881 on duty supposed to be temporary, but remained there
until the following year, when the work of the Survey, previously restricted
to the western Territories, was extended by Congress to the eastern States
also.  As the enlargement of field and function was not accompanied by an
equivalent increase of funds, it became necessary to curtail the western
work of the Survey, and it was decided to stop the investigation of the
Pleistocene lakes as soon as this could be done without great sacrifice of

1Report of A. C. Peale, in U. 8. Geol. Surv, of the Territories for 1877, Washington, 1879, pp.
603-606.
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material already acquired. Mr. Russell completed the study of the Lahon-
tan and Mono Basing by the close of the season of 1883 and then returned
east. 1 made a single excursion in the summer of 1883, devoting a few
weeks to supplementary observations in the Bonneville, Lahontan, and Mono
Basins, and visiting Owens Valley :to examine the geologic features of the
Inyo earthquake. The examination of the more southerly valleys of the
Great Basin, the study of the brines and saline deposits, and the elaborate
measurement of post-Pleistocene displacements, are indefinitely deferred.

The results of the investigation have been communicated in a series of
reports, essays, and memoirs. An outline of the Bonneville history was
published by me in 1882, and an essay on shore topography in 18857
Russell’s results have appeared in a preliminary report on Lake Lahontan,?
reports on the Oregon basins*® and the Mono Basin,® and a monograph on
Lake Lahontan.® An essay on the Pleistocene fresh-water shells was pre-
pared and published by Call,” and one on the pseudomorph thinolite by
Dana® The present publication completes the series.

tContributions to the history of Lake Bonneville: Second Ann. Rept. U. 8. Geol. Survey. Wash-
ington, 1282, pp. 160-200.

2The topographic features of lake shores: Fifth Ann. Rept. U. 8. Geol, Survey. Washington,
1885, pp. 76-123.

A discussion of post-Bonneville displacement appeared in an address “The Inculeation of Scien-
tific Method by Example,” read to the American Society of Naturalists Dec. 27, 18385, aud printed
in the Am. Jour. Sei,, vol. 31, pp. 284-209. A description of the jointed structnre of the Bonneville
beds was printed in the Am. Jour. 8ci., 3d Series, Vol. 23, 1832, pp. 25-27.

38ketch of the Geological History of Lake Lahontan: Third Ann. Rept. U. 8. Geol. Survey., Wash-
ington, 1883, pp. 189235,

+A geological reconnaissance in Southern Qregon: Fourth Aunu. Rept. U. 8. Geol. Survey. Wash-
ington, 1885, pp. 431-164,

5Quaternary history of Mono Valley, California: Lighth Ann. Rept. U. 8. Geol. Survey. Washiug-
ton, 1880, pp. 261-394.

s Geological History of Lake Lahontan: Mon. U. 8. Geol. Survey, No 11, Washington, 1885, pp. 302.

Other publications by Mr. Russell containing portions of the same material are—

Lakes of the Great Basiu: Science, vol. 3, 1884, pp 322-323.

Deposits of Voleanic Dust in the Great Basin: Bull. Phil. 8oc., Washington, vol. 7, 1885, pp. 1820,
Notes on the Faults of the Great Basin, . . .: Buall. Phil. Soc. Washington, vol. 9, 1887, pp. 5~5.
The Great Basin. In Overland Monthly, 2d Beries, vol. 11, 1888, pp, 420-426.

70On the Quaternary and Recent Mollusca of the Great Basin, with descriptions of new forms. By
R. Ellsworth Call.. Introduced by a Sketch of the Quaternary Lakes of the Great Basin, by G. K.
Gilbert. Bull. U. 8. Geol. Survey No. 11,1854, 56 pp.

# A Crystallographic Stady of the Thinolite of Lake Lahoutan. By Edward 8. Dana. Bull. U. 8.
Geol. Survey No. 12,1884, 29 pp.
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THE BONNEVILLE BASIN.

The Great Basin comprises a large number of subsidiary closed basins,
each draining to a lake or playa. About sixty of these could be enumerated
from present knowledge, and the full number may be as high as one hun-
dred. In the last geologic epoch a more humid climate converted many,
or perhaps all; of these playas into lakes, and enlarged all the lakes. Some
lakes overflowed the rims of their basins, becoming tributary to others; and
the lakes of adjacent basins in many instances expanded until they became
confluent. A few of the overflowing lakes discharged across the rim of the
Great Basin, thus becoming tributary to the ocean, and subtracting their
catchment basins from the district of interior drainage. In the remaining
portion of the district the number of independent drainage areas was reduced
by coalescence.

The largest of the confluent lakes were formed at the eastern and
western marging o6f the Great Basin, being separated by the plateau of
eastern Nevada. Lake Lahontan at the west was fed chiefly by the snows
of the Sierra Nevada, Lake Bonneville at the east by those of the Wasatch
and Uinta mountains.

The catchment basin of Lake Bonneville comprises that part of the
Great Basin lying east of the Grosiute, Snake, and Pifion mountains of east-

ern Nevada—an oblong area embracing about five degrees of latitude and
three of longitude, and containing about 54,000 square miles, or the fourth
part of the area of the Great Basin.  Its western two-thirds may be described
as a plain ranging in altitude from 4,200 to 5,500 feet above tide, and more-
or less interrupted by short mountain ranges trending north and south. At
the north, where the mountains are comparatively few and small, the barren
plain is called the Great Salt Lake Desert, and similar open stretches at the
south are named the Sevier Desert and the Escalante Desert.  The eastern
third is much higher, including the lofty Wasatch Range and its dependen-
cies, the western end of the still loftier Uinta Range, and the western part
of the district of the High Plateaus. Several peaks of the Wasatch and
Uinta Mountains rise above the level of 12,000 feet, and the High Plateaus
culminate near Beaver in the Tushar ridge with peaks of similar altitude.
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The eastern uplands are the only important condensers of moisture,
and from them flow a system of rivers whose waters are evaporated in the
salt lakes of the lowlands. The Bear, the Weber, and the Provo-Jordan
have their principal sources in the Uinta Mountains, and break through the
Wasatch Range on their way to Great Salt Lake. One of the upper val-
leys traversed by the Bear River contains Bear Lake, a body of fresh water;
and Utah Lake, likewise fresh, receives the Provo and discharges the Jor-
dan. The Sevier River, after flowing 150 miles northward among® the
plateaus, receives the San Pete from the north and then turns webtward
to Sevier Lake, the saline of the Sevier Desert.

The eastern uplands are better timbered than any other part of the Great
Basin. The upland valleys are fertile, but having a climate too cool for
agriculture are devoted to grazing and maintain only a scant population.
The western plain is infertile by reason of aridity, and is almost without
inhabitants. The lower valleys of the rivers, where they issue from the
uplands upon the plain, have a climate suited for agriculture, are rendered
fertile by irrigation, and constitute a habitable zone, over which the Mor-
mon community has spread.

To understand fully the topographic relations described above, the
reader should examine the large map of Lake Bonneville (in a pocket
attached to the cover of this volume), where the reliefs are expressed by
contour lines at each 1,000 feet; and also Plate XII, whereon are marked
the boundary of the Bonneville Basin and the boundaries of the equivalent
group of smaller basins as they exist at the present time. He will find also
that the plate supplerents the expression of the distribution of the uplands,
by contrasting the area above 7,000 feet with the area below; and he can
learn from it move readily than through words the relation of the basin to
the political divisions of the country. By turning again to Plate II he will
see that the Bonneville basin adjoins interior drainage only on the west;
its northern rim parts it from the basin of Snake River, a branch of the
(Clolumbia, its eastern and southern: from the basin of the Colorado of the
West. The more important streams heading near the northern rim and
flowing to the Snake are the Salt, Blackfoot, Portneuf, Bannack, and Raft.
In the eastern rim rise Black’s Fork, the Uinta, and the Price, all tributary
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to the Gireen before it joins the Colorado, and the San Rafael, Fremont, and
Escalante, immediate tributaries of the Colorado. The Paria, Kanab, and
Virgen flow to the Colorado from the southern rim.

CHRONOLOGIC NOMENCLATURE.

The geologic period to which the Bonneville history has been referred
has three names in good standing, Quaternary, Pleistocene, and Glacial.
Each name varies more or less in scope as used by different authors, but as
ordinarily understood the three are strictly synonymous. In earlier writ-
ings I have preferred Quaternary, in the present I prefer Pleistocene.

No vital principle is involved in either preference, and indeed I am not
of those who clamor for the rights of words. In my judgment words have
no rights which the users of words are bound to respect. The claim of a
word for preference rests only on its utility—its convenience for the com-
munication of thought.

Glacial connotes glaciers, and was a convenient name while it was sup-
posed that a cold climate marked the whole period.  But now that interrup-
tions of that climate are recognized, it is more eonvenient to speak of glacial
epochs and interglacial epochs of the Quaternary or Pleistocene period.

Quaternary connotes a fourfold classification, and is coordinate with
Tertiary. Pleistocene suggests by its termination coordination with the
subdivisions of the Tertiary. Using the scale of time-nouns adopted by the
International Congress of Geologists, the Quaternary is an era, having the
classificatory rank of the Tertiary era, and the Pleistocene is a period, rank-
ing with the Eocene period. It is generally believed that the Pleistocene is
comparable in point of duration with one of the periods of the Tertiary era,
being less rather than greater, and those who advocate the employment of
the name Quaternary recognize the Quaternary era as one containing but a
single peviod. The time division with which we have to deal is, then, from
every point of view, a “period,” and it is believed that the use of the name
Pleistocene Period involves a minimum amount of implication as to higher
classification, a subject whose discussion is not here contemplated.



CHAPTER II.

THE TOPOGRAPHIC FEATURES OF LAKE SHORES.

It has been assumed in the preceding pages that valleys from which
lakes have recently disappeared are characterized by certain features
whereby that fact can be recognized. Perhaps no one observant of natural
phenomena will dispute this. But there is, nevertheless, some diversity of
opinion as to what are the peculiar characters to which lakes give rise; and
especially has the true interpretation of certain local topographic features
been mooted, some geologists aseribing them to waves, and others to dif-
ferent agencies.

" In the investigation of our ancient lake, it has heen found necessary
not only to diseriminate from all other topographic elements the features
created by its waves, but also to ascertain the manner in which each was
produced, so as to be able to give it the proper interpretation in the recon-
struction of the history of the lake. It is proposed in this chapter to pre-
sent the more general results of this study, describing in detail the various
clements which constitute shore topography,. explaining their origin, so far
as possible, and finally contrasting them with topographic features of other
origin which so far simulate them as to occasion coniusion.

The play of meteoric agents on the surface of the land is unremitting,
so that there is a constant tendency to the production of the forms charac-
teristic of their action. All other forms are of the nature of exceptions,
and attract the attention of the observer as requiring explanation. The
shapes wrought by atmospheric erosion are simple and symmetric and need
but to be enumerated to be recognized as normal elements of the sculpture

23
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of the land. Along each drainage line there is a gradual and gradually
inereasing ascent from mouth to source; and this law of inereasing acclivity
applies to all branches as well as to the main stem. Between each pair of
adjacent drainage lines is a ridge or hill, standing midway and rounded at
the top. Wherever two ridges join there is a summit higher than the adja-
cent portion of either ridge; and the highest summits of all are those which,
measuring along lines of dramacre, are most remote from the ocean. The
crests of the ridges are not horizontal but undulate from summit to summit.
There are no sharp contrasts of slope; the concave profiles of the drainage
lines change their inclination little by little and merge by a gradual transi-
tion in the convex profiles of the crests and summits.

The factor which most frequently, and in fact almost universally, inter-
rupts these simple curves is heterogeneity of terrane. Under the influence
of this factor, just as in the case of a homogeneous terrane, the declivities
adjust themselves in such way as to oppose a maximum resistance to erosion;
and with diversity of rock texture this adjustment involves diversity of form.
Hard rocks survive, while the soft are eaten away. Peaks and cliffs are
produced. The apices are often angular instead of rounded. Profiles
exhibit abrupt changes of slope. Flat-topped rdges appear, and the dis-
tribution of maximum sumnmits becomes in a measure independent of the
length of drainage lines.

A second factor interrupting the continuity of erosion profiles is up-
-heaval; and this produces its effects in two distinet ways. First, the general
uprising of a broad tract of land affects the relation of the drainage to its
point of discharge or to its base level, causing corrasion by streams to be
more rapid than the general waste of the surface and producing canyons
and terraces. Second, a local uprising by means of a fault produces a cliff
at the margin of the uplifted tract; and above this cliff there is sometimes
a terrace. ' ‘

A third disturbing factor is glaciation, the cirques and moraines of
which are distinct from anything wrought by pluvial erosion; and a fourth
is found in eruption. )

The products of all these agencies except the last have been occasionally
confused with the phenomena of shores. The beach-lines of Glen Roy have
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been called river terraces and moraine terraces. The cliffs of the Downs of
England have been ascribed to shore waves. Glacial moraines in New
Zealand have been interpreted as shore terraces. Beach ridges in our own
country have been described as glacial moraines, and fault terraces as well
as river terraces have been mistaken for shore-marks.

In the planning of engineering works for the improvement and protec-
tion of harbors, it is of prime importance to understand the natural processes
by which coast features are produced and modified, and this necessity has
led to the production by engineers of a large though widely scattered litera-
ture on coast-forming agencies. Geologists also require for the interpre-
tation of strata originating as coast deposits an understanding of the methods
of coastal degradation and coastal deposition, and from their point of view
there has arisen an independent literature on the subject. The physical
theory of water waves required alike by engineers and geologists has been
developed by physicists, and has its own literature. The three groups of
writers have so thoroughly traversed the subject of shore processes that the
present chapter would have need to demonstrate its raison d’étre were it not
that the general subject has as yet received no compendious and systematic
treatment in the English language.

It happens, moreover, that the present treatment of the subject has its
own peculiar point of view, and is in large part independent. During the
progress of the field investigation I was unaware of the greater part of the
literature mentioned above, having indeed met with but one important
paper, that in which Andrews describes the formation of beaches at the head
of Lake Michigan, and I was induced by the requirements of my work to
develop the philosophy of the subject ab initio. The theories here presented
had therefore received approximately their present form and arrangement
before they were compared with those of earlier writers. They are thus
original without being novel, and their independence gives them confirma-
tory value so far as they agree with the conclusions of others.

The peculiarity of the point of view lies in the fact that the phenomena
chiefly studied are fossil shore-lines instead of modern. The bodies of water
to which they pertain having disappeared, the configuration of the sub-
merged portion is directly seen instead of being interpreted from laborious
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soundings. There are, moreover, natural sections of the deposits, exposed
by subsequent erosion, and these reveal features of internal structure or
anatomy quite as important to the geologist as the features of morphology.

The literature of shore-lines is so feebly connected by cross reference, and
portions of it have been discovered in places so unexpected, that the writer
fears many important contributions have escaped his attention. Within the
range of his reading, the earliest discussions of value are by Beaumont®and
De la Beche,? and it must be admitted that the writers of geologic manuals
now in use have improved very little upon their presentation. Fleming, in
an essay on the origin and preservation of the harbor of Toronto,® set forth
the process of littoral transportation with admirable clearness; and Andrews,
who appears to have reached his conclusions by independent observation,
added to the theory of littoral transportation an important factor in the
theory of littoral deposition.* Mitchell, in an essay on tidal marshes,® inci-
dentally deseribes the growth of the protecting barrier. A general treatise
by Cialdi® gives a systematic discussion of coast processes from the engi-
neer’s point of view, and reviews the Italian literature of the subject; and
a shorter paper by Keller” has a similar scope. Richthofen, in his manual
of instruction to scientific travelers, treats analytically and at length of the
work of waves in conjunction with tides, and discusses a subsiding conti-
nent® The theory of waves has been developed experimentally by a com-
mittee of the British Association, with J. Scott Russell as reporter;® and it
is analytically treated by Airy' and Rankine."

' Le¢ons de geologie pratique. Par Elie de Beanmont. Vol. 1, pp. 221-253, Paris, 1845.

2 A Geological Mannal. By Henry T. De la Beche. 3d edition, enlarged, London, 1833, pp. 67-91.

The Geological Observer. By the same. London, 1851, pp. 49-117.

3Toronto Harbor—its formation and preservation. By Sandford Fleming, C. E.: Canadian
Journal, vol. 2, 1854, pp. 103-107, 223-230. Reprinted with additions as Report on Preservation and
Iwprovement of Toronto Harbor. InSupplement to Canadian Journal, 1854, pp. 15-29,

*The North American Lakes considered as chronometers of post-Glacial time. By Dr. Edmund
Andrews. Trans Chicago Acad. Sei., Vol. 2, pp. 1-23.

50n the rectamation of tide-lands and its relation to navigation. By Henry Mitchell. Appen-
dix No. 5, to Rept. U. 8. Coast Survey for 1869. Washington, 1872, pp. ¥5-104.

% Sul moto oudoso del mare e su le correnti di esso specialmente su quelle littorali. Alessandro
Cialdi, Roma, 1866.

7Studien nber die Gestaltung der Sandkusten, etc., H. Keller, Berlin, 1881.

8Fiibrer fiir Forschungsreisende, von Ferdinand Freiherr von Richthofen. Berlin, 1886, pp.
336-365.

9 Report of the Committee on Waves, by Sir John Robinson, and John Scott Rnssell, Reporter:
Rept. British Ass. Adv. Sci., 7th meeting, 1837, pp. 417-496.

10G. B. Airy, Vol. V, Ency. Metrop.

1w, J. McQ. Rankine, Philos. Trans. Royal Soc. London, vol. 153, 1863, pp. 127-138.
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In the following treatment of the subject the description and analysis
of the elements of shore topography will be followed by a comparison of
certain of these elements with simulating features of different origin.  First,
however, a few words will be devoted to the consideration of shore shaping
as a division of the more general process of earth shaping.

The earth owes its spheroidal form to gravity and rotation. It owes
its great features of continent and ocean bed to the unequal distribution of
the heterogeneous material of which it is composed. Many of its minor
inequalities can be referred to the same cause, but its details of surface are
chiefly molded by the circulation of the fluids which envelope it. This
shaping or molding of the surface may be divided into -three parts—sub-
aerial shaping (land sculpture), subaqueous shaping, and littoral shaping.
In each case the process is threefold, comprising erosion, transportation, and
deposition.

In subaerial or land shaping the agents of erosion are meteoric—rain,
acting both mechanically and chemically, streams, and frost. The agent of
transportation is running water. The condition of deposition is diminishing
velocity.

In subaqueous shaping, or the molding of surface which takes place
beneath lakes and oceans, currents constitute the agent of erosion. They
constitute also the agent of transportation; and the condition of deposition
is, as before, diminishing velocity.

In littoral shaping, or the modeling of shore features, waves constitute
the agent of erosion. Transportation is performed by waves and currents
acting conjointly, and the condition of deposition is increasing depth.

On the land the amount of erosion vastly exceeds the amount of dep-
osition.  Under standing water erosion is either nil or incomparably inferior
in amonnt to deposition. And these two facts are correlatives, since the
product of land erosion is chiefly deposited in lakes and ocecans, and the
sediments of lakes and oceans are derived chiefly from land erosion. The
products of littoral erosion undergo division, going partly to littoral dep-
osition and partly to subaqueous deposition. The material for littoral
deposition is derived partly from littoral erosion and partly from land
erosion.
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That is to say, the detritus worn from the land by meteoric agents is
-transported outward by streams. Normally it is all carried to the coast, but
owing to the almost universal complication of erosion with local uplift, there
is a certain share of detritus deposited upon the basins and lower slopes of
the land. At the shore a second division takes place, the smaller portion
being arrested and built into various shore structures, while the larger por-
tion continues outward and is deposited in the sea or lake. The product of
shore erosion is similarly divided. A part remains upon the shore, where it
is combined with material derived from the land, and the remainder goes to
swell the volume of subaqueous deposition.

The forms of the land are given chiefly by erosion. Since the wear
by streams keeps necessarily in advance of the waste of the intervening
surfaces, and since, also, there is inequality of erosion dependent on diver-
sity of texture, land forms are characterized by their variety.

The forms of sea beds and lake beds are given by deposition. The
great currents by which subaqueous sediments are distributed sweep over
the ridges and other prominences of the surface and leave the intervening de-
pressions comparatively currentless. Deposition, depending on retardation
of current, takes place chiefly in the depressions, so that they are eventually
filled and a monotonous uniformity is the result.

The forms of the shore are intermediate in point of variety between
those of the land and those of the sea bed; and since they alone claim
parentage in waves, they are sui generis.

Ocean shores are genetically distinguished from lake shores by the
cooperation of tides, which modify the work accomplished by waves and
wind currents.

The phenomena of ocean shores are therefore more complicated than
those of lake shores, and an exhaustive treatment of the subject would
include the discussion of their distinguishing characteristics. They fall,
however, without the limits of the present investigation, and in the analysis
which follows, the influence of tides is not considered. It is perhaps to be
regretted that the systematic treatment here proposed could not be so
extended as to include all shores, but there is a certain compensation in the
fact that the results reached in reference to lake shores have an important
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negative bearing on tidal discussions. It was long ago pointed out by
Beaumont® and Desor? that many of the more important features ascribed
by hydraulic engineers to tidal action, are produced on the shores of inland
seas by waves alone; and the demonstration of wave work pure and simple
should be serviceable to the maritime engineer by pointing out those results
in explanation of which it is unnecessary to appeal to the agency of tides.

The order of treatment is based on the three-fold division of the proc-
ess of shore shaping. Littoral erosion and the origin of the sea-cliff and
wave-cut terrace will be first explained, then the process of littoral trans-
portation with its dependent features, the beach and the barrier, and finally
the process of littoral deposition, resulting in the embankment, with all its
varied phases, and the delta.

WAVE WORK.

LITTORAL EROSION,

In shore sculpture the agent of erosion is the wave. All varieties of
wave motion which affect standing water are susceptible of producing ero-
sive effect on the shore, but only those set in motion by wind need be con-
sidered here. They are of two kinds: the wind wave proper, which exists
only during the continuance of the wind; and the swell, which continues
after the wind has ceased. It is unnecessary to discriminate the effects of
these upon the shore further than to say that the wind wave is the more
efficient and therefore the better deserving of special consideration. 1In the
wind wave two things move forward, the undulation and the water. The
velocity of the undulation is relatively rapid; that of the water is slow and
rhythmic. A particle of water at or near the surface, as each undulation
passes, describes an orbit in a vertical plane, but does not return to the
starting point. While on the crest of the wave it moves forward, and while
in the trough it moves less rapidly backward, so that there is a residual
advance.®

{Legons de géologie pratique, vel, 1, p. 232,

2 E. Desor, Geology of Lake Superior Land District by Foster & Whitney, Washington, 1851,
vol. 2, pp. 262, 266,

3The theory of wave motion involved in this and the following paragraphs is based partly on
observation but chiefly on the discussions of J. 8. Russell, Airy, Cialdi, and Rankine.
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This residual advance is the initiatory element of current. By virtue
of it the upper layer of water is carried forward with reference to the layer
below, being given a differential movement in the direction towards which
the wind blows. This movement is gradually propagated to lower aqueous
strata, and ultimately produces movement of the whole body, or a wind-
wrought current. So long as the velocity of the wind remains constant, the
velocity of the current is less than that of the wind; and there is always a
differential movement of the water, each layer moving faster than the one
beneath. The friction is thus distributed through the whole vertical column,
and is even borne in part by the lake bottom. The greater the depth the
smaller the share of friction apportioned to each layer of water and the
greater the velocity of current which can be communicated by a given wind.!
The height of waves is likewise conditioned by depth of water, deep water
permitting the formation of those that are relatively large.

When the wave approaches a shelving shore its habit is changed. The
velocity of the undulation is diminished, while the velocity of the advancing
particles of water in the crest is increased; the wave length, measured from
trough to trough, is diminished, and the wave height is increased; the crest
becomes acute, with the front steeper than the back; and these changes
culminate in the breaking of the crest, when the undulation proper ceases.
The return of the water thrown forward in the crest is accomplished by a
current along the bottom called the wundertow. The momentum of the
advaneing water contained in the wave crest gives to it its power of erosion.
The undertow is efficient in removing the produets of erosion.

The retardation of the undulation by diminishing depth of water changes
the direction of its axis or crest line—excepting when the axis is parallel to
the contours of the shoaling bottom—and the phenomena are analogous to
those of the refraction of light and sound. As a wave passes obliquely
from deep water to a broad shoal of uniform depth, the end first entering
shoal water is first retarded and the crest line is for the moment bent. When
the entire crest has reached shoal water it is once more straight, but with a
new trend, a trend making a narrower angle with the line of separation

1"This is & matter of observation rather than theory. It implies that the friction between con-
tiguous films of water increases in more than simple ratio with the differential velocity of the films.
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between deep and shallow water. The wave has been refracted.  When a
wave passes obliquely from deep water to shoal water whose bottom grad-
ually rises to a shore, the end nearer the shore is the more retarded at all
stages of progress and the crest line is continuously curved. When the
wave breaks and the undulation ceases, the crest line is nearly parallel to
the shore. It results that for a wide range of wind direction there is but
small range in the divection of wave trend at the shore. It results also, as
has been often noted, that when the wind blows normally into a cireling
bay, the waves it brings are diversely turned, so as to beat against both
sides as well as the head of the bay.

When the land at the margin of the water consists of unconsolidated
material or of fragmental matter lightly cemented, the siinple impact of the
water is sufficient to displace or erode it. The same force is competent also
to disintegrate and remove firmer rock that has been superficially weakened
by frost or is partially divided by eracks, but it may be doubted whether it
has any power to wear rock that is thoroughly coherent. The impact of
large waves has great force, and its statement in tons to the square foot is
most impressive; but, so far as our observation has extended, the erosive
action of waves of clear water beating upon firm rock without seams is prac-
tically nil.  On the shores of Lake Bonneville, not only was there no erosion
on the faces of cliffs at points where the waves carried no detrital fragments,
but there was actually deposition of calcareous tufa; and this deposition was
most rapid at points specially exposed to the violence of the waves.

The case is very different when the rock is divided by seams, for then
the principle of the hydrostatic press finds application. Through the water
forced into the seams, and sometimes through air imprisoned and compressed
by the water, the blow struck by the wave is applied not merely to large
surfaces but in directions favorable to the rending and dislocation of rock
mMAasses.

It rarely happens, however, that the impact of waves is not reinforced
by the impact of mineral matter borne by them. The detritus worn from
the shore is always at hand to be used by the waves in continuance of the
attack; and to this is added other detritus carried along the shore by a pro-
cess presently to be described.
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The rock fragments which constitute the tool of erosion are themselves
worn and comminuted by use until they become so fine that they no longer
lie in the zoue of breakers but are carried away by the undertow.

The direct work of wave erosion is restricted to a horizontal zone de-
pendent on the height of the waves. There is no impact of breakers at levels
lower than the troughs of the waves; and the most efficient impact is limited
upward by the level of the wave crests, although the dashing of the water
produces feebler blows at higher levels. The indirect work has no superior
limit, for as the excavation of the zone is carried landward, masses higher
up on the slope are sapped so as to break away and fall by mere gravity.
Being thus brought within reach of the waves, they are then broken up by
them, retarding the zonal excavation for a time but eventually adding to the
tool of erosion in a way that partially compensates.

Let us now consider what goes on beneath the surface of the water.
The agitation of which waves are the superficial manifestation is not re-
stricted to their horizon, but is propagated indefinitely downward. Near
the surface the amount of motion diminishes rapidly downward, but the rate
of diminution itself diminishes, and there seems no theoretic reason for as-
signing any limit to the propagation of the oscillation. Indeed, the agitation
must be carried to the bottom in all cases where the depth operates as a
condition in determining the magnitude of waves, for that determination
can be assigned only to a resistance opposed by the bottom to the undula-
tion of the water.

During the passage of a wave each particle of water affected by it rises
and falls, and moves forward and backward, deseribing an orbit. If the
passing wave is a swell, the orbit of the particle is closed," and is either a
circle or an ellipse; but in the case of a wind wave the orbit is not closed.
The relative amounts of horizontal and vertical motion depend on the depth
of the particle beneath the surface, and on the relation of the total depth of
the water to the size of the wave. If the water is deep as compared to the
wave-length, the horizontal and vertical movements are sensibly equal, and
their amount diminishes rapidly from the surface downward. If the depth

1This is strictly true only while the swell traverses deep water. It is pointed out by Cialdi that
in passing to shoal water the swell is vonverted into a wave of translation, and the particles no longer
return to their points of starting.
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is small, the horizontal motion is greater than the vertical, but diminishes
less rapidly withbdepth. Near the line of breakers, the vertical motion close
to the bottom becomes inappreciable, while the horizontal oscillation is
nearly as great as at the surface. This horizontal motion, affecting water
which is at the same time under the influence of the undertow, gives to that
current a pulsating character, and thus endows it with a higher transporting
power than would pertain to its mean velocity. Near the breaker line, the
oscillation communicated by the wave may even overcome and momentarily
reverse the movement of the undertow. Inside the breaker line no oscilla-
tion proper is communicated. The broken wave crest, dashing forward,
overcomes the undertow aud throws it back; but the water returns without
acceleration as a simple current descending a slope.

It should be explained that the increment given by pulsation to the
transporting power of the undertow depends upon the general law that the
transporting power of a current is an increasing geometric function of its
velocity. Doubling the velocity of a current more than doubles the amount
it can carry, and more than doubles the size of the particles it is able to
move.

The transporting power of the undertow diminishes rapidly from the
breaker line outward. That part of its power which depends on its mean
velocity diminishes as the prism of the undertow increases; that part which
depends on the rhythmic accelerations of velocity diminishes as the depth of
water increases.

The pulsating current of the undertow has an erosive as well as a
transporting function. It carries to and fro the detritus of the shore, and,
dragging it over the bottom, continues downward the erosion initiated by
the breakers. This downward erosion is the necessary concomitant of the
shoreward progress of wave erosion; for if the land were merely planed
away to the level of the wave troughs, the incoming waves would break
where shoal water was first reached and become ineffective at the water
margin. In fact, this spending of the force of the waves where the water is
so shallow as to induce them to break, increases at that point the erosive
power by pulsation, and thus brings about an interdependence of parts.

What may be called a normal profile of the submerged terrace is produced,
MON-—-VOL I 3




34 LAKE BONNEVILLE.

the parts of which are adjusted to a harmonious interrelation. If some
exceptional temporary condition produces abnormal wearing of the outer
margin of the terrace, the greater depth of water at that point permits the
incoming waves to pass with little impediment and perform their work of
erosion upon portions nearer the shore, thus restoring the equilibrium. If
exceptional resistance is opposed by the material at the water margin, ero-
sion is there retarded until the submerged terrace has been so reduced as to
permit the incoming waves to attack the land with a greater share of unex-
pended energy. Conversely, if there is a diminution of resistance at the
water margin, so as to permit a rapid erosion, the landward recession of that
margin causes it to be the less exposed to wave action. Thus the landward
wear at the water margin and the downward wear in the several parts of
the submerged plateau are adjusted to an interdependent relation.

The sea-clii—Wave erosion, acting along a definite zone, may be rudely
compared to the operation of a horizontal saw; but the upper wall of the
saw cut, being without support, is broken away by its own weight and falls
in fragments, leaving a cliff at the shoreward margin of the cut. This wave-
wrought cliff requires a distinctive name to avoid confusion with cliffs of
other origin, and might with propriety in this discussion be called a lake-cliff;
but the term sea-cliff’ is so well established that it appears best to retain it.

One of the most noteworthy and constant characters of the sea-cliff is
the horizontality of its base. Being determined by wave erosion the base
must always stand at about the level of the lake on which the waves are
formed. The material of the cliff is the material of the land from which it
is carved. Its declivity depends partly on the nature of that material and
partly on the rate of erosion. If the material is unconsolidated, the inclina-
tion cannot exceed the normal earth slope; if it is thoroughly indurated, the
cliff may be vertical or may even overhang. If the rate of wave erosion is
exceedingly rapid, the cliff is as steep as the material will permit; if the rate
is slow, the inclination is diminished by the atmospheric waste of the cliff
face.

Figure 1 represents a cliff on the shore of Great Salt Lake. The
material in this case is arenaceous limestone. At the base of the cliff may
be seen a portion of the accompanying wave-cut terrace, and the fore-
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ground exhibits a portion of the associated beach. The large bowlders
of the foreground have an independent origin, but the shingle and-other
material of the beach were derived from the erosion of the cliff and trans-
ported to their present position by the waves. Sheep Rock is overlooked
by the northern face of the Oquirrh mountain range, on which the Bonne-
ville shores are traced, and the partial view of the mountain face given in
the frontispiece shows a line of ancient sea-cliffs, originally as precipitous

as Sheep Rock but now shattered by frost and partially draped by talus.

Fi6, 1.—Sheep Rock, a Sea-Clifl on the shore of Great Salt Lake. From a photograph by C. R. Savage.

It will appear in the sequel that the distribution of sea-cliffs is some-
what peculiar, but this canuot be described until the process of littoral trans-
portation has been explained.

The Wave-Cut Terrace—'['he submerged plateau whose area records the land-
ward progress of littoral erosion, becomes a terrace after the formative lake
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has disappeared, and, as such, requires a distinctive name. It will be called
the wave-cut terrace.

Its prime characteristics are, first, that it is associated with a cliff;
second, that its upper margin, where it joins the cliff, is horizontal; and,
third, that its surface has a gentle inclination away from the cliff. There is
an exceptional case in which an island or a hill of the mainland has been
completely pared away by wave action, so that no cliff remains as a compan-
ion for the wave-cut terrace; but this exception does not invalidate the rule.
The lakeward inclination is somewhat variable, depending on the uature of
the material and on the pristine acclivity of the land. It is greater where
the material is loose than where it is coherent; and greater where the ratio
of terrace width to cliff height is small. It is probably conditioned also by
the direction of the current associated with the wind efficient in its production;
but this has not been definitely ascertained.

The width of the terrace depends on the extent of the littoral erosion,
and is not assignable. Its relative width in different parts of a given con-
tinuous coast depends entirely on the conditions determining the rapidity of
erosion, and the discussion of these at this poiut would be premature.

Sometimes a portion of the eroded material gathers at the outer edge
of the terrace, extending its profile as indicated in Figure 4.'

Figures 2 and 3 show ideal sections of cliffs and terraces, carved in one
case from soft material, in the other from hard. The station of the artist
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F16. 2.~Section of a Sea Cliff and Cut-Terrace in Fig. 3.—Section of a Sea CIiff and Cut-Terrace in Huard
Incohercnt Material, Material.

in sketching the view represented in the frontispiece was on a cut-terrace,
and a portion of it appears in the foreground.

'1. ¢, Russell. Geological History of Lake Lahontan, p. 89,
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LITTORAL TRANSPORTATION.

Littoral transportation is performed by the joint action of waves and
currents. Usually, and especially when the wind blows, the water adja-
cent to the shore is stirred by a gentle current flowing parallel to the water
margin. This carries along the particles of detritus agitated by the waves.
The waves and undertow move the shallow water near the shore rapidly to
and fro, and in so doing momentarily lift some particles, and roll others
forward and back. The particles thus wholly or partially sustained by the
water are at the same moment carried in a direction parallel to the shore by
the shore current. The shore current is nearly always gentle and has of
itself no power to move detritus.

When the play of the waves ceases, all shore action is arrested. When
the play of the waves is unaccompanied by a current, shore action is nearly
arrested, but not absolutely. If the incoming waves move in a direction
normal to the shore, the advance and recoil of the water move particles
toward and from the shore, and effect no transfer in the direction of the
shore; but if the incoming waves move in an oblique direction the forward
transfer of particles is in the direction of the waves, while the backward
transfer, by means of the undertow, is sensibly normal to the shore, and
there is thus a slow transportation along the shore. If there were no cur-
rents a great amount of transportation would undoubtedly be performed in
this way, but it would be carried on at a slow rate. The transporting effect
of waves alone is so slight that only a gentle current in the opposite direc-
tion is necessary to counteract it. The concurrence of waves and currents
is so general a phenomenon, and the ability of waves alone is so small, that
the latter may be disregarded. The practical work of transportation is
performed by the conjoint action of waves and shore currents.

In the ocean the causes of currents are various. Besides wind currents
there are daily currents caused by tides upon all coasts, and it is maintained
by some physicists that the great currents are wholly or partly due to the
unequal heating of the water in different regions. But in lakes there are
no appreciable tides, and currents due to unequal heating have never been
discriminated. The motions of the water are controlled by the wind.
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A long-continued wind in one direction produces a set of currents har-
moniously adjusted to it. A change in the wind produces a change in the
currents, but this adjustment is not instantaneous, and for a time there is
lack of harmony. The strong winds, however, bring about an adjustment
more rapidly than the gentle, and since it is to these that all important
littoral work is ascribed, the waves and currents concerned in littoral trans-
portation may be here regarded as depending on one and the same wind.

A wind blowing directly toward a shore may be conceived of as piling
the superficial water against the shore, to be returned only by the undertow,
but, in fact, so simple a result is rarely observed. Usually there is some
obliquity of direction, in virtue of which the shoreward current is partially
deflected, so as to produce as one of its effects a flow parallel to the shore,
or a littoral current. The littoral current thus tends in a direction harmo-
nious with the movement of the waves, passing to the right if the waves
tend in that direction, to the left if the waves tend thither.

To this rule there is a noteworthy exception. The undertow is not the
only return current. It frequently occurs that part of the water driven
forward by the wind returns as a superficial current somewhat opposed in
direction to the wind. If this current follows a shore it constitutes a littoral
current whose tendency is opposed to that of the waves. Thus the littoral
current may move to the right while the waves tend to the left, and vice versa.
In every such case the direction of transportation is the direction of the
littoral carrent.

The waves and undertow accomplish a sorting of the detritus. The
finer portion, being lifted up by the agitation of the waves, is held in sus-
pension until carried outward to deep water by the undertow. The coarser
portion, sinking to the bottom more rapidly, can not be carried beyond the
zone of agitation, and remains as a part of the shore. Only the latter is
the subject of littoral transportation. It is called shore drift.

With the shifting of the wind the direction of the littoral current on
any lake shore is occasionally, or it may be frequently, reversed, and the
shore drift under its influence travels sometimes in one direction and some-
times in the other. In most localities it has a prevailing direction, not nec-
essarily determined by the prevailing direction of the shore current, but
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rather by the direction of that shore current which accompanies the greatest
waves. This is frequently but not always the direction also of the shore
current accompaning the most violent storms.

The source of shore drift is two-fold. A large part is derived from the
excavation of sea-cliffs, and is thus the produet of littoral erosion. From
every sea-cliff a stream of shore drift may be seen to follow the coast in one
direction or the other.

Another part is contributed by streams depositing at their mouths the
heavy part of their detritus, and is more remotely derived from the erosion
of the land. The smallest streams merely reinforce the trains of shore drift
flowing from sea-cliffs, and their tribute usually cannot be diseriminated.
Larger streams furnish bodies of shore drift easily referred to their sources.
Streams of the first magnitude, as will be explained farther on, overwhelm
the shore drift and produce structures of an entirely different nature, known
as deltas.

The Beach.—'The zone occupied by the shore drift in transit is called the
beach. Its lower margin is beneath the water, a little beyond the line where
the great storm waves break. Its upper margin is usually a few feet above
the level of still water. Its profile is
steeper upon some shores than others, but
has a general facies consonant with its

wave-wrought origin. At each point in
the profile the slope represents an equilib-

P16, 4.—Section of a Beach.

rium in transporting power between the

inrushing breaker and the outflowing undertow. Where the undertow is
relatively potent its efficiency is diminished by a low declivity. Where
the inward dash is relatively potent the undertow is favored by a high de-
clivity. The result is a sigmoid profile of gentle flexure, upwardly convex
for a short space near its landward end, and concave beyond.

In horizontal contour the beach follows the original boundary between
land and lake, but does not conform to its irregularities. Small indentations
are filled with shore drift, small projections are cut away, and smooth, sweep-
~ ing curves are given to the water margin and to the submerged contours
within reach of the breakers.
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The beach graduates insensibly into the wave-cut terrace. A cut-terrace
lying in the route of shore drift is alternately buried by drift and swept
bare, as the conditions ot wind and breaker vary. The cut-and-built ter-
race (Figure 5), which owes its detrital extension to the agencies determin-
ing the beach profile, may be regarded
as a form intermediate between the
beach and the cut terrace.

TheBarrier.~Where the sublittoral
bottom of the lake has an exceedingly

gentle inclination the waves break at a
considerable distance from the water
F16. 5.~Section of a Cut-and Built Terrace. . . . R

margin. The most violent agitation of
the water is along the line of breakers; and the shore drift, depending upon
agitation for its transportation, follows the line of the breakers instead of
the water margin. It is thus built into a continuous outlying ridge at some
distance from the water’s edge. It will be convenient to speak of this ridge

as a barrier
The barrier is the functional equiva-

. 7777 lent of the beach. It is the road along
which shore drift travels, and it is itself
composed of shore drift. TIts lakeward
face has the typical beach profile, and its crest lies a few feet above the
normal level of the water.

Fi6. 6.—Section of a Barrier.

Between the barrier and the land a strip of water is inclosed, consti-
tuting a lagoon. This is frequently converted into a marsh by the accumu-
lation of silt and vegetable matter, and eventually becomes completely filled,
so as to bridge over the interval between land and barrier and convert the
latter into a normal beach. ;

The beach and the barrier are absolutely dependent on shore drift for
their existence. If the essential continuous supply of moving detritus is cut
off, not only is the structure demolished by the waves which formed it, but
the work of excavation is carried landward, creating a wave-cut terrace and
a cliff.

The principal elements of the theory of shore-drift deposits here set
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forth are tacitly postulated by many writers on the construction of harbor
and coast defenses. According to Cialdi' the potency of currents in con-
nection with waves was first announced by Montanari; it has been concisely
and, so far as appears, independently elucidated by Andrews.?

Still water level is the datum with which all vertical elements of the
profile of the beach and barrier are necessarily compared; and, referred to
this standard, not only does the maximum height of the beach or barrier
vary in different parts of the same shore, but the profile as a whole stands
at different heights.

The explanation of these inequalities depends in part on a principle of
wide application, which is on the one hand so important and on the other so
frequently ignored that a paragraph may properly be devoted to it, by way
of digression. There are numerous geologic processes in which quantitative
variations of a causative factor work immensely greater quantitative varia-
tions of the effect. It is somewhat as though the effect was proportioned to
an algebraic power of the cause, but the relation is never so simple. Take,
for example, the transportation of detritus by a stream. The variable cause
is the volume of water; the variable effect is the amount of geologic work
done—the quantity of detritus transported. The effect is related to the
cause in three different ways: First, increase of water volume augments the
velocity of flow, and with increase of velocity the size of the maximum parti-
cle which can be moved inecreases rapidly. According to Hopkins, the size
of the maximum fragment which can be moved varies as the sixth power of
the velocity, or (roughly) as the $ power of the volume of water. Second,
the increase of velocity enlarges the capacity of the water to transport detritus
of a given character; that is, the per cent of load to the unit of water is in-
creased. Third, increase in the number of unit volumes of water increases
the load pro rata. The summation of these three tendencies gives to the
flooded stream a transporting power scarcely to be compared with that of
the same stream at its low stage, and it gives to the exceptional flood a

' Loe. cit., p. 394, et seq. Cialdi himself maintaina at great length that the work is performed by
waves, and that the so-called shore current, a feeble peripheral eirculation observed in the Mediter-
ranean, is-qualitatively and quantitatively incompetent to produce the observed results. Whether he
would deny the efficiency of currents excited by the same winds which produce the waves is not clearly
apparent.

3Trans. Chicago. Acad. Sci., vol. 2, p. 9.
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power greatly in excess of the normal or annual flood. Not only is it true
that the work accomplished in a few days during the height of the chief flood
of the year is greater than all that is accomplished during the remainder of
the year, but it may even be true that the effect of the maximum flood of
the decade or generation or century surpasses the combined effects of all
mmor floods. It follows that the dimensions of the channel are established
by the great flood and adjusted to its needs.

In littoral transportation the great storm bears the same relation to the
minor storm and to the fair-weather breeze. The waves created by the
great storm not only lift more detritus from each unit of the littoral zone,
but they act upon a broader zone, and they are competent to move larger
masses. The currents which accompany them are correspondingly rapid,
and carry forward the augmented shore drift at an accelerated rate. It fol-
lows that the habit of the shore, including not only the maximum height of
the beach line and the height of its profile, but the dimensions of the wave-
cut terrace and of various other wave products presently to be described, is
determined by and adjusted to the great storm.

It should be said by way of qualification that the low-tide stream and
the breeze-lifted wave have a definite though subordinate influence on the
topographic configuration.  After the great flood has passed by, the shrunken
stream works over the finer debris in the bed of the great channel, and by
removing at one place and adding at another shapes a small channel adjusted
to its volume. After the great storm has passed from the lake and the storm
swell has subsided, the smaller waves of fair weather construct a miniature
beach profile adapted to their size, superposing it on the greater profile.
This is done by excavating shore drift along a narrow zone under water and
throwing it up in a narrow ridge above the still water level. Thus, as early
perceived by De la Beche! and Beaumont,? it is only for a short time imme-
diately after the passage of the great storm that the beach profile is a simple
curve; it comes afterward to be interrupted by a series of superposed
ridges produced by storms of different magnitude.

Reverting now to the special conditions controlling the profiles of beach
or barrier at an individual locality, it is evident that the chief of these is the

I Manual of Geology, Philadelphia, 1832, p. 72, * Legons, p. 226 and plate IV,
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magnitude of the largest waves breaking there. The size of the waves at
each locality depends on the force of the wind and on its direction. A wind
blowing from the shore lakeward produces no waves on that shore. One
from the opposite shore produces waves whose height is approximately pro-
portional to the square root of the distance through which they are propa-
gated, provided there are no shoals to check their augmentation. For a
given force of wind, the greatest waves are produced when the direction is
such as to command the broadest sweep of water before their incidence at
the particular spot, or in the technical phrase, when the fefch is greatest.

A second factor is found in the configuration of the bottom. Where
the off-shore depth is great the undertow rapidly returns the water driven
forward by the wind, and there is little accumulation against the shore; but
where the off-shore depth is small the wind piles the water against the shore,
and produces all shore features at a relatively high level.

The Subaqueous Ridge—V arious writers have mentioned low ridges of sand or
gravel running parallel to the shore and entirely submerged. As the origin
of such ridges is not understood, they have no fixed position in the pres-
ent classification, and they are placed next to the barrier only because of
similarity of form. The following description was published by Desor in1851:

An example of this character oceurs on the northern shore of Lake Michigan, not
far from the fish station of Bark Point (Pointe aux Ecorces), under the lee of a prom-
ontory, designated on the map as Point Patterson. Here, the shore, after running due
east and west for some distance, bends abruptly to the northeast. The voyageur com-
ing from the west, after having passed Point Patterson, is struck by the appearance of
several bands of shallow water, indicated by a yellowish tint. These bands, which
appear to start from the extremity of the point, are eaused by subaqueous ridges,
which spread, fan-like, to the distance of nearly half a mile to the east, being from
three to ten yards wide, and from five to ten feet above the general bed of the lake, at
this point. They are not eomposed, like the flats, of fine sand, but of white limestone
pebbles, derived from the adjacent ledges, with an admixture of granitic pebbles, some
of which are a foot in diameter. It is difficult to coneeive of currents sufficiently
powerful to transport and arrange such heavy materials, and yet we know of no other
means by which this aggregation could have been acecomplished.

These subaqueous ridges afford, on a small scale, an interesting illustration of the
formation of similar ridges now above water. If the north coast of Lake Michigan
were to be raised only twenty feet, such a rise would lay dry a wide belt of almost
level ground, on which these ridges would appear conspicuously, not ualike those
which occur on the sounth shores of lakes Erie and Ontario, and thus confirm the
views of Mr. Whittlesey, that most of these ridges are not ancient beaches, but have
been formed under water, by the action of currents.

! Foster and Whitney's *‘ Geology of the Lake Superior Land District.” Part 2, p. 258,

L4
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Whittlesey deseribes no examples on existing coasts, but refers to them
as familiar features and relegates to their category numerous inland ridges
associated with earlier water surfaces in the basins of Lakes Erie, Ontario,
and Michigan. He says that “their composition is universally coarse water-
washed sand and fine gravel”, while beaches consist of “clean beach sand
and shingle”; and also that beaches are distinguished from subaqueous ridges
by the fact “that the former are narrow and are steepest on the lake side,
resembling miniature terraces.”*

Having personally observed many of the inland ridges described by
Whittlesey and recognized them as barriers, having failed or neglected to
observe ridges of this subaqueous type in the Bonneville Basin, and having
independent reason to believe that the waters of Lakes Michigan, Erie, and
Ontario have recently advanced on their coasts, I leaped to the conclusion
that the ridges seen by Desor beneath the water of Lake Michigan, as well
as the subaqueous ridges mentioned without enumeration by Whittlesey,
were formed as barriers or spits at the water surface and were subsequently
submerged by a rise of the water® In so doing I ignored an important
observation by Andrews, who, writing of the beach at the head of Lake
Michigan, deseribes “a peculiarity in the contour of the deposit, which is
uniform in all the sand shores of this part of the coast. As you go out into
the lake, the bottom gradually descends from the water line to the depth of
about five feet, when it rises again as you recede from the shore, and then
descends toward deep water, forming a subaqueous ridge or ‘bar’ parallel

to the beach and some ten or twenty rods from the shore.”

It is impossible
to regard this sand ridge as a beach or barrier submerged by the rise of the
lake, for it stands within the zone of action of storm waves, and no mole
of loose debris can be assumed to successfully oppose their attack. It is to
be viewed rather as a product of wave action, or of wave and current action,
under existing relations of land and lake.

The subject is advanced by Russell, who visited the eastern shore of
Lake Michigan in 1884. He says:

Bars of another character are also formed along lake margins, at some distance
from the land, which agree in many ways with true barrier bars, but differ in being

! Fresh-water (lacial Drift of the Northwestern States. By Charles Whittlesey. Smithsonian
Contribntion No. 197. 'Washington, 1866, pp. 17, 19. '
$Fifth Ann. Rept. U. 8. Geol. Survey, p. 111, 3$Trans. Chicago Acad. Seci., vol. %, p. 14,
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composed of homogeneous, fine material, nsually sand, and in not reaching the lake
surface. )

The character of structures of this nature may be studied about the shores of
Lake Michigan, where they can be traced continuously for hundreds of miles. There
arc usually two, but occasionally three, distinct sand ridges; the first being about 200
feet from the land, the second 75 or 100 feet beyond the first, and the third, when
present, about as far from the second as the second is from the first. Soundings on
these ridges show that the first has abount 8 feet of water over it,and the second usunally
about 12; between, the depth is from 10 to 14 feet. From many commanding points,
as the summit of Sleeping Bear Bluff, for example, these submerged ridges may be
traced distinetly for many miles. They tollow all the main curves of the shore, with-
out changing their character or having their continuity broken. They occur in bays
as well as about the bases of promontories, and are always composed of clean, homo-
geneous sand, although the adjacent beach may be eomposed of gravel and boulders.
They are not shore ridges submerged by a rise of the lake, for the reason that they
are in harmony with existing conditions, and are not being eroded or becoming cov-
ered with lacustral sediments,

In bars of this character the fine debris arising from the comminution of shore
drift appears to be accumulated in ridges along the line where the undertow loses its
force ; the distance of these lines from the land being determined by the force of the
storms that carried the waters shoreward. This is only a suggested explanation,
however, as the complefe history of these structures has not been determined.!

In the survey of these lakes by the U. 8. Engineers, numerous inshore
soundings were made, and while these do not fall near enough together to
determine the configuration of subaqueous ridges, they serve to show whether
the profile of the bottom descends continuously from the beach lakeward.
A study of the original manuscript sheets, which give fuller data than the
published charts, discovers that bars similar to those described by Russell
occur along the eastern coast of Lake Michigan wherever the bottom is sandy,
being most frequently detectible at a depth of 13 feet, but ranging upward
to 3 feet and downward to 18 feet. At the south end of the lake they are
not restricted to the 5-foot zone indicated by Andrews, but range to 13 feet.
A single locality of occurrence was found on the shore of Lake Erie, but
none on Lake Ontario.

These ridges constitute an exception to the beach profile, and show that
the theory of that profile given above is incomplete. Under conditions not
yet apparent, and in a manner equally obscure, there is a rhythmic action
along a certain zone of the bottom. That zone lies lower than the trough
between the greatest storm waves, but the water upon it is violently osecil-

tGeol. Hist, of Lake Lahontan. pp. 92-93.
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lated by the passing waves. The same water is translated lakeward by the
undertow, and the surface water above it is translated landward by the wind,
while both move with the shore current parallel to the beach. The rhythm
may be assumed to arise from the interaction of the oscillation, the land-
ward current, and the undertow. |

LITTORAL DEPOSITION.

The material deposited by shore processes is, first, shore drift; second,
stream drift, or the detritus delivered at the shore by tributary streams
Increasing depth of water is in each case the condition of littoral deposi-
tion. The structures produced by the deposit of shore drift, although some-
what varied, have certain common features. They will be treated under
the generic title of embankments. The structures produced by the deposit
of stream drift are delfas.

EMBANKMENTS.

The current occupying the zone of the shore drift and acting as the
coagent of littoral transportation has been described as slow, but it is insepa-
rably connected with a movement that is relatively rapid. This latter, which
may be called the off-shore current, occupies deeper water and is less impeded
by friction. It may in some sense be said to drag the littoral current along
with it. The momentum of the off-shore current does not permit it to fol-
low the sinuosities of the water margin, and it sweeps from point to point,
carrying the littoral current with it. There is even a tendency to generate
eddies or return currents in embayments of the coast. The off-shore. cur-
rent is moreover controlled in part by the configuration of the bottom and
by the necessity of a return current. The littoral current, being controlled
in large part by the movements of the off-shore current, separates from the
water margin in three ways: first, it continues its direction unchanged at
points where the shore-line turns landward, as at the entrances of bays; sec-
ond, it sometimes turns from the land as a surface current; third, it some-
times descends and leaves the water margin as a bottom current.

In each of these three cases deposition of shore drift takes place by
reason of the divorce of shore currents and wave action. The depth to
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which wave agitation sufficient for the transportation of shore drift extends
is small, and when the littoral current by leaving the shore passes into
deeper waters the shore drift, unable to follow, is thrown down.

When the current holds its direction and the shore-line diverges, the
embankment takes the form of a spit, a hook, a bar, or a loop. When the
shore-line holds its course and the current diverges, whether superficially
or by descent, the embankment usually takes the form of a ferrace.

The Spit— W hen a coast line followed by a littoral current turns abruptly
landward, as at the entrance of a bay, the current does not turn with it, but
holds its course and passes from shallow to deeper water. The water be-
tween the diverging current and coast is relatively still, although there is
communicated to the portion adjacent to the current a slow motion in the
same direction. The waves are propagated indifferently through the flow-
ing and the standing water, and reach the coast at all points. The shore
drift can not follow the deflected coast line, because the waves that beat
against it are unaccompanied by a littoral current. It can not follow the
hittoral current into deep water, because at the bottom of the deep water
there is not sufficient agitation to move it. It therefore stops. But the
supply of shore drift brought to this point by the littoral current does not
cease, and the necessary result is accumulation. The particles are carried
forward to the edge of the deep water and there let fall.

In this way an embankment is constructed, and so far as it is built it
serves as a road for the transportation of more shore drift. The direction
in which it is built is that of the littoral current. It takes the form of a
ridge following the boundary between the current and the still water. Its
initial height brings it just near enough to the surface of the water to enable
the wave agitation to move the particles of which it is constructed; and it
is narrow. But these characters are not long maintained. The causes
which lead to the construction of the beach and the barrier are here equally
efficient, and cause the embankment to grow in breadth and in height until
the cross-profile of its upper surface is identical with that of the beach.

The history of its growth is readily deduced from the configuration of
its terminus, for the process of growth is there in progress. If the material
is coarse the distal portion is very slightly submerged, and is terminated in



48 LAKE BONNEVILLE.

the direction of growth by a steep slope, the subaqueous ““earth-slope” of the
particular material.  If the material is fine the distal portion is more deeply
submerged, and is not so abruptly terminated. The portion above water
is usually narrow throughout, and terminates without reaching the extrem-
ity of the embankment. It is flanked on the lakeward side by a submerged
plateau, at the outer edge of which the descent is somewhat steep. The
profile of the plateau is that normal to the beach, and its contours are con-
fluent with those of the beach or barrier on the main shore. Toward the
end of the embankment its width diminishes, its outer and limiting contour
turning toward the crest line of the spit and finally joining it at the sub-
merged extremity.

The process of construction is similar to that of a railroad embankment
the material for which is derived from an adjacent cutting, carted forward
along the crest of the embankment and dumped off at the end; and the sym-
metry of form is often more perfect than the railway engineer ever accom-
plishes. The resemblance to railway structures is very striking in the case
of the shores of extinct lakes.

As the embankment is carried forward and completed, contact between
the current and the inshore water is at first obstructed and finally cut off,
so that there is practically no communication of movement from one to the
other at the extremity of the spit. At the point of construction the moving
and the standing water are sharply differentiated, and there is hence no
uncertainty as to the direction of construction. The spit not only follows
the line between the current and still water, but aids in giving definition
to that line, and eventually walls in the current by contours adjusted to its
natural flow. )

the Bar.—If the current determining the formation of a spit again touches
the shore, the construction of the embankment is continued until it spans
the entire interval. So long as one end remains free the vernacular of the
coast calls it a spit; but when it is completed it becomes a bar. Figure 7
gives an ideal cross-section of a completed embankment.

The bar has all the characters of the spit except those of the terminal
end. Its cross-profile shows a plateau bounded on either hand by a steep
slope. The surface of the plateau is not level, but has the beach profile, is
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slightly submerged on the windward side and rises somewhat above the
ordinary water level at the leeward margin. At each end it is continuous
with a beach or barrier. It receives
shore drift at one end and del}vers it at
the other. ‘

The bar may connect an island with o

i

Fro. 7.—Bection of a Linear Embankment.

the shore or with another island, or it
may connect two portions of the same
shore. In the last case it crosses the mouth either of a bay or of a river.
If maintained entire across the entrance to a bay it converts the water be-
tween it and the shore into a lagoon. At the mouth of a river its mainte-
nance is antagonized by the outflowing current, and if its integrity is estab-
lished at all it is only on rare occasions and for a short time. That is to
say, its full height is not maintained; there is no continuous exposed ridge.
The shore drift is, however, thrown into the river current, and unless that
current is sufficient to sweep it into deep water a submerged bar is thrown
across it, and maintains itself as a partial obstruction to the flow. The site
of this submerged bar is usually also the point at which the current of the
stream, meeting the standing water of the lake, loses its velocity and depos-
its the coarser part of its load of detritus. If the contribution of river drift
greatly exceeds that of shore drift, a delta is formed at the river mouth, and
this, by changing the configuration of the coast, modifies the littoral current
and usﬁally determines the shore drift to some other course. If the contri-
~bution of river drift is comparatively small it becomes a simple addition to
the shore drift, and does not interrupt the continuity of its transportation.
The bars at the mouths of small streams are constituted chiefly of shore drift,
and all their characters are determined by their origin. The bars at the
mouths of large streams are constituted chiefly of stream drift, and belong
to the phenomena of deltas.

On a preceding page the fact was noted that the horizontal contours of
a beach are more regular than those of the original surface against which
it rests, small depressions being filled. It is now evident that the process of
filling these is identical with that of bar construetion. There is no trenchant

line of demarkation between the beach and the bar. Each is a carrier of
MON I—*¢
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shore drift, and each employs its first load in the construction of a suitable
road.
® Plate IV represents a part of the east shore of Lake Michigan seen
from the hill back of Empire Bluffs. In the extreme distance at the left
stand the Sleeping Bear Bluffs, and somewhat nearer on the shore is a tim-
bered hill, the lakeward face of which is likewise a sea-cliff. A bar conneets
the latter with the land in the foreground and divides the lagoon at the right
from the lake at the left. The symmetry of the bar is marred by the for-
mation of dunes, the lighter portion of the shore-drift being taken up by
the wind and carried toward the right so as to initiate the filling of the
lagoon.
Figure 8 is copied from the U. S. Engineer map of a portion of the south
shore of Lake Outario west of the mouth of the Genesee River. The orig-

S

.

¥ia. 8.—Map of Braddock’s Bay and vicinity, N. Y., ahowmg headlands connected by Bars.

inal contour of the shore was there irregular, consisting of a series of salient
and reentrant angles. The waves have truncated some of the salients and
have united them all by a continuous bar, behind which several bays or
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ponds are inclosed. The movement of the shore drift is in this case from
northwest to southeast, and the principal source of the material is a point of
land at the extreme west, where a low cliff shows that the land is being
eaten by the waves.

The map in Figure 9 is also copied from one of the sheets published
by the U. 8. Engineers, and represents the bars at the head of Lake Supe-
rior.  These illustrate several
elements of the preceding dis-
cussion.  In the first place they
are not tormed by the predomi-
nant winds, but by those which
bring the greatest waves. The
predominant winds are west-
erly, and produce no waves on
thi scoast. The shore drift is de-
rived from the south coast, and
its motion is first westerly and
then northerly. Two bars are
exhibited, the western of which
is now protected from the lake

waves, and must have been com-

F1G. 9.—Map of the head of Lake Superior, sbowing Bay Bars.

pleted before the castern was
begun.  The place of deposition of shore drift was probably shifted from
the western to the eastern by reason of the shoaling of the head of the lake.
The converging shores should theoretically produce during easterly storms
a powertul undertow, by which a large share of the shore drift would be
rarried lakeward and distributed over the bottom.  The mamnmer in which
the bars terminate against the northern shore without infleetion is explica-
ble likewise by the theory of a strong undertow. If the return current
were superficial the bars would be curved at their junctions with both
shores.

An instructive view of an ancient bar will be found in Pl IX, repre-
senting a portion of the Bonneville shore line.  The town of Stockton, Utah,
appears at the right. The plain at the left was the bed of the lake. The
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storm waves, moving from left to right, carved the sea-cliff which appears
at the base of the mountain at the left, and drifting the material toward the
right built it into a great spit and a greater bar. The end of the spit is
close te the town. The bar, which lies slightly lower, having been formed
by the lake at a lower stage of its water, sweeps in a broad curve across
the valley to the rocky hill on the opposite side, where the artist stood in
making the sketch. ;

the Hook—T'he line of direction followed by the spit is usually straight, or
has a slight concavity toward the lake. This form is a function of the lit-
toral.current, to which it owes origin. But that current is not perpetual; it
exists only during the continuance of certain determining winds. Other
winds, though feebler or accompanied by smaller waves, nevertheless have
systems of currents, and these latter currents sometimes modify the form of
the spit. Winds which simply reverse the direction of the littoral current
retard the construction of the embankment without otherwise affecting it;
but a current is sometimes made to flow past the end of the spit in a direction
making a high angle with its axis, and such a current modifies its form. It
cuts away a portion of the extremity and rebuilds the material in a smaller
spit joining the main one at an angle. If this smaller spit extends lakeward
itis demolished by the next storm; but if it extends landward its position is
sheltered, and it remains a permanent feature. It not infrequently happens
that such accessory spits are formed at intervals during the construction of
a long embankment, and are preserved as a series of short branches on the
lee side. _

It may occur also that a spit at a certain stage of its growth becomes
especially subject to some conflicting current, so that its normal growth
ceases, and all the shore drift transported along it goes to the construction
of the branch. The bent embankment thus produced is called a hook.

The currents efficient” in the formation of a hook do not cooperate
simultaneously, but exercise their functions in alternation. The one, during
the prevalence of certain winds, brings the shore drift to the angle and
accumulates it there; the other, during the prevalence of other winds, de-
molishes the new structure and redeposits the material upon the other limb
of the hook.
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In case the land on which it is based is a slender peninsula or a small
island, past which the currents incited by various winds sweep with little
modification of direction by the local configuration, the hook no longer has
the sharp angle due to the action of two currents only, but receives a curved
form.

Hooks are of comparatively rare occurrence on lake shores, but abound
at the mouths of marine estuaries, where littoral and tidal currents conflict.

Plate V represents a recurved spit on the shore of Lake Michigan, seen
from a neighboring bluff. The general direction of its construction is from
left to right, but storms from the right have from time to time turned its end
toward the land and the successive recurvements are clearly discernible near
the apex.

The mole enclosing Toronto harbor on the shore of Lake Ontario is a
hook of unusual complexity, and the fact that its growth threatens to close
the entrance to the harbor has led to its thorough study by engineers.
Especially has its history been developed by Fleming in a classic essay to
which reference has already been made. A hill of drift projects as a cape
from the north shore of the lake. The greatest waves reaching it, those
having the greatest fetch, are from the east (see Fig. 10), and the cooper-
ating current flows from east to west. As

the hill gradually yields to the waves, its
coarser material trails westward, building a
spit. The waves and currents set in mo-
tion by southwesterhy winds carry the spit
end northward, prd(&

ing a hook. In the Fig. 10.—Diagram of Lake Ontario, to show the
past the westward movement has been the §,‘;ﬁ§i§" aves reaching Torouto from diflorent
more powerful and the spit has continued to grow in that direction, its north-
‘ern edge being fringed with the sand ridges due to successive recurvements,
but the shape of the bottom has introduced a change of conditions. The water
at the west end of the spit is now deep, and the extension of the embank-
ment is correspondingly slow. The northward drift, being no longer sub-
ject to frequent shifting of position, has cumulative effect on the terminal
hook and gives it a greater length than the others. In the chart of the har-

bor (Fig. 11) the composite character of the mole is readily traced. It may
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also be seen that the ends of the successive hooks are connected by a beach,
the work of waves generated within the harbor by northerly winds. It will
be observed furthermore that while the west end of the spit is continuously
-fringed by recurved ridges its eastern part is quite free from them. "This
does not indicate that the spit was simple and unhooked in the early stages
of growth, but that its initial ridge has disappeared: As the cliff is eroded,

ot
o 3
ANAVININS

“‘\;7."'\‘51‘\\
e
Ly

W |

f
NS
.

¥Fi6. 11,.--Map of the bor and peninsula {(Hook) at Toronto. From charts published by H. Y. Hind, in 1854.2

its position constantly shifts landward, the shore current follows, and the
lakeward face of the spit is carried away so that the waves break over it,
and then a new crest is built by the waves just back of the line of the old
one’ By this process of partial destruction and renewal the spit retreats,
keeping pace with the retreating cliff. At an earlier stage of the process
the spit may have had the position and form indicated by the dotted out-
line, but whatever hooks fringed its inner margin have disappeared in the
process of retreat.

UThe marsh 60011pying part of the space between the spit and the mainland (Fig.11) is only
incidentally connected with the feature under discussion. A small stream, the Don, reaches the shore
of the lake within the tract protected from waves by the hook and is thus enabled to construct a delta
with its sediment.

' “Report on the preservation and improvement of Torouto Harbor. In Supplement to Canadian
Journal, 1854,

3 At the present time the spit is divided near the middle, a natural breach having been artificially

prevented from healing. The portion of the peninsula fringed by successive hooks stunds as an island.
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The landward shifting illustrated by the Toronto hook affects many
embankments, but not all. It ordinarily occurs when the embankment is
built in deep water and the source of its materialis close at hand.  Wherever
it is known that an embankment has at some time been breached by the
waves, it may be assumed with confidence that retreat is in progress.

As retreat progresses the layers constituting the embankment are trun-
cated at top, and new layers are added on the landward side. In the result-
ing structure the prevailing dip is landward (Fig. 12), and it is thereby
distinguished from all other forms of lacustrine deposition. This structure
was first described and explained by Fleming, who observed it in a railway
cutting ﬂlrough an ancient spit.!

The Loop.—Just as the spit, by advancing until it rejoins the shore, becomes
a bar, so the completed hook may with propriety be called a loop or a looped
bar. There is, however, a somewhat different feature to which the name is
more strikingly applicable. A small island standing near the main-land is
usually furnished on each side with a spit streaming toward the land. These
spits are composed of detritus eroded from the lakeward face of the island,
against which beat the waves generated through the broad expanse. The
currents accompanying the waves are not uniform in direction, but vary
with the wind through a wide angle; and the spits, in sympathy with the
varying direction of currents, are curved inward toward the island. If their
extremities coalesce, they constitute together a perfect loop, resembling,
when mapped, a festoon pendeni from the sides of the island.

Such a loop in the fossil condition, that is, when preserved as a vestige
of the shore of an extinct lake, has the form of a crater rim, the basin of
the original lagoon remaining as an undrained hollow. The accompanying
illustration (PL. VI) represents an island of Lake Bonneville standing on the
desert near what is known as the “Old River Bed.” The nucleus of solid
rock was in this instance nearly demolished before the work of the waves
was arrested by the lowering of the water.

The Wave-built Terrace—It has already been pointed out that when a separa-
tion of the littoral current from the coast line is brought about by a diverg-
ence of the current rather than of the coast line, there are two cases, in the

I Notes on the Davenport gravel drift. Canuadian Jonrnal, New Series, vol. 6, 1861, pp. 247-253.

/
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first of which the current continues at the surface, while in the second it
dives beneath the surface. It is now necessary to make a further distine-
tion. The current departing from the shore, but remaining at the surface,
may continue with its original velocity or it may assume a greater cross-
section and a diminished velocity. In the first case the shore drift is built
into a spit or other linear embankment. In the second case it is built into
a terrace. The quantity of shore drift moved depends on the magnitude of
the waves; but the speed of transit depends on the velocity of the current,
and wherever that velocity diminishes, the accession of shore drift must
exceed the transmission, causing accumulation to take place. This accumu-
lation ocecurs, not at the end of the beach, but on its face, carrying its entire
profile lakeward and producing by the expansion of its crest a tract of new-
made land. If afterward the water disappears, as in the case of an extinct
lake, the new-made land has the character of a terrace. A current which
leaves the shore by descending, practically produces at the shore a diminu-
tion of flow, and the resulting embankment is nearly identical with that of
a slackening superficial current.

The wave-built terrace is distinct from the ywave-cut terrace in that it
is a work of construction, being composed entirely of shore drift, while the
wave-cut terrace is the result of excavation, and consists of the pre-existent
terrane of the locality. The wave-built terrace is an advancing embank-
ment, and its internal structure is characterized by a lakeward dip (Fig. 13).
It is thus contrasted with the retreating embankment (Fig. 12).
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Fi16. 13.—8ection of 3 Wave-built Terrace.
The surface of the wave-built terrace, considered as a whole, is level,
but in detail it is uneven, consisting of parallel ridges, usually curved. Each
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of these is referable to some exceptional siorm, the waves of which threw
the shore drift to an unusual height.

Where the shore drift consists wholly or in large part of sand, and the
prevailing winds are toward the shore, the wave-built terrace gives origin to
dunes, which are apt to mask its normal ribbed structure.

The locality most favorable for the formation of a wave-built terrace
is the head of a triangular bay, up which the waves from a large body of
water are rolled without obstruction. The wind sweeping up such a bay
carries the surface of the water before it, and the only return current is an
undertow originating near the head of the bay. The superficial advance of
the water constitutes on each shore a littoral current conveying shore drift
toward the head of the bay, and as these littoral currents are diminished
and finally entirely dissipated by absorption in the undertow, the shore drift
taken up along the sides of the bay is deposited. If the head of the bay is
acute, the first embankment built is a curved bar tangent to the sides and con-
cave toward the open water. To the face of this successive additions are
made, and a terrace is gradually produced, the component ridges of which
are approximately parallel. The sharpest curvature is usually at the ex-
treme head of the bay. ‘

The converging currents of such a bay give rise to an undertow which
is of exceptional velocity, so that it transports with it not only the finest
detritus but also coarser matter, such as elsewhere is usually retained in the
zone of wave action. In effect there is a resorting of the material. The
shore drift that has traveled along the sides of the bay toward its head, is
divided into two portions, the finer of which passes out with the reinforced
undertow, while the coarser only is built into the terrace.

The V-Terrace and V-Bar.—]t remains to describe a type of terrace for which no
satisfactory explanation has been reached. The shores of the ancient Pleis-
tocene lakes afford numerous examples, but those of recent lakes are nearly
devoid of them, and the writer has never had opportunity to examine one
in process of formation. They are triangular in ground plan, and would
claim the title of delta were it not appropriated, for they simulatée the Greek
letter more strikingly than do the river-mouth structures. They are built
against coasts of even outline, and usually, but not always, upon slight
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salients, and they occur most frequently in the long, narrow arms of old
lakes.

One side of the triangle rests against the land and the opposite angle
points toward the open water. The free sides meet the land with short
curves of adjustment, and appear otherwise to be normally straight, although
they exhibit convex, concave, and sigmoid flexures. The growth is by ad-
ditions to one or both of the free sides; and the nucleus appears always to
have been a miniature triangular terrace, closely resembling the final struct-
ure in shape.  Iu the Bonneville examples the lakeward slope of the terrace
is usually very steep down to the line where it joins the preexistent slope
of the bottom.

There seems no reason to doubt that these embankments, like the
others, were built by currents and waves, and such being the case the for-
mative currents must have diverged from the shore at one or both the land-
ward angles of the terrace, but the condition determining this divergence
does not appear. -

In some cases the two margins appear to have been determined by cur-
rents approaching the terrace (doubtless at different times) from opposite
directions; and then the terrace margins are concave outward, and their
confluence is prolonged in a more or less irregular point. In most cases,
however, the shore drift appears to have been carried by one current from
the mainland along one margin of the terrace to the apex, and by another
current along the remaining side of the terrace back to the mainland. The
contours are then either straight or convex.

In Lake Bonneville it happened that after the best defined of these ter-
races had attained nearly their final width the lake increased in size, so that
they were immersed beneath a few feet of water. While the lake stood at
the higher level, additions were made to the terraces by the building of lin-
ear embankments at their outer marging. These were carried to the water
surface, and a triangular lagoon was imprisoned at each locality. The sites
of these lagoons are now represented by flat triangular basins, each walled
in by a bar bent in the form of a V. These bars were at first observed
without a clear conception of the terrace on which they were founded, and
the name V-bar was applied. The V-bar, while a conspicuous feature of
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the Bonneville shores, is not believed to be a normal feature of lakes main-
taining a constant level.

DRIFTING SAND; DUNES.

The dune is not an essential shore feature, but is an accessory of fre-
quent occurrence. '

Dunes are formed wherever the wind drifts sand across the land. The
conditions essential to their production are wind, a supply of sand, and
sterility or the absence of a protective vegetal growth. In arid regi(‘;ns
sterility is afforded by the climatic conditions, and the sand furnished by
river bars laid bare at low water, and by the disintegration of sand rocks,
is taken up by the wind and built into dunes; but where rain is abundant,
accumulations of such sort are protected by vegetation, and the only sources
of supply are shores, either modern or ancient.

Shore drift nearly always contains some sand, and is frequently com-
posed exclusively thereof. The undertow carries off the clay, which might
otherwise hold the sand particles together and prevent their removal by the
wind; and pebbles and bowlders, which, by their superior weight oppose
wind action, are less able to withstand the attrition of littoral transportation,
and disappear by disintegration from any train of shore drift which travels
a considerable distance. . Embankments are therefore apt to be composed
largely of sand; and the crests of embankments, being exposed to the air
during the intervals between great storms, yield dry sand to the gentler
winds.

The sand drifted from the crests of free embankments, such as barriers,
spits, and bars, quickly reaches the water on one side or the other. What
is blown to the lakeward side falls within the zone of wave action, and is
again worked over as shore drift. What is blown to the landward side ex-
tends the area of the embankment, correspondingly encroaching on the
lagoon or bay.

Sand blown from the crests of embankments resting against the land,
such as beaches and terraces, will spread over the land if the prevailing
wind is favorable. In cases where the prevailing wind is toward the lake
the general movement of sand is, of course, in that direction, and it is merely
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returned to the zone of the waves and readded to the shore drift; but where
the prevailing winds are toward the land, dunes are formed and slowly rolled
forward by the wind. The supply of dry sand afforded by beaches is com-
paratively small, and dunes of magnitude are not often formed fromit. The
great sand magazines are wave-built terraces, and it is from these that the
trains of sand so formidable to agriculture have originated.

The sands accumulated on the shores of lakes and oceans now extinet
are sometimes so clean that vegetation acquires no foothold, and the wind
still holds dominion. The “oak openings” of Western States are usually
of this nature; and in the Great Basin there are numerous trains of dunes
conveying merely the sand accumulated on the shores of the Pleistocene
lakes.

One product of littoral deposition—the delta—remains undesecribed;
but this is so distinet from the embankment, not only in form but in process
of construction, that its consideration will be deferred until the interrelations
" of the three processes already described have been discussed. /

THE DISTRIBUTION OF WAVE-WROUGHT SHORE FEATURES.

Upon every coast there are certain tracts undergoing erosion; certain
others receive the products of erosion, and the intervals are occupied by the
structures peculiar to transportation. Let us now inquire what are the con-
ditions determining these three phases of shore shaping.

It will be convenient to consider first the conditions of transportation.
In order that a particular portion of shore shall be the scene of littoral trans-
portation, it is essential, first, that there be a supply of shore drift; second,
that there be shore action by waves and currents; and in order that the
local process be transportation simply, and involve neither erosion nor depo-
sition, a certain equilibrium must exist between the quantity of the shore
drift on the one hand and the power of the waves and currents on the other.
On the whole this equilibrium is a delicate one, but within certain narrow
limits it is stable. That is to say, there are certain slight variations of the
individual conditions of equilibrium, which disturb the equilibrium only in
a manner tending to its immediate readjustment. IFor example, if the shore

-



DISTRIBUTION OF EROSION AXD DEPOSITION. 61

drift receives locally a small increment from stream drift, this increment, by
adding to the shore contour, encroaches on the margin of the littoral current
and produces a local acceleration, which acceleration leads to the removal
of the obstruction. Similarly, if from some temporary cause there is a local
defect of shore drift, the resulting indentation of the shore contour slackens
the littoral current and causes deposition, whereby the equilibrium is restored.
Or if the force of the waves is broken at some point by a temporary obstruc-
tion outside the line of breakers, as for example by a wreck, the local dimi-
nution of wave agitation produces an accumulation of shore drift whereby
the littoral current is narrowed and thus accelerated until an adjustment is
reached.

’ Outside the limits thus indicated everything which disturbs the adjust-
ment between quantity of shore drift and capacity of shore agents leads either
to progressive local erosion or else to progressive local deposition. The
stretches of coast which either lose or gain ground are decidedly in excess of
those which merely hold their own.

An excessive supply of shore drift over and above what the associated
current and waves are competent to transport leads to deposition. This
oceurs where a stream of some magnitude adds its quota of debris. A mod-
erate excess of this nature is disposed of by the formation of a wave-built
terrace on the lee side of the mouth of the stream, that is, on the side toward
which flows the littoral current accompanying the greatest waves. A great
excess leads to the formation of a delta, in which the stream itself is the con-
structing agent and the influence of waves is subordinate.

On the other hand, there is a constant loss of shore drift by attrition,
the particles in transit being gradually reduced in size until they are removed
from the littoral zone by the undertow. As a result of the defect thus occa-
sioned, a part of the energy of the waves is expended on the subjacenf
terrane, and the work of transportation is locally accompanied by a sufficient
amount of erosion to replenish the wasting shore drift. For the maintenance
of a continuous beach in a permanent position, it appears to be necessary
that small streams shall ¢ontribute enough debris to compensate for the
waste by attrition.
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Theoretically, transportation must be exchanged for erosion wherever
there is a local increase in the magnitude of waves, and for deposition where
there is a local decrease of waves; but practically the proportions of waves
are so closely associated with the velocities of the accompanying currents
that their effects have not been distinguished.

The factor which most frequently, by its variation, disturbs the equi-
librium of shore action is the littoral current. It has already been pointed
out that wherever it leaves the shore, shore drift is deposited; and it is
equally true that wherever it comes into existence by the impinging of an
open-water current on the shore, shore drift is taken up and the terrane is
eroded. It has been shown also that the retardation of the littoral current
produces deposition, and it is equally true that its acceleration causes ero-
sion. Every variation, therefore, in the direction or velocity of the current
at the shore has a definite effect in the determination of the local shore
process.

Reentrant angles of the coast are always, and reentrant curves are
usually, places of deposition. The reason for this is twofold: first, currents
which follow the shore move with diminished velocity in passing reentrants;
second, currents directed toward the shore escape from reentrants only by
undertow, and, as heretofore explained, build terraces at the heads of the
embayments.

Salient angles are usually eroded, and salient curves nearly always,
the reasons being, first, that a current following the shore is relatively swift
opposite a salient, and, second, that a current directed toward the shore is
apt to be divided by a salient, its halves being converted into littoral cur-
rents transporting shore drift in opposite directions away from the salient.

Some salient angles, on the contrary, grow by deposition. This occurs
where the most important current approaches by following the shore and is
thrown off to deep water by a salient. The most notable instances are found
on the sides of narrow lakes or arms of lakes, in which case currents approach-
ing from the direction of the length are accompanied by greater waves than
those blown from the direction of the opposite shore, and therefore dominate
in the determination of the local action.
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It thus appears that there is a general tendency to the erosion of salients
and the filling of embayments, or to the simplification of coast outlines. This
tendency is illustrated not only by the shores of all lakes, but by the coasts of
all oceans. In the latter case it is slightly diminished by the action of tides,
which occasion currents tending to keep open the mouths of estuaries, but
it is nevertheless the prevailing tendency. The idea which sometimes ap-
pears in popular writings that embayments of the coast are eaten out by
the ocean is a survival of the antiquated theory that the sculpture of the
land is a result of “marine denudation.” It is now understood that the diver-
sities of land topography are wrought by stream erosion.

Figure 8, representing about seven miles of the shore of Lake Ontario,
illustrates the tendency toward simplification. Each bluff of the shore marks
the truncation by the waves of a cape that was originally more salient. Each
beach records the partial filling of an original bay. Each bar is a wave-
built structure partitioning a deep reentrant from the open lake. The la-
goons receive the detritus from the streams of the land and are filling; partly
for this reason there is a local defect of shore drift, and the coast is receding
by erosion; and by this double process the original reentrants are suffering
complete effacement.  For the original coast line—a sinuous contour on a
surface modeled by glacial and fluvial agencies—will be substituted a rela-
tively short line of simple curvature.

The simplification of a coast line is a work involving time, and the
amount of work accomplished on a particular coast affords a relative meas-
ure of the time consumed. There are many modifying conditions—the
fetch of waves, the off-shore depth, the material of the land, the original
configuration, etc.—and these leave no hope of an absolute measure; but
it is possible to distinguish the young coast from the mature. When a
water level is newly established against land with sinuous contour, the first
work of the waves is the production of the beach profile. On the gentlest
slopes they do this by excavating the terrane at the point where they first
break and throwing the material shoreward so as to build a barrier. On all
other slopes they establish the profile by carving a tefrace with its correla-
tive cliff. The coarser products of terrace-cutting gather at the outer edge
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of the terrace, helping to increase its breadth; the finer fall in deeper water
and help to equalize the off-shore depth. The terrace gradually increases
by the double process of cutting and filling until it has attained a certain
minimum width essential to the transportation of shore drift. This width is
for each locality a function of the size of the greatest waves. Before it is
reached, the fragments detached from the cliff linger but a short time on the
face of the terrace; after a few excursions up and down the slope they come

when the

to rest at the edge of the deeper water. When it is reached
beach profile is complete—the excavated fragments torn from the cliff no
longer escape from the zone of wave action, but are rolled to and fro by the
waves of every storm, lose their angles by attrition, and are drifted along
by the shore current. It may happen that the material of the cliff is a
gravel, already rounded by some earlier and independent process, but when
this is not the case, the cut-terraces of adolescent and mature coasts are
distinguished by the angular forms on the one hand and the rounded forms
on the other of the associated detritus. When the formation of shore drift
has once been begun, its further development and the development of effi-
cient shore currents are gradual and by reciprocation. The spanning of
minor recesses of the coast-line by its beach helps to smooth the way for
the shore current, and the current promotes the beach. Embankments come
later, when ways have been straightened for the current and shore drift,
and those first constructed usually attempt the partition of only small em-
bayments. The more extended and powerful shore currents, competent to
span the bays between the greater headlands, become possible only after
minor rugosities of coast and bottom have disappeared.

Low but nearly continuous sea-cliffs mark the adolescent coast; simple
contours and a cordon of sand, interspersed with high cliffs, mark the mature
coast. As a result of the inconstancy of the relations of land and water, it
is probable that all coasts fall under these heads, but Richthofen has sketched
the features of the theoretic senile coast.! As sea-cliffs retreat and terraces
grow broader the energy of the waves is distributed over a wider zone and
its erosive work is diminished. The resulting defect of shore drift permits

! Fijhrer fiir Forschungsreisende, p. 338,
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the erosion of embankments, and the withdrawal of their protection extends
the line of cliff; but eventually the whole line is driven back to its limit
and crosion ceases. The cliffs, no longer sapped by the waves, yield to
atmospheric agencies and blend with the general topography of the land.
Shore drift is still supplied by the streams and is spread over the broad lit-
toral shoal, where it lies until so comminuted by the waves that it can float
away.

The length of the period of adolescence varies with local conditions.
Where the waves are powerful, maturity comes sooner than where they are
weak. It comes sooner, too, where the material to be moved by the waves
is soft or incoherent than where it is hard and firm; and it comes early
where the submerged contours and the contour at the water’s edge have
few irregularities. Different parts of the same coast accordingly illustrate
different stages of development. The shores of Lake Bounneville are in
general mature, but in small sheltered bays they are adolescent. The
shore of Lake Ontario is in general mature, being traced on a surface of
glacial drift, but near the outlet is a region of bare, hard rock disposed in
promontories and islands, and there much of the coast is adolescent.

The classic “parallel roads” of Glen Roy in Scotland illustrate the ado-
lescent type, and this although the local conditions favor rapid development.
The smooth contours of the valley gave no obstruction to shore currents,
depth and length of lake permitted the raising of large waves, and a mantle
of glacial drift afforded material for shore drift; but the beach profile was
not completed, the bowlders of the narrow terraces are still subangular,
and there are no embankments. It is fairly inferred that the time repre-
sented by each shore-line was short.

STREAM WORK; THE DELTA.

"The detritus brought to lakes by small streams is overwhelmed by shore
drift and merges with it. The tribute of large streams, on the .contrary,
overwhelms the shore drift and aceumulates in deltas. In the formation of
a normal delta the stream is the active agent, the lake is the passive recipient,

and waves play no essential part.
MON I—35
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The process of delta formation depends almost wholly on the following
law: The capacity and competence of a stream for the transportation of detritus
are increased and diminished by the increase and diminution of the velocity. The
capacity of a stream is measured by the total load of debris of a given fine-
ness which it can carry. Its competence is measured by the maximum size
of the particles it can move. A swift current is able to transport both more
matter and coarser matter than a slow current. The competence depends
on the velocity of the water at the bottom of the channel, for the largest
particles the stream can move are merely rolled along the bottom. Finer
particles.are lifted from the bottom by threads of current tending more or
less upward, and before they sink again are carried forward by the general
flow. Their suspension is initiated by the bottom current, but the length
and speed of their excursion depend on the general velocity of the current.
Capacity is therefore a function of the velocity of the more superficial threads
of current as well as of those which follow the bottom.

Suppose that a river freighted with the waste of the land is newly made
tributary to a lake. Its water flows to the shore, and shoots out thence
over! the relatively still lake water until its momentum has been communi-
cated by friction to so large a body of water as to practically dissipate its
velocity.  From the shore outward the velocity at the bottom is the velocity
of the lake water and not that of the river water, and is inconsiderable.  The
entire load consequently sinks to a final resting place and becomes a deposit.
The coarse particles go down in immediate contiguity to- the shore. The
finest are carried far out before they escape from the superficial stratum of
river water.

The sinking of the coarse material at the shore has the effect of build-
ing out a platform at the level of the bottom of the river channel.  Postulate
the construction of this platform for some distance from the shore without
any modification of the longitudinal profile of the river, the river surface
descending to the shore and then becoming horizontal. - Evidently, the hor-
izontal portion has no energy of descent to propel it, and yet is opposed by
friction; its velocity is, therefore, retarded, its capacity and competence are

116 14 sa1d that some glacier-fed streams on entering lakes pass under instead of over the lake
water and that peculiar delta features resnlt, but these are not fully described.
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consequently diminished, and it drops some of its load. The fall of detritus
builds up the bottom at the point where it takes place, and causes a check-
ing of the current immediately above (up stream). This in turn causes a
deposit; and a reciprocation of retardation and deposition continues until
the profile of the stream has acquired a continuous grade from its mouth at
the extremity of the new platform backward to some steeper part of its
channel

a continuous grade sufficient to give it a velocity adequate to its
load. The postulate is, of course, ideal. The river does not in fact build
a level bed and afterward change it to a slope, but carries forward the whole
work at once, maintaining continuously an adjustment between its grade
and its work. Moreover, since the deposition begins at some distance from
the mouth, the lessening load does not require a uniform grade and does
not produce it. - The grade diminishes gradually lake vard to the foot of the
deposit slope, so that the longitudinal profile is slightly concave upward.
At the head of the deposit slope there is often an abrupt change of grade.
At its foot, where the maximum deposit is made, there is an abrupt change
of a double character; the incline of the river surface is exchanged for the
horizontal plance of the lake surface; the incline of the river bottom is ex-
changed for the steeper incline of the delta front.

The river current is swifter in the middle than at the sides, and on a
deposit slope, where velocity is nicely adjusted to load, the slight retarda-
tion at the sides leads to deposition of suspended matter. A bank is thus
produced at either hand, so that the water flows down an elevated sluice of
its own construction. The sides are built up pari passu with the bottom,
but inasmuch as they can be increased only by overflow, they never quite
reach the flood level of the water surface. A river thus contained, and a
river channel thus constructed, constitute an unstable combination. So long
as the bank approximates closely to the level of the surface at flood stage,
the current across the bank is slower than the current of the stream, and
deposits silt instead of excavating; but whenever an accidental cause so
far lowers the bank at some point that the current across it during flood
no longer makes a deposit, there begins an erosion of the bank which
increases rapidly as the volume of escaping water is augmented. A
side channel is thus produced, which eventually becomes deeper than the
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main or original channel and draws in the greater part or perhaps all of the
water., The ability of the new channel to drain the old one depends on two
things: first, the outer slope of the bank, from the circumstances of its con-
struction, is steeper than the descent of the bottom of the channel; second,
the first-made channel, although originally following the shortest route to
the lake, has so far increased its length by the extension of its mouth that
the water escaping over its bank may find a shorter route. The river
channel is thus shifted, and its mouth is transferred to a new point on the
lake shore.

Repetition of this process transfers the work of alluvial deposition from
place to place, and causes the river to build a sloping plain instead of a
simple dike. The lower edge of the plain is everywhere equidiszant from
the head of the deposit slope, and has therefore the form of a circular arc.
The inclination is in all directions the same, varying only with the dimin-
ishing grade of the deposit slope, and the form of the plain is thus approxi-
mately conie. Itis, in fact, identical with the product of land-shaping known
as the alluvial cone or alluvial fan. The symmetry of the ideal form is
never attained in fact, because the process of shifting implies inequality of
surface, but the approximation is close in cases where the grade of the
deposit slope is high, or where the area of the delta is large as compared
with the size of the channel.
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F16. 14.~~Sevtion of a Delta,

At the lake shore the manner of deposition is different. The heavier
and coarser part of the river’s detrital load, that which it pushes and rolls
along the bottom instead of carring by suspension, is emptied into the lake
and slides down the face of the delta with no impulse but that given by its
own weight. The slope of the delta face is the angle of repose of this coarse
material, subject to such modification as may result from agitation by waves.
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The finer part of the detritus, that which is transported by suspension, is
carried beyond the delta face, and sinks more or less slowly to the bottom.
Its distribution depends on its relative fineness, the extremely fine material
being widely diffused, and the coarser falling near the foot of the delta face.
The depth of the deposit formed from suspended material is greatest near
the delta and diminishes gradually outward, so that the slope of the delta
face merges by a curve with the slope of the bottom beyond.

As the delta is built lakeward, the steeply inclined layers of the delta
face are superposed over the more level strata of the lake bottom, and in
turn come to support the gently inclined layers of the delta plain, so that
any vertical section of a normal delta exhibits at the top a zone of coarse
material, bedded with a gentle lakeward inclination, then a zone of similar
coarse material, the laminations of which incline at a high angle, and at
bottom a zone of fine material, the laminations of which are gently inclined
and unite by curves with those of the middle zone.

The characters of the fossil delta, or the delta as it exists after the des-
iccation of the lake concerned in its formation, are as follows: The upper
surface is a terrace with the form of an alluvial fan. The lower slope or
face is steep, ranging from 10° to 25°; it joins the upper slope by an angle
and the plain below by a curve. The line separating the upper surface from
the outer slope or face is horizontal, and, in common with all other horizon-
tal contours of the structure, is approximately a circular arc. The upper
or landward limit of the upper surface is a line horizontally uneven, depend-
ing on the contours of the antecedent topography.  The lower Limit of the
face is a vertically uneven line, depending on the antecedent topography as
modified by lake sediments. The material is detrital and well rounded; it
exhibits well-marked lines of deposition, rarely taking the character of bed-
ding. The structure as seen in section is tripartite (Fig. 15). In the upper
division the lines of deposition are parallel to the upper surface of the delta;
in the middle division they are parallel to the steep outer face, and in the
lower division they are gently inclined. The separation of the middle divis-
ion from the lower is obseure. Its separation from the upper is definite and
constitutes a horizontal plane. The fossil delta is invariably divided into
two parts by a channel running from its apex to some part of its periphery
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and occupied by a stream, the agent of its construction becoming, under
changed conditions of base level, the agent of demolition.

The fan-like outline of the normal delta is modified wherever wave ac-
tion has an importance comparable with that of stream action. Among the
great variety of forms resulting from the combination of the two agencies,
there is one which repeats itself with suf-
ficient frequency to deserve special men-
tion. It occurs where the force of the
waves is considerable and the amount
of shore drift brought by them to the
delta is inconsiderable. In such case
the shore current from either direction
is deflected by the mass of the delta, and
wave action adjusts the contour of the
delta to conformity with the deflected
shore current. If the wave influences
from opposite directions are equal, the
delta takes the form of a symmetric tri-
angle similar to that of the V-terrace.

Numerous illustrations are to be seen

F16. 15.—Vertical section in a Delta, showing the ty pi-
cal succession of strata.

on the shores of Seneca and Cayuga
Lakes, where the conditions are peculiarly favorable. The lake is long
and narrow, so that all the efficient wave action is associated with strong
shore currents, and these alternate in direction. The predominant rock of
the sides is a soft shale, so easily triturated by the waves that the entire
product of its erosion escapes with the undertow, and no shore drift remains.
The sides are straight, and each tributary stream builds out a little promon-
tory at its mouth, to which the waves give form. Some of these triangular
deltas embody perfectly the Greek letter, but they turn the apex toward the

water instead of toward the land.
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ICE WORK ; TITE RAMPART.

This feature does not belong to lakes in general, but is of local and
exceptional occurrence. It was named the “Lake Rampart” by Hitcheock,
who gave the first satisfactory acconnt of its origin  Earlier observations,
containing the germ of the explanation of the phenomenon, were made by
Lee? and Adams® A later and indepen-

dent explanation wag given by White.*
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I gave eredit in the Fifth Annual Report of
the U7 8. Geological Survey to White, and

Fi6. 16.—8ection of a Rampart.

myself proposed the name “Shore Wall” T now substitute Hitcheock's
name, “Rampart”, being moved thereto not only by the priority and the
eminent fitness of the name, but by the consideration that “Shore Wall” is
liable to be confounded with “Sea Wall”, a term applied on some marine
coasts to steep-faced embankments of shingle.

The ice on the surface of a lake expands while forming, so as to crowd
its edge against the shore. A further lowering of temperature produces
contraction, and this ordinarily results in the opening of vertical fissures.
These admit the water from below, and by the freezing of that water they
are filled, so that when expansion follows a subsequent rise of temperature
the ice cannot assume its original position. It consequently increases its total
area and exerts a second thrust upon the shore.  Where the shore is abrupt,
the ice itself yields, either by erushing at the margin or by the formation
of anticlinals elsewhere; but if the shore is generally shelving, the margin
of the ice is forced up the acclivity, and carries with it any bowlders or other
loose material about which it may have frozen. A second lowering of tem-
perature does not withdraw the protruded ice margin, but initiates other
cracks and leads to a repetition of the shoreward thrust. The process is
repeated from time to time during the winter, but ceases with the melting of

1 Lake Ramparts 1n Vermont. By Chas. H, Hitchcock. In Proc, Am. Ass. Adv. Sei., vol, 13,
1860, p. 335.

2, A, Lee. Am. Jour. 8ci., vol. 5, 1822, pp. 34-37, and vol. 9, 1825, pp. 235-241.

5J. Adams. Am. Jour. Sei., vol. 9, 1825, pp. 136-144.

4. A. White. Am. Naturalist, vol. 2, 1869, pp. 146-149.
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the ice in the spring. The ice formed the e¢nsuing winter extends only to
the water margin, and by the winter’s oscillations of temperature can be
thrust landward only to a certain distance, determined by the size of the
lake and the local climate. There is thus for each locality a definite limit,
beyond which the projection of bowlders cannot be carried, so that all are
deposited along a common line, where they constitute a wall or rampanrt.

The base of a rampart stands somewhat above and beyond the ordinary
margin of the water. It is parallel to the water margin, following its inflec-
tions.  Its size is probably determined in fact by the supply of material, but
there must also be a limit dependent on the strength of the ice formed in the
given locality. Its material is usually coarse, containing bowlders such as
the waves generated on the same lake would be unable to move. These
may be either smooth or angular, heavy or light, the process of accumula-
tion involving no diserimination.

Ramparts are not found on the margins of large lakes, for whatever
record the ice of winter may make is obliterated by the storm waves of sum-
mer. Neither do they occur on the shores of very deep lakes, for such do
not admit of a heavy coating of ice; and for the same reason they are not
found in warm climates. So far as the writ. is aware, they have never
been found in the fossil condition, except that in a single instance a series

of them serves to record very recent changes of level.
SUBMERGENCE AND EMERGENCE.

In the preceding discussion the general relation of the water surface to
the land has been assumed to be constant. In point of fact it is subject to
almost continuous change, and its mutations modify the products of littoral
shaping.

Lakes with outlet lower their water surfaces by corrading the channel
of outflow. Lakes without outlet continually oscillate up and down with
changes of climate; and finally, all large lakes, as well as the ocean, are
affected by differential movements of the land. The series of displacements
which in the geologic past has so many times revolutionized the distribution
of land and water, has not ceased; and earth movements are so nearly uni-
versal at the present time that there are few coasts which betray no symvtoms
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of recent elevation or subsidence. In this place it is unnecessary to consider
whether the relation of water surface to land is affected by mutations of the
one or of the other; and the terms emergence and submergence will be used
with the understanding that they apply to changes in the relation without
reference to causes of change.

The general effect of submergence or emergence is to change the
horizon at which shore processes are carried on; and if a considerable
change of level is effected abruptly, the nature of the processes and the
character of their products are not materially modified. A submerged shore-
line retains its configuration until it is gradually buried by sediments. An
emerged shore-line is subjected to slow destruction by atmospheric agen-
cies. Only the delta is rapidly attacked, and that 1s merely divided into
two parts by the stream which formed it. In the case of submergence the
new shore constructed at a higher horizon is essentially similar to the one
submerged.  In the case of emergence the new shore constructed at a lower
horizon rests upon the smooth contours wrought by lacustrine sedimenta-
tion, and, finding iu the configuration little that is incongruous with its shore
currents, carves few cliffs and builds few embankments. The barrier is
usually one of its characteristic elements.

A slow and gradual submergence modifies the products of littoral action.
The erosion of sea-cliffs is exceptionally rapid, because the gradually deep-
ening water upon the wave-cut terraces relieves the waves from the task of
carving the terraces and enables them to spend their full force against the
cliffs. The cliffs are thus beaten back before the advancing tide, and their
precipitous character is maintained with constant change of position.

A rhythm is introduced in the construction of embankments.  For each
level of the water surface there is a set of positions appropriate to the initia-
tion of embankments, and with an advancing tide these positions are suc-
cessively nearer and nearer the land; but with the gradual advance of water
the position of embankments is not correspondingly shifted.  The embank-
ment constructed at a low stage controls the local direction of the shore
current, even when its crest is somewhat submerged, and by this control it
determines the shore drift to follow its original course. It is only when the
submergence is sufficiently rapid to produce a considerable depth of water
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over the crest of the embankment that a new embankment is initiated behind
it. The new embankment in turn contrels the shore current, and by a rep-
etition of the process a series of embankments is produced whose crests
differ in height by considerable intervals. .

A slow and gradual emergence causes the waves, at points of excava-
tion, to expend their energies upon the terraces rather than the ¢liffs. No
great cliffs are produced, but a wave-cut terrace is carried downward with
the receding tide. There is now no rhythm in the construction of embank-
ments. At each successive lower level the shore drift takes a course a little
farther lakeward, and is built into a lower embankment resting against the
outer face of the one just formed.

The delta is very sensitive to emergence. As soon as the lake water
falls from its edge, the formative stream, having now a lower point of dis-
charge, ceases to throw down detritus and begins the corrasion of its chan-
nel. It ceases at the same time to shift its course over the surface of the
original delta, but retains whatever position it happened to hold when the
emergence was initiated.  Coincidently it begins the construction of a new
or secondary delta, the apex of which is at the outer margin of the original
structure. With continuous emergence a series of new deltas are initiated
at points successively farther lakeward, and there is produced a continuous
descending ridge divided by the channel of the stream.

THE DISCRIMINATION OF SHORE FEATURES,

A shore is the common margin of dry land and a body of water. The
elements of its peculiar topography are little liable to confusion so long as
they are actually associated with land on one side and water on the other;
but after the water has been withdrawn, their recognition is less easy. They
consist merely of certain cliffs, terraces, and ridges; and cliffs, terraces,
and ridges abound in the topography of land surfaces. In the following
pages the topographic features characteristic of ancient shores will be com-
pared and contrasted with other topographic elements likely to create con-
fusion. .

Such a discrimination as this has not before been attempted, although
the principal distinctions upon which it is based have been the common



DISORIMINATION OF SHORE FEATURES. 75

property of geologists for many years. The contrast of stream terraces with
shore terraces was clearly set forth by Dana in the American Journal of
Science in 1849, and has been restated by Geikie in his Text-Book of Ge-
ology. It was less clearly enunciated by the elder Hitchcock in his Tllus-
trations of Surface Geology.

CLIFFS.

A cliff is a topographic facet, in itself steep, and at the same time sur-
rounded by facets of less inclination. The only variety belonging to the
phenomena of shores is that to which the name “sea-cliff” has been applied.
It will be compared with the cliff of differential degradation, the stream cliff,
the coulée edge, the fault scarp, and the land-slip cliff.

The CIiff of Differential Degradation—[t is a familiar fact that certain rocks, mainly
soft, yield more rapidly to the agents of erosion than certain other rocks,
mainly hard. It results from this, that in the progressive degradation of a
country by subaerial erosion the minor reliefs are generally occupied by
hard rocks while the minor depressions mark the positions of soft rocks.
Where a hard rock overlies one much softer, the erosion of the latter pro-
cceds so rapidly that the former is sapped, and being deprived of its support
falls away in blocks, and is thus wrought at its margin into a cliff.  In re-
gions undergoing rapid degradation such cliffs are exceedingly abundant.

It is the invariable mark of a cliff of differential degradation that the
rock of the lower part of its face is so constituted as to yicld more rapidly
to erosion than the rock of the upper part of its face. It is strictly dependent
on the constitution and structure of the terrane. It may have any form, but
since the majority of rocks are stratified in broad, even sheets, and since the
most abrupt alternations of texture occur in conneetion with such stratifica-
tion, a majority of cliffs of differential degradation exhibit a certain uniformity
and parallelisin of parts. The crest of such a cliff is a line parallel to the
base, and other associated cliffs run in lines approximately parallel.  The
most conspicuous of the cliffs of stratified rocks occur where the strata are
approximately horizontal; and these more often than any others have been
mistaken for sea-cliffs.

The stream clit—'['he most powerful agent of land erosion is the running
stream, and, in regions undergoing rapid degradation, corrasion by streams
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so far exceeds the general waste of the surface that their channels are cut
down vertically, forming ecliffs on either hand. These cliffs are afterward
maintained by lateral corrasion, which opens out the valley of the stream
after the establishment of a base level has checked the vertical corrasion.
Such eliffs are in a measure independent of the nature of the rock, and are
closely associated with the stream. They stand as a rule in pairs facing
each other and separated only by the stream and its flood plain. The base of
each is a line inclined in the direction of the stream channel and in the same
degree. 'The crest is not parallel thereto, but is an uneven line conforming
to no simple law. ‘

The Coutée Edge.—'T'he viscosity of a lava stream is so great, and this vis-
cosity is so augmented as its motion is checked by gradual ecooling, that its
margin after congelation is usually marked by a cliff of some height. The
distinguishing characters of such a cliff are that the rock is volcanie, with
the superficial features of a subaerial flow. It has probably never been mis-
taken for a sea-cliff, and receives mention here only for the sake of giving
generality to the classification of cliffs.

The Fautt Scarp.— T'he faulting of rocks consists in the relative displacement
of two masses separated by a fissure. = The plane of the fissure is usually
more or less vertical, and by virtue of the displacement one mass is made
to project somewhat above the other. The portion of the fissure wall thus
brought to view constitutes a variety of cliff or escarpment, and has been
called a fault scarp.  In the Great Basin such scarps are associated with a
great number of mountain ranges, appearing generally at their bases, just
where the solid rock of the mountain mass is adjoined by the detrital foot
slope. They occasionally encroach upon the latter, and it is in such case
that they are most conspicuous as well as most likely to be mistaken for
sea~cliffs. ~Although in following the mountain bases they do not vary
greatly in altitude, yet they never deseribe exact contours, but ascend and
descend the slopes of the foot hills.  The crest of such a eliff is usually
closely parallel to the base for long distances, but this pamllelisrﬁ is not
absolute. The two lines gradually converge at either end of the displace-
ment. In exceptional instances they econverge rapidly, giving the cliff a
somewhat abrupt termination, and in such case a new cliff appears en ¢chelon,
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continuing the displacement with a slight offset. In Chapter VIII these
cliffs are described at length and illustrated by views and diagrams.

The Land-stip clit.—The land-slip differs from the fault chiefly in the fact
that it is a purely superficial phenomenon, having its whole history upon a
visible external slope. It occurs usually in unconsolidated material, masses
of which break loose and move downward short distances. The cliffs pro-
duced by their separation from the general or parent mass, are never of great
horizontal extent, and have no common element of form except that they
are concave outward. They frequently occur in groups, and are apt to con-
tain at their bases little basins due to the backward canting which forms
part of the motion of the sliding mass.

comparison.—The sea-cliff differs from all others, first, in that its base is
horizontal, and, second, in that there is associated with it at one end or other
a beach, a barrier, or an embankment. A third valuable diagnostic feature
is its uniform association with the terrace at its base; but in this respect it
is not unique, for the cliff of differential degradation often springs from a
terrace. Often, too, the latter is nearly horizontal at base, and in such case
the readiest comparative test is found in the fact that the sea-cliff is inde-
pendent of the texture and structure of the rocks from Whl(h it is carved,
while the other is closely dependent thereon.

The sea-cliff is distinguished from the stream-cliff by the fact that it
faces an open valley broad enough and deep enough to permit the genera-
tion of efficient waves if occupied by a lake. It is distinguished from the
coulée edge by its independence of rock structure and by its associated ter-
race. It differs from the fault scarp in all those peculiarities which result
from the attitude of its antecedent; the water surface concerned in the for-
mation of the sea-cliff is a horizontal plane; the fissure concerned in the
formation of the fault scarp is a less regular but essentially vertical plane.
The former crosses the inequalities of the preexistent topography as a con-
tour, the latter as a traverse line.

The land-slip cliff is distinguished by the marked concavity of its face
in horizontal contour. The sea-cliff is usually convex, or, if concave, its
contours are long and sweeping. The former is distinguished also by its
discontinuity.
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TERRACES,

A terrace is a horizontal or nearly horizontal topographic facet inter-
rupting a steeper slope. It is a limited plain, from one edge of which the
ground rises more or less steeply, while from the opposite edge it descends
more or less steeply. It is the “tread” of a topographic step.

Among the features peculiar to shores are three terraces: the wave-cut,
the wave-built, and the delta. These will be compared with the terrace by
differential degradation, the stream terrace, the moraine terrace, the fault
terrace, and the land-slip terrace.

The Terrace by Differential Degradation— |he same general circurnstances of rock
texture which under erosion give rise to cliffs produce also, terraces, but the
terraces are of less frequent oceurrence. The only case in which they are
at all abundant, and the only case in which they need be diseriminated from
littoral terraces, is that in which a system of strata, heterogeneous in texture
and lying nearly horizontal, is truncated, either by a fault or by some grosive
action, and is afterwards subjected on the truncated section to atmospheric
waste. The alternation of hard and soft strata gives rise under such cir-
cumstances to a series of alternating cliffs and terraces, the outcrop of cach
hard stratum appearing in @ more or less vertical cliff, aud the outerop of
each soft stratum being represented by a gently sloping terrace, united to
the cliff above by a curve, and, in typical examples, separated from the cliff
below by an angle.

The length of such terraces in the direction of the strike is usually great
as compared with their width from cliff to cliff. They are neverlevel in cross
profile, but (1) rise with gradually increasing slope from the crest of one cliff
to the base of the next, or (2) descend from the crest of one cliff to a medial
depression, and thence rise with gradually increasing slope to the base of the
next. The first case arises where the terrace is narrow or the dip of the
strata is toward the lower cliff, the second case where the terrace is broad and
the dip of the rocks is toward the upper cliff. In the first case the drainage
is outward to the edge of the lower cliff; in the second itis toward the medial
depression, whence it escapes by ithe nariow channels carved through the
rock of the lower cliff.
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The Stream Terrace.— | he condition of rapid erosion in any region is uplift. In
a tract which has recently been elevated, the rate of degradation is unequal,
the waste of the water channels being more rapid than that of the surface in
general, so that they are deeply incised. Eventually, however, the corrasion
of the water channels so reduces their declivities that the velocities of current
suffice merely for the transportation outward of the detritus disengaged by
the general waste ot surface. In other words, a base level is reached. Then
the process of lateral corrasion, always carried on to a certain extent, as-
sumes prominence, and its results are rendered cons.picuous. Each stream
wears its banks, swinging from side to side in its valley, always cutting at
one side, and at the other building a shallow deposit of allavium, which con-
stitutes its flood plain. The valley, having before consisted of the river
channel margined on either side by a cliff, now consists of a plain bounded
at the sides by cliffs and traversed by the river channel.

If now the corrasion of the stream bed is accelerated by a new uplift
or other cause, a smaller valley is excavated within the first and at a lower
level.  So much of the original flood plain as remains constitutes terraces
flanking the sides of the new valley.  Outwardly oue of these terraces is
bounded by the base of the old line of cliffs, which may by decay have lost
their vertical habit. Inwardly it is bounded by the crest of the new line of
cliffs produced by lateral corrasion.

Acceleration of downward corrasion is brought about in many ways.
As already mentioned, it may be produced by a new uplift, and this stimu-
lus is perhaps the most potent of all. 1t is sometimes produced by the
downthrow of the tract to which the streams discharge, or, what is nearly
the same thing, by the degradation of stream channels in that tract. It is
also brought about, within a certain range of conditions, by increase of
rainfall; and finally, it always ensues sooner or later from the defect of
transported material. The general waste of the originally uplifted tract
undergoes, after a long period, a diminution in rapidity. The streams have
therefore less detritus to transport. Their channels are less clogged, and
they are enabled to lower them by corrasion. Perhaps it would be better
to say that after the immediate consequences of uplift have so far passed
away that an equilibrium of erosive action is-established, the degradation of
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the entire tract proceeds at a slow continuous rate, the slight variations of
which are in a sense accidental. Lateral corrasion under such circumstances
coexists in all stream channels with downward corrasion, and is the more
important process; but the horizon of its action is continuously lowered by
the downward corrasion. The terraces which result represent only the
stages of a continuous process.

In a great number of stream valleys, not one but many ancient flood
plains find record in terraces, so that the stream terrace is a familiar topo-
graplic feature.

When a stream meandering in a flood plain encroaches on a wall of
the valley and corrades laterally, it carries its work of excavation down to
the level of the bottom of its channel; and afterward, when its course is
shifted to some other part of the valley, it leaves a deposit of alluvium, the
upper surface of which is barely submerged at the flood stage of the stream.
The depth of alluvium on the flood plain is therefore measured by the ex-
treme depth of the current at high water It constitutes a practically even
sheet, resting on the undisturbed terrane beneath. When the stream finally
abandons it, and by carving a deeper channel, converts it into a terrace, the
terrace is necessarily bipartite. Above, it consists of an even layer of allu-
vial material, fine at top and coarse at bottom; below, it consists of the
preexistent formation, whatever that may be. Where the lower portion is
so constituted as to resist erosion, it loses after a long period its alluvial
blanket, and then the terrace consists simply of the floor of hard rock as
pared away by the meandering stream. The coarse basal portion of the
alluvium is the last to disappear; and if it contains hard bowlders some of
these will survive as long as the form of the terrace is recognizable.

The elder Hitchcock enumerated and described four types of stream
terrace: the lateral terrace, the delta terrace (grouped by the writer with
shore terraces), the gorge terrace, and the glacis terrace;' and Miller, whose
clear analysis of stream terracing is the most recent contribution to the sub-
ject,” adds the amphitheater terrace, the junction terrace, and the fan ter-
race. Such detail is not required in this connection, but it is proper to dlb-

1 Illustmtlons of Surface Geolog,y By Edward Hltchcock P. 5.
2River-Terracing : its Methods and their results. By Hugh Miller, In Proc. Royal Physical Soc.,
vol. 7, 1883, pp. 263-306.
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tinguish the fan terrace from the lateral terrace, to which the phraseology
of the preceding paragraphs more particularly applies.

The fan terrace of Miller, as developed in a mountain country, has been
admirably described and figured by Drew, who speaks of it as an “alluvial
fan cut by a river”, but gives no shorter title;' in the nomenclature of the
present chapter? it is an alluvial-cone terrace.

Where a large stream flowing through an alluvial plain receives a small
tributary from an upland bordering the plain, the tributary often builds
an alluvial cone upon the margin of the plain.  If afterward the large stream,
shifting its course over the plain, encroaches on the alluvial cone, it con-
verts it into a terrace. The small stream acquires in this manner a lower
point of discharge and is induced to corrade a chamnel through its own
alluvial cone, dividing it into two parts. With reference to the valley of
the small stream, these parts are lateral terraces. With reference to the
valley of the large stream, they constitute together an alluvial-cone terrace.
The alluvial-cone terrace differs from the lateral terrace in that its surface
does not incline uniformly in the direction of the current of the stream it
overlooks, but inclines radially in all directions from a point at the side of
the valley.

The Moraine Terrace.— WY hen an alluvial plain or alluvial cone is built against
the side or front of a glacier and the glacier is afterward melted away, the
alluvial surface becomes a terrace overlooking the valley that contained
the ice. The constructing stream may flow from the ice and gather its allu-
vium from the glacial debris, but it usually flows from the land. The-slope
of the alluvial plain is determined by the direction and other accidents of
the stream. Where the plain adjoins the glacier, it receives whatever debris
falls from the ice, and it may be said to coalesce initially with a morainic
ridge. Its internal constitution is partly alluvial and partly morainic. If
the morainic ridge is large, the plain does not become a moraine terrace.
If it is small, it falls away when the removal of the ice permits the margin
of the plain to assume the “angle of repose.”

' Allavial and lacustrine deposits and glacial records of the Upper-Indus Basin. By Frederic
Drew. Quart. Jour, Geol. Soe. London, vol. 29, 1873, pp. 441-471,

3The alluvial fan of Drew is the alluvial cone of American geologists, and there would be some
reasouns for preferring fan to cone if it were necessary to employ a single term only. It is convenient
to use them as synonyms, employing cone when the angle of slope is high, and fan when it is low,
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Moraine terraces may be classified, after the manner of moraines, as

lateral and frontal.

The history of the lateral type is illustrated by Iig.

17, representing in cross section the side of a glacier in an open valley. The
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So closely does the moraine terrace simulate the siream terrace that it
is usually undistinguished.! The lateral type is identical in cross-profile
and in longitudinal profile, and,

unless portions of the morainic ==

. .

Fic. 20.—Ideal section of Frontal Moraine Lerrace.

ridge remain, has but one for-
mal difference: the contours of

its outer face, being determined
by the side of an ice stream,
are smooth curves of gentle flexure.

The Fault Terrace—It sometimes oceurs that two or more fault scarps with
throw in the same direction, run parallel with each other on the same slope,
thus dividing the surface into zones or tracts at various heights. Each of
these tracts contained between two scarps is a terrace. It is a dissevered
section of the once continuous general surface, divided by one fault from that
which lies above on the slope and by another from that which lies below. It
is the top of a diastrophic block, and its inclination depends upon the attitude
of that block. Usually the block is tilted in a direction opposite at once to
that of the throw of the limiting faults and to that of the general slope of the
country. This has the effect of giving to the terrace an inclination less steep
than that of neighboring plains, or (exceptionally) of inclining it in the oppo-
site direction.

In the direction of its length, which always coincides with the strike of
the faults, the terrace is not horizontal, but undulates in sympathy with the
general surface from which it has been cut.

The Land-stip Terrace—T'his 18 closely related in cross-profile to the fault ter.
race, but is less regular and is of less longitudinal extent. Its length is fre-
quently no greater than its width. The surface on which motion takes place
has a cross section outwardly concave, so that the sliding mass moves on an
arc, and its upper surface, constituting the terrace, has a less inclination
than in its original position. Frequently this effect is carried so far as to
incline the terrace toward the cliff which overlooks it, and occasionally the

tTts recognition was probably late. W, 8. Green describes it in ‘ The High Alps of New Zealand”
{London, 1833), and Chamberlin describes and names it in the Third Annual Report of the U, 8. Geo-
logical Survey, p. 304. The name ‘‘ moraine terrace” was provisionally attached by E. Hitchcock {Sur-
face Geology, pp. 6, 61) to a phenomenon not now regarded as a terrace.
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edge of the terrace is connected with the cliff in such way as to form a small
lake basin.

An even terrace of such origin is rarely observed. The surface is usually
hummocky, and where slides oceur in groups, as is their habit, the hillside
is thrown into a billowy condition suggestive of the surface of a terminal
moraine.

comparison—The only feature by which shore terraces are distinguished
from all terraces of other origin, is the element of horizontality. The wave-
cut terrace is bounded by a horizontal line at its upper edge; the delta is
bounded by a horizontal line about its lower edge; and the wave-built ter-
race is a horizontal plain. But the application of this criterion is rendered
difficult by the fact that the terrace of differential degradation is uot infre-
quently margined by horizontal lines; while the inclinations of the streamn
terrace and the moraine terrace, though universal and essential characters,
are often so small in amount as to be difficult of recognition. The fault
terrace and land-slip terrace are normally so uneven that this character suf-
ficiently contrasts them with all shore features.

The wave-cut terrace agrees with all the non-shore terraces in that it
is overlooked by a cliff rising from its upper margin, and usually differs in
that it merges at one end or both with a beach, barrier, or embankment. It
is further distinguished from the terrace of differential degradation by the
fact that its configuration is independent of the structure of the rocks from
which it is carved, while the latter is closely dependent thereon. In freshly
formed examples, a further distinction may be recognized in the mode of
junction of terrace and cliff. As viewed in profile, the wave-cut terrace
joins the associated sea-cliff by an angle, while in the profile wrought by dif-
ferential degradation, the terrace eurves upward to meet the overlooking cliff.

The wave-cut terrace is distinguished from the stream terrace by the
fact that it appears only on the margin of an open basin broad enough for
the propagation of efficient waves, whereas the latter usually margins a nar-
row or restricted basin. In the case of broad terraces a further distinction
is found in the fact that the shore terrace descends gently from its cliff to its
outer margin, whereas the stream terrace is normally level in cross section.
In fresh examples the alluvial capping of the stream terrace affords addi-
tional means of diserimination.
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The wave-cut terrace is distinguished from the moraine terrace by the
fact that its floor consists of the preexistent terrane in situ, the moraine ter-
race being a work of construction. The wave-cut terrace occurs most fre-
quently on salients of the topography; its inner margin is a simpler curve
than its outer. The moraine terrace is found most frequently in reentrants;
its outer margin is a simpler curve than its inner.

There are certain cases in which the wave-formed and stream terraces
merge with each other and are difficult of separation. These occur in the
estuaries of ancient lakes, where the terraces referable to wave action are
confluent with those produced contemporaneously by the lateral corrasion
of streams. The stream being then tributary to the lake, it could not carry
its erosion to a lower level, and its zone of lateral corrasion was at its mouth
continous with the zone of wave erosion in the lake.

The wave-built terrace may be distinguished from all others by the
character of its surface, which is corrugated with parallel, curved ribs. It
differs from all except stream and moraine terraces in its material, which is
wave-rolled and wave-sorted. It differs from the stream terrace in that it
stands on a slope facing an open basin suitable for the generation of
waves. -

The delta differs from all except the stream terrace and the moraine
terrace in its material and in its constant relation to a water way. Its mate-
rial is that known as stream drift. Its mass is always divided by a stream
channel so as to lie partly on each bank; its terminal contour is a convex
arc centering on some point of the channel; and it is usually confluent in
the ascending direction with the normal stream terrace. Indeed, when con-
sidered with reference to the dividing channel, it is a stream terrace; and it
is only with reference to the lakeward margin that it is a shore terrace. It
is distinguished from the normal stream terrace by its internal structure.
The high inclination of the lamination of its middle member—formed by the
discharge of coarse detritus into standing water—is not shared by the stream
terrace, while its horizontal alluvium does not, as in the case of the stream
terrace, rest on the preexistent terrane. It is distinguished from simulating
phases of the moraine terrace by its outer contour, which is outwardly con-
vex and more or less irregular, while that of the moraine terrace is straight
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or simply curved. The frontal moraine terrace often affords a further dis-
tinction by the hummocky character of its outer face.

As the formation of the delta is independent of wave aection, it may
and does take place in sheltered estuaries and in small basins. A small
lake interrupting the course of the stream may be completely filled by the
extension of the delta built at its upper extremity; and when this has
occurred, there is nothing in the superficial phenomena to distinguish the
formation from the normal flood plain.

The terrace of differential degradation is further distinguished from all
shore terraces by the fact that, without great variations in width, it follows
the turnings of the associated cliff, conforming to it in all its salients and
reentrants. Where the shore follows an irregular contour, wave-cut ter-
races appear only on the salients, and in the reentrants only wave-built
terraces and deltas.

RIDGES.

Ridges are linear topographic reliefs. ~They may be broadly classed
into (1) those produced by the erosion or dislocation of the earth’s surface,
and (2) those built upon it by superficial transfer of matter. In the first
class, the substance of the ridge is continuous with that of the adjacent plain
or valley ; in the second, it isnot; and this difference is so obvious that shore
ridges, which fall within the second class, are not in the least liable to be
confused with ridges of the first class. They will therefore be compared in
- this place only with other imposed ridges. Of shore phenomena, the bar-
rier, the embankment, and the rampart are ridges. They will be contrasted
with the moraine and the osar.

The Moraine.~The detritus deposited by glaciers at their lateral and termi-
nal margins is usually built into ridges. The material of these is frag-
mental, heterogencous, and unconsolidated. It includes large blocks, often
many tons in weight, and these are angular or subangular in form.  Some-
times their surfaces are striated. The crest of the moraine is not horizontal,
but descends with the general descent of the land on which it rests.

Moraines are found associated with mountain valleys, and also upon
open plains. In the first case their crests are narrow, and their contours
are in general regular.  The lateral moraines follow the sides of the val-
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leys, often standing at a considerable height above their bottoms, and are
united by the frontals or terminals, which cross from side to side with
curved courses whose convexities are directed down stream. The moraines
of plains have broad, billowy crests abounding in conical hills and in small
basins.

The Osar or Kame.—These names are applied to an indirect product of glacial
action. It is multifarious in form, being sometimes a hill, sometimes a ridge,
and often of more complicated form. It doubtless embraces types that need
to be separated; but it is here sufficient to consider only the linear form.
As a ridge, its trend is usually in the direction of glacial motion. Its ma-
terial is water-worn gravel, sand and silt, with occasional bowlders. Its
contours are characteristically, but not invariably, irreguldr. Its crest is
usually, but not invariably, uneven; when even, it is parallel to the base or
to that upon which the base rests. In other words, the ridge tends to
equality of height rather than to horizontality.

Comparison.— The shore ridges are primarily distinguished from the glacial
ridges by the element of horizontality. The barrier and the embankment
are level-topped, while the rampart has a level base and is so low that the
inequality of its crest is inconsiderable. It is only in exceptional cases and
for short distances that moraines and osars exhibit horizontality. Shore
ridges are further distinguished by their regularity. Barriers and embank-
ments are especially characterized by their smoothness, while smooth osars
are rare, and the only moraine with even contours is the lateral moraine
associated with a narrow valley.

Other means of diserimination are afforded by the component materials,
and the moraine is thus clearly differentiated. The barrier and the embank-
ment consist ustally of sand or fine gravel, from which both clay and larger
bowlders have been eliminated. FExcept in immediate proximity to the sea-
cliff whose crosion affords the detritus, the pebbles and bowlders are well
rounded. The material of the rampart has no special qualities, but is of
local derivation, the ridge being formed simply by the scraping together of
superficial debris. The moraine contains heterogeneous material ranging
from fine clay to very large, angular blocks. The materials of the osar are
normally less rounded than those of normal shore ridges.
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Certain osars of great length, even figure, and uniform height are dis-
tinguished from barriers by the greater declivity of their flanks, and by the
, fact that they do not describe contours on the margins of basins.

THE RECOGNITION OF ANCIENT SHORES.

The facility and certainty with which the vestiges of ancient water
margins are recognized and traced depend on local conditions. The small
waves engendered in ponds and in sheltered estuaries are far less efficient
in the carving of cliffs and the construction of embankments than are the
great waves of larger water bodies; and the faint outlines they produce are
afterward more difficult to trace than those strongly drawn.

The element of time, too, is an important factor, and this in a double
sense. A water surface long maintained scores its shore mark more deeply
than one of brief duration, and its history is by so much the more easily
read. On the other hand, a system of shore topography from which the
parent lake has receded, is immediately exposed to the obliterating influence
of land erosion, and gradually, though very slowly, loses its character and
definition. The strength of the record is directly proportioned to the dura-
tion of the lake and inversely to its antiquity.

It will be recalled that in the preceding description the character of
horizontality has been ascribed to every shore feature. The base of the
sea-cliff and the coincident margin of the wave-cut terrace are horizontal;
and so is the crest of each beach, barrier, embankment, and wave-built
terrace; and they not merely agree in the fact of horizontality, but fall
essentially into a common plane—a plane intimately related to the horizon
of the maximum force of breakers during storms. The outer margin of the
delta is likewise horizontal, but at a slightly lower level—the level of the
lake surface in repose. This difference is so small that for the purpose of
identification it does not affect the practical coincidence of all the horizontal
lines of the shore in a single contour. In a region where forests afford no
obstruction, the observer has merely to bring his eye into the plane once oc-
cupied by the water surface, and all the horizontal elements of shore topog-
raphy are projected in a single line. This line is exhibited to him, not
merely by the distinctions of light and shade, but by distinctions of color,
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due to the fact that the changes of inclination and of soil at the line influence
the distribution of many kinds of vegetation. In this manner it is often
possible to obtain from the general view evidence of the existence of a faint
shore tracing, which could be satisfactorily determined in no other way.
The ensemble of a faintly scored shore mark is usually easier to recognize
than any of its details.

It is proper to add that this consistent horizontality, which appeals so
forcibly and effectually to the eye, can not usually be verified by instru-
mental test. The surface of the “solid earth” is in a state of change,
whereby the vertical relations of all its parts are continually modified.
Wherever the surveyor’s level has been applied to a fossil shore, it has been
found that the “horizon” of the latter departs notably from horizontality,
being warped in company with the general surface on which it rests. The
level, therefore, is of little service in the correlation of shore lines seen at
different places and not continuously traced; but when an ancient shore-line
has been faithfully traced through a basin, the determination by level of its
variations in height discovers the nature of displacements occurring since

“its formation. It might appear that the value of horizontility as an aid to
the recognition of shores is consequently vitiated, but such is not the case.
It is, indeed, true that the accumulated warping and faulting of a long
period of time will so incline and disjoint a system of shore features that
they can no longer be traced; but it is also true that the processes of land
erosion will in the same time obliterate the shore features themselves. The
minute elements of orographic displacement are often paroxysmal, but so
far as observation informs us, the general progress of such changes is slow
and gradual, so that, during the period for which shore tracings can with-
stand atmospheric and pluvial waste, their deformation is not sufficient to
interfere materially with their recognition.



CHAPTER III.

SHORES OF LAKE BONNEVILLE.

In the preceding chapter the features of a single desiccated shore-line are
described; a shore-line, that is, with nothing above it on the sloping side of
its basin except the varied topography characteristic of dry land, and noth-
ing below it but the smooth monotony of a lake bottom. Proceeding now
to the consideration of the Bonneville shores, we pass from the simple to the
complex, for the Bonneville Basin is girt by many shore-lines, which form a
continuous series. Only the highest of these is contiguous to land topog-
raphy, and only the lowest encircles an area covered exclusively by lake .
sediments. The water has undergone changes of volume which have car-
ried its surface and waves to every part of the basin from the bottom to an
altitude of 1,000 feet. So much of the basin as lies below the highest shore-
line has received lake sediments; and the geologic data comprised in these
sediments are combined with the phenomena of the lower beaches in a man-
ner that is at once instructive and complicated. The superpositions of shore-
line upon lake sediment and lake sediment upon shore-line record a history
of contracting and expanding lake area, the deciphering of which constitutes
one of the chief subjects of our study. These will be discussed at length in
the sequel. Here it is desired merely to state the fact that for a vertieal
space of 1,000 feet on the sides of the basin, the evidences of lacustrine
waves and lacustrine sedimentation have been imposed on the preexistent
configuration of the country.

Lake Bonneville lay in the district of the Basin Ranges, and the whole
configuration of the land above the shore-lines is of the Basin Range type.
As described in the introductory chapter, that district is studded with a great

' 90
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number of small mountain ranges, standing in irregular order, but with a
nearly constant north-south trend. Between them are narrow valleys floored
by detritus worn from their summits during the uncounted ages of their
existence. At the foot of each range, and piled high against its sides, are
great conical heaps of alluvium, each with its apex at a mountain gorge.
At top these alluvial cones are separate, but lower down they adjoin, and
their bases coalesce into a continuous scolloped slope, the visible footstool
of the mountain. The cones, like the valley floors, are composed of detritus
eroded from the mountains, but their material is coarser. At the margins
of the undrained valleys the cones merge by gentle curvature with the
valley floors. In the higher valleys, which drain to the closed basins,
cones from the two sides meet along the medial line, giving to the cross
profile the form of an obtuse \.v. Above the alluvial cones all is of solid
rock, and the topographic forms are hard and angular. Every water-parting
is a sharp ridge, and every water-way is an acutely V-shaped gorge.

The ridge and the gorge are characteristic features of land sculpture,
being carved only where rain and running water serve for erosive tools. -
-The alluvial cone is an equally characteristic land feature, being formed
only where running water throws down detritus, without itself stopping.
They are all the distinetive and exclusive products of land shaping, and
could never originate beneath a lake or ocean.

These are the features exhibited by the Bonneville Basin above the
highest shore-line; and the same features can be traced continuously down-
ward past the shore-line and to the bottoms of the once submerged valleys.
If one stands at a distance and views the side of a valley, he will see that
each of the great alluvial cones is traceable within the zone of submergence
almost as distinetly and quite as surely as above it. Its curving contour
formed a part of every individual shore of the series.  So, too, of the mount-
ain gorges and ridges; wherever they extend below the ancient water limit
the shore-line can be seen to follow their contours in a manner demonstrat-
ing that they were already in existence when the lines were drawn.

The preexistent topography of the Bonneville Basin was therefore of
terrestrial type and of subaerial origin. The sea-cliffs and embankments
and sediments of the lake were carved from and built on and spread over a
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system of reliefs which originated at a time anterior to the lake, when the
drainage of the mountains descended without obstruction to the bottoms
of the valleys. In this respect, and in other respects to be developed further
on, the pre-Bonneville conditions were identical with the post-Bonneville.

Nlustrations of this general fact could be adduced almost without limit,
for they are afforded by all the slopes of the basin, but a few will suffice.

In Plate VIII there appears at the right a portion of the western front
of the Frisco Range. The crowded and uneven contour lines mark the posi-
tion of steep-faced rock undergoing erosion. At the foot of the range is a
system of alluvial cones, represented by contours with smooth curves and
regular spaces. Still lower are the contours produced by wave action, and
lowest of all is the outline of a playa. A moment’s attention will show that
the great alluvial cone at g, which, like a trunk glacier, is compounded at
its head of a number of single cones, is represented at the base of the
slope by the convexity ate. 'The cone b appears, though less plainly, at £;
and the cone d appears at k. The cone ¢ is greatly disguised at g, being
loaded with a group of embankments; but it is probable that it has had
something to do with the deflection of shore-currents whereby those em-
bankments were originated. Conversely, the indentation at j represents the
unbroken rock-face at ¢, where for a space of half a mile no debris-convey-
ing gorge issues from the mountain; and the dearth of detritus in the region
k is represented by the indentation at I The map also suggests, what a
study of the ground demonstrates, that the material built into embankments
was derived by the paring away of the coast to the north of each locality of
deposit. Considered by themselves, the monuments of the waves’ activity
are by no means inconsiderable; each group of embankments contains
some hundreds of millions of cubic yards of gravel; but they sink into insig-
nificance when compared with the stupendous monuments of alluvial activ-
ity on which they rest. They are mere appendages, and the erosion of
their material from the adjacent slopes has by no means obliterated, though
it has somewhat defaced, the alluvial forms.

Granite Rock, an isolated mountain of the Salt Lake Desert, has at its
north end a gorge dividing the extremity into two narrow spurs. About
these spurs the Bonmeville waters rose to a height several hundred feet
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above any alluvial accumulation. All about the spurs there is a distinct
terrace cut in the granite at the highest water level, and the same can be
traced, less continuously but still unmistakably, along the sides of the
gorge to its head. This relation could not subsist had not the gorge and the
spurs been carved out in substantially their present form before the waves
attacked them.

Bradley, speaking of the canyon of Ogden River, says:

It is evident that, when this canyon was originally excavated, the Great Salt Lake
was not far, if at all, above its present level; so that the rushing torrent which wore out
this old rounded bottom met no check until it had passed entirely beyond the mounth of
the canyoun. There followed a time when the lake filled nearly or quite to its highest ter-
race ; and, meanwhile, the Ogden River continued to bring down the sand and pebbles
which it had belore been accustomed to sweep out upon the lower terrace, bit now,
checked by the rising lake, deposited them in the lower parts of its old channel, until
they aceumnlated to a very high level, not yet accurately located. Agaiu, the lake
retired, and the stream again ent down its channel, sometimes reaching its old level
and sometimes pot.!

In each of these localities the subaerial work antecedent to the lake
epoch has greatly exceeded in amount the lacustrine work; and the last
has in like manner exceeded the subaerial work subsequent to the lake
epoch. Disregarding the rate at which the several processes are carried on,
it is evident that the construction of the alluvial cones of Frisco Mountain
is a greater work than the building of the embankments that ornament their
flanks ; while the preservation of the embankments shows that little alluvial
accumulation has since been made. The carving of the spurs and gorge at
Granite Rock implies the decay and removal of cubic miles of granite, while
the production of the shore terrace involved the excavation of only a few
thousand yards of the same rock.

THE BONNEVILLE SHORE-LINE.

The shore-lines of the series in the Bonneville Basin are not of uniform
magnitude. The water rose and fell step by step, but not with equal pace,
and at a few stages it lingered much longer than at others, giving its waves
time to elaborate records of exceptional prominence. One of the excep-
tional records is that which holds the highest position on the slopes; and to

LU, 8. Geol, Surv. of Terr., Ann. Rept. for 1872, p. 196,
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this one, par excellence, the name Bonneville has been applied. It marks
the greatest expanse of the ancient lake, and forms the boundary of the
area of lacustrine phenomena.

Above the Bonueville shore-line the whole aspect is that of the dry
land—here, an alternation of acutely cut water partings and water ways;
there, huge, rounded piles of alluvium; the first stream-carved, the last
stream-huilt; and each presenting to the eye a system of inclined profiles.
Below the shore-line, the same oblique lines are to be found, but with them
are an abundance of horizontal lines, wrought by the waves at lower levels—
the terraces, beaches, barriers, and embankments of lower shore-lines.

Except in sheltered bays, where the waves had little force, and except
on smooth, mural ¢liffs of rock, where a beach could not cling and where
the waves were impotent for lack of erosive tools, the contrast between wave
work and stream work is strong, and the line separating the two types of
earth-shaping is easily traced. If the Bonneville shore-line were far less
decply engraved than it is, it would still be conspicuous by reason of its
position. As it is, no geologic insight is necessary to discover it, for it is
one of the pronounced features of the country. - It confronts all beholders
and insists on recognition. The tourist who visits Ogden and Salt Lake
City by rail sees it on the Wasatch and on the islands of Great Salt Lake,
and makes note of it as he rides. The farmer who tills the valley below is
familiar with it and knows it was made by water; and even the cow-boy,
finding an easy trail along its terrace as he “rides the range”, relieves the
monotony of his existence by hazarding a guess as to its origin.

The altitude of the Bonneville shore-line is about 1,000 feet above Great
Salt Lake and about 5,200 feet above the ocean. In defining it as the
highest shore of the basin, I have assumed the correctness of the more
prevalent view of a mooted question; but before proceeding farther the op-
posing view should be considered.

THE QUESTION OF A HIGHER SHORE-LINE.

It has been announced by Peale' that there is evidence of a Pleistocene
lake in the Bonneville Basin with a water level from 300 to 600 feet above
the Bonneville shore-line, or from 5,500 to 5,800 feet above the sea. “On

LThe Aucient Outlet of Great Salt Lake. By A. C. Peale, Am. Jour. Sci., 3d series, vol. 15, 1878,
PP 430-444, .



A DISCREPANCY OF OBSERVATION. 95

both sides of the Portneuf where it comes into Marsh Creek Valley an
upper terrace is seen, and in 1872 Prof. F. H. Bradley also readily identi-
fied an upper terrace in the Marsh Creek Valley at the level of about 1,000
feet above the stream.  In Gentile Valley and in Cache Valley also, traces
of this upper terrace exist.” In the passage referred to,' Bradley mentions
this terrace in connection with stream terraces, but does not speak definitely
of its origin.  Its interpretation as a shore feature therefore rests with Peale,
who regards it as identical with the one observed by him “on both sides of
the Portneuf” It has not been seen by me, but I am by no means sure
that in seeking it I suceeeded in following Bradley’s route.  With more con-
fidence it may be asserted that Marsh Valley is not contoured by any well-
marked shore-line. I was careful to study its slopes from stations at various
levels and under favorable atmospheric conditions, and I failed to discover
even the faintest trace of wave work. The same careful search was made
for high-level shore traces in Cache Valley and Gentile Valley, but none
were found. There are indeed terraces in Gentile Valley, and these are
elsewhere mentioned by Peale, who found their altitudes 5,526, 5,242 and
5,186 feet;* but they are stream terraces, not shore terraces.

It is with reluctance that 1 record not only my inability to rediscover
phenomena which another has reported, but also my opinion that his reported
discovery was based on an error of observation; but the question here in-
volved is of such importance in its relation to the Bonneville history that it
can not well be ignored.

As set forth in the second chapter, there are various other types of ter-
races liable to be mistaken for shore terraces; and the ranging of shore ter-
races and other wave-wrought features in the same horizontal line, or plane,
is a characteristic of great importance in their discrimination. To the ob-
server who places himself in that plane and views the distant hillside at his
own level, certain elements of the various shore features appear united in a
horizontal line. If he selects for his observation an hour when the distribu-
tion of lights and shadows gives strong expression to the details of the con-
figuration, he is able to detect a shore record so faint that he might cross
and recross it repeatedly without suspecting its existence. Having searched

'Rept. U. 8. Geol. Survey Terr. for 1282, pp. 202-203.
2 Rept. U. 8. Geol. Survey Terr. for 1877, Washington, 1579, p. 601,



96 LAKE BONNEVILLE,

with distant view and selected light for the reported high-level shore traces
in Marsh and Cache Valleys, and having failed to discover them, I am satis-
fied that Peale misinterpreted terraces formed in some other way.

The matter is not fully set forth by the recital of the conflicting obser-
rations.  The Valley of Marsh Creek falls outside not only the Bonneville
Basin but the Great Basin. "It is drained to the great plain of the Snake
River by a deep and rather broad canyon which bears the marks of antiq-
uity. The sides of this canyon, though of erystalline and schistose rocks,
are not steep, and at the most constricted point there is a flood-plain a thou- -
sand feet broad. If there was, as Peale supposes, a barrier at this* point
coutaining the ancient lake, then its cutting ‘must have consumed a long
period; and it is incredible that shore terraces have survived the contem-
poraneous general waste of the surface. If there was no barrier at this point,
then the supposed lake was a great inland sea, flooding the plain of the Snake
River, and its shore tracings on the margins of that plain should have been
muel more conspicuous (by reason of the greater magnitude of its waves)
than any drawn in Marsh Valley,—but they have not been discovered.

Moreover, a body of water capable of forming the supposed shore ter-
races in Marsh Valley would have extended not only to Cache and Gentile
Valleys but to the Great Salt Lake Desert, and the work of its waves should
be visible, if anywhere, on the face of the Wasatch Range. In that region,
the conditions for the generation of large waves are far more favorable than
in the relatively narrow valley of Marsh Creek. Nevertheless, a higher line
has not been observed on the margin of the greater basin. Not only has
Peale failed to record it there, but Bradley, Howell, Emmons, Hague, and
King have expressly noted the Bonneville as the highest shore-line.!

It may be objected that the failure of these numerous observers to de-
tect an upper shore-line is negative evidence merely, and should be given
little weight in comparison with a single positive observation. But the fail-
ure to detect is in this case something more than a negation. Subaerial land
sculpture is as positive a fact as wave-wrought shore sculpture; and the as-

UF. H. Bradley, UI. 8. Geol. Surv. of Terr. Ann. Rept. 1872, p. 192 E. E. Howell, U. 8. Geol. Sarv,
West of the 100th Meridian, vol. 3, Geology, p. 250, 8. F. Emmons, U. 8, Geol. Explor, 40th Parallel,
vol. 2, Descriptive Geology, p. 441, Arnold Hagne, Idenu pp. 421, 428, Clarence King, U. 8. Geol.
Explor. 40th Parallel, vol. 1. Systematic Geology, p. 491.
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sertion that the Bonneville is the highest shore-line implies the assertion that
above it the topography is of the ordinary dry land type. Every recogni-
tion of an ancient shore is based, consciously or unconsciously, on an ac-
quaintance with the ordinary characteristics of the features of the land as
well as with the peculiarities of shores; and ability to diseriminate the pres-
ence of wave sculpture implies in the same degree ability to note its absence
and its limits. The supremacy of the Bonneville shore has been recognized
not ouly by many observers but in a great number of localities, and an indue-
tion resting on so broad a basis may justly demand of a conflicting obser-
vation the most rigorous verification.

If the reader will turn to Plate IX he will be able to realize the weight
of this evidence. The view presents the Bonneville shore at the pass be-
tween Tooele and Rush Valleys. The observer stands on the west side of
the pass and looks eastward toward the Oquirrh Mountains. At the left
lies Tooele Valley, open to the main body of the old lake. At the right is
Rush Valley, which held a sheltered bay. The greatest waves came from
the north, and, beating on the southeast shore of Tooele Bay, carved out a
long line of sea-cliffs. The debris was at the same time drifted southward,
part of it being built into a free spit 7,000 feet long and 150 feet high at the
extremity, and another part being accumulated during lower stages ot the
lake in an immense bay-bar, obstructing the pass.  The spit appears in the
picture at the right, following the base of the mountain. The bay-bar
extends from the center of the view to the foreground. It will be observed
that the line of sea-cliff at its most distant point impinges on a spur of the
mountain; and at its southern end, near the middle of the picture, it touches
another spur, while in the interval it crosses only the alluvial slope. There
could scarcely be a greater contrast than between the sculpturing of the
mountain-spurs above the line of sea-cliffs and the smooth contours of the
slopes below that level.  The cliffs are here of rather unusual height, and
the shore embankments are of exceptional magnitude, so that the separation
between subaqueous and subaerial topography is more than ordinarily dis-
tinet.  This fact does not weaken the evidence that the Bommeville shove-line
is the highest, but gives it greater strength.  For, it the water had occupied
a higher level in Pleistocene time, the waves would have been able to record

MON T=—7
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it at this point by a shore-line of unmistakable definition. If shore traces of
a greater lake are anywhere preserved they should be found at such a point
as this, where the conditions for wave beating are exceptionally favorable.
The same lesson may be learned from Figure 21, and from the views on

Fie. 21.—Bonneville and Intermediate embankments near Wellsville, Utah, showing contrast between Litteral and
Subunerial Topography.

Plates XXI and XXII, representing the shore topography and mountain
topography at Wellsville and Dove Creek.

MORE ANCIENT LAKES.

Although Peale’s supposed discovery is unverified, and though it is
helieved that an exhaustive investigation would prove it to be illusory, it is
nevertheless true that some or all of the mountains of the Bonneville Basin
were girt by shore-lines long before the Bonneville epoch, and that if these
shore-lines were extant they would, in some places at least, lie higher than
the Bonneville. The mountains against which Lake Bonneville washed are
relatively very old, so old that they were greatly eroded before Tertiary
time. Ever since their first uplifting they have been wasted by erosion,
and during at least a portion of the time the detritus worn from them his
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been received by the interjacent valleys. The degradation of their crests
and the burial of their bases would long ago have obliterated them had they
not been preserved by a series of supplementary upliftings, which, like the
original, were differential, not being shared by the intervening valleys. In
the region of the Great Salt Lake Desert, where a plain has been formed
by the coalescence of many valleys and the local burial of the ranges, the
depth of detritus must be several miles. Of the constitution of this depos-
ited mass nothing is known by direct observation. It is smoothly covered
by the sediments of Lake Bonneville, and no section is exposed.  But indi-
rectly we are shown that some part of the debris was spread under water,
for the uprising mountain ranges have carried with them here and there,
clinging to their flanks, small patches of lacustrine strata. It is believed
that four separate groups of lake beds have been thus distinguished. The
first of these occurs in the southeastern part of the basin, and probably
touches the shore of the ancient lake only in the estuary of the Sevier
River. No fossils have been found at that point, but there is little reason
to doubt that the strata were once continuous with the Pink Cliff formation,
which covers large areas farther east, and has been classed as early Eocene.
The prineipal locality of the second is the eastern base of the Ombe Range,
where an isolated outcrop of barren strata resting against the mountain
dips abruptly beneath the later sediments of the desert. These strata have
been correlated on lithologic grounds with fossiliferous beds farther west,
and are regarded by the geologists of the Fortieth Parallel Survey as of
Middle Eocene age. The third group, though yielding no fossils, is believed
to be Neocene. It was first noted by Emmons in Rush Valley south of the
Great Salt Lake Desert, and has since been found at the narrows of the
Jordan River, at Salt Lake City, at the north edge of the desert near Matlin,
and at the extreme northwest corner of the basin in Cache Valley, whence
it extends across the rim of the basin into Marsh Creck Valley. The strata
of the fourth group, known chiefly from the investigations of King and Hay-
den and their assistants, occur at a number of points along the northeru
margin of the plain, and are believed to appear also north of the divide in
districts now draining to the Snake River. From Morgan Valley to Cache
Valley they oceupy a trough between two divisions of the Wasateh Range.
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On the low northward continuation of the main Wasateh ridge, where it
separates Cache and Malade Valleys, they are seen to be wrapped around a
series of low crags of Paleozoic rocks; and it is evident that they have
been raised to their present prominent position by the relifting of an ancient
crest. On the east side of it they have been upturned by the displacement
s0 as to dip at a high angle beneath the Bonneville lacustrine beds of Cache
Valley. On the west they are separated from their original continuation
beneath Malade Valley by a fault, the throw of which is probably more than
1,000 feet. Their relation to the third group has not been established,
and it is possible that they constitute a part of the same series. The local-
ity of the fifth group is just north of Salt Lake City, where an epaulette of
Tertiary gravel and sand rests on a jutting shoulder of the Wasatch Range.
This fragment is completely surrounded by faults, its eastern continuation
having been lifted high in air and obliterated by erosion, and its prolonga-
tion in every other direction having been dropped so low that it is at once
preserved and concealed by the deposits of the plain. This, too, is unfos-
siliferous; and it is here assigned to the upper Neocene merely on the
strength of its structural relations. It is needless to enter upon these at
this place; but it should be remarked that the same relations, considered
from another point of view, led King to surmise its Eocene age.

Each of these lakes made its contribution to the filling of the basin,
receiving, sorting, and spreading the debris from the wasting mountains;
but neither can in strictness be called the predecessor of Lake Bonmeville,
for neither was confined to the area of the Pleistocene basin. So far as in-
dicated by observed outcrops, the oldest Eocene lake lay almost entirely
outside the Bonneville area; and it may have existed at a time when the
greater part of that area was dry land. The second stretched westward far
beyond the present drainage of the Salt Lake Desert, and may have over-
lapped the Bonneville Basin but slightly. The third and fourth encroached
northward on the drainage of the Columbia River. Too little is known of
the fifth to indicate its relation to the Bonneville Basin.

Their record is exceedingly fragmentary, but if it were full it would
still give an imperfect history of the basin in Tertiary time, for there is no
reason to believe that they represent more than a small part of that time
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They tell us, however, that the physical mutations of the period included
numerous local elevations and depressions, whereby the drainage of the
country was repeatedly revolutionized; it was dry land at one time and
and lake basin at another. It is quite possible that the lakes were excep-
tional phenomena, and that the prevailing condition was one in which the
whole area drained to the ocean. It is equally possible that the Bonneville
Basin continuously held a lake which, as the land rose and fell unequally,
ras expanded and contracted, now in one direction, now in another.

The character of the lake beds and their relations to the mountains,
show in numerous localities that the ranges were not submerged. Waves
must therefore have beaten on their flanks, and the cliffs, terraces, and em-
bankments peculiar to shores must have been wrought, but of these there
is no known vestige.  When the structure of the mountains has been elabo-
rately studied, so that those elements of their configuration which depend
on the distribution of strata and on faults can be definitely indicated, it may
be possible to point out dissected terraces and ruined sea-cliffs as remnants
of Neocene shores; but for the present such vestiges are beyond recognition.
A shore is of the most perishable of geologic phenomena. It is little more
than a congeries of forms; and whether worn away by atmospheric agencies
or buried by sedimentation, it ceases to be available as evidence of a water

margin.

OUTLINE OF THE LAKE.

The outline of Lake Bouneville at its highest stage was intricate. Tts
shores presented a succession of promontories and deep bays, and it was
beset with islands. Its longer diameter lay north and south, parallel to the
trend of the mountain ranges of the district and to nearly all the lines of
- geologic structure. Its general outline was rudely pear-shaped, with the
stem pointing southward. A straggling series of promontories and islands
crossed it near the middle, dividing it into two principal bodies, of which
the northern and larger covered the Great Salt Lake Desert, and the south-
ern the Sevier Desert. The long southward bay representing the stem of
the pear, occupied the Escalante Desert. The main body was joined to
the Sevier body by three straits, of which the deepest and broadest lay be-
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tween Simpson Mountain at the east and McDowell Mountain at the test,
in the region now known as the Old River Bed. The kscalante Bay was
connected with the Sevier body by a long strait, most constricted at Ther-
mos Spring.

The following details are of local rather than general interest, but are
essential to a full description of the lake. They will be more readily fol-
lowed by the aid of the large map accompanying the volume.

The trend of the ranges gave character to all the major details of the
coast, and the axes of the larger islands, peninsulas, and bays lay approxi-
mately north and south. Beginning at the north to describe them, we have
first Cache Valley bay, an oblong sheet of water, tangent at one side to the
main body and there joined to it by a broad strait interrupted by several
islands.  Inside the bay were three islands, whose posiﬁons are now marked
by Franklin, Cache, and Battle Creek buttes. The butte near Smithfield
was likewise an island at first, though finally connected with the land by a bar.
The canyons of Bear, Cub, Logan, and Blacksmith rivers were occupied by
inlets, and the Bear River inlet may have reached at first to Gentile valley.
These were all gradually diminished by the deposits from the streams, and
eventually the Bear River inlet was approximately, and the Logan com-
pletely, filled.

Malade Valley held a long bay running northward from the main body,
and having an expansion where the towns of Malade and Samaria now
stand. Parallel but smaller bays occupied the Pocatello and Blue Spring
valleys and the valleys containing Hanzel Spring and the town of Snows-
ville.  Park Valley was filled by a bay, exceptional in its east and west
trend, and separated from the main body by a group of islands. The Prom-
ontory range was divided by a strait at the point where it is crossed by the
Central Pacific Railroad, the north part being a peninsula and the sonth a
narrow, rocky island.

Little Mountain, near the town of Corinne, was a small island, and the
mountain from which Hanzel Spring issues made a group of 1slands.  There
were three small islands near the site of Kelton, and one just south of Ter-
race. The Ombe range, including Pilot Peak, was an island, sheltering
behind it a bay or sound from which a narrow arm ran northward to



DETAILS OF ANCIENT GEOGRAPHY. 103

Thousand Spring Valley, the extreme limit of the water in a northwest
direction.

Of the existing islands of Great Salt Lake, Stansbury and Antelope
were islands then, and Fremont barely showed its apex above water. Of
the “lost mountains” of Great Salt Lake Desert, nearly all overtopped the
flood. Silver Islet, Newfoundland, Terrace Mountain, Lakeside Mountain,
Granite Rock, and a half-dozen nameless buttes, were circled by rocky
and inhospitable coasts, but the Cedar Range west of Skull Valley made a
broad and low island, which, bleak and barren as it now is, we may picture
as then mantled with verdure.

The eastern shore of the main body followed the steep base of the
Wasatch Mountains, and had a simple outline except at three points, where
it was diversified by the estuaries of Box KElder Creek, Ogden River, and
Weber River. The Box Elder estuary extended nearly or quite to the little
mountain valley where the Danish settlement of Mantua lies. Ogden
Canyon was occupied by a long and narrow strait, communicating with a
bay several miles broad, hemmed in by mountains. Through the canyon
of the Weber a similar strait connected the main body of the lake with a

small bay in Morgan valley,—a bay on which the Weber delta gradually
encroached, but which was not completely obliterated before the final
subsidence of the water.

The western shore of the main body followed the eastern base of the
Gosiute range, and was characterized by an abundance of small islands.  Its
ouly estuary ran sonthward a short distance into Deep Creek Valley, stop-
ping several miles north of the settlement.

Southward from the main body ran four long bays, two associated with
the east shore and two with the west. The first of these, counting from the
east, was divided by a close stricture into an outer bay and an inner, the
outer covering the valley of the Jordan River and the inner spreading over
Cedar, Utah, and Goshen valleys and a part of Juab Valley. In the inmer
bay the Goshen Hills made two islands, and the Pelican Hills constituted
one large and several small islands. Small estuaries occupied Emigration
and Little Cottonwood can}'ons,’ connecting with the outer bay, and the
inner bay sent an estuary into Prove Canyon. The shallow arm in Juab

-
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Valley was nearly closed by one of the Goshen islands. It connected by
the canyon of Salt Creck with the division of the bay in Goshen Valley,
and by the pass followed by the Utah Southern Railroad with the bay
in Utah Valley.

The second of the southward stretching bays was similarly constricted,
its outer and open portion covering Tooele Valley, and its inner, Rush Val-
ley. The two were nearly dissevered by the formation of a wave-built bar
at Stockton.

The third bay occupied White Valley, a barren plain between the Con-
fusion Range and the high part of the House Range. Its entrance was ob-
structed by a rocky island consisting of the northern part of the House
Range, and a long, crooked arm extending southward lacked little of com-
municating with a southerly division of the lake and converting the main
part of the Ilouse Range into an island.

The fourth bay occupied Snake Valley and was long and shallow, turn-
ing eastward at its southern extremity.

The Confusion Range east of Snake Valley, and the House Range east
of White Valley, were massive peninsulas, joined at their southern extrem-
ities to the western shore of the lake. A corresponding great peninsula on
the east side was constituted by the Oquirrh, Aqui, Simpson, Cherry Creek,
and Tintic mountains and their dependencies, and had a greater area than
the State of Delaware. These peninsulas, together with the group of islands
lying between them, separated the main body of the lake from the Sevier
body. The group of islands comprised two of large size and about twenty
of small size. The largest island was constituted by the Dugway Range
and its southward prolongation, Drum Mountain; the second, by the
MeDowell Mountains.

With the Sevier body were connected two long bays running south-
ward and a number of smaller ones indenting the eastern and northeast
ern coast. Of the northern bays, one received the water of Judd Creck
and another that of Cherry Creek. A third, occupying Tintic valley, was
more constricted at the mouth and contained islands. A land-locked bay
received the water of the Sevier River and was partially filled by delta
deposits. It was connected with the open lake by a narrow passage through
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the Canyon Range, comparable with the passage of the Hudson through the
Highlands.

Of the sonthern bays, the shorter and more open occupied Sevier Lake
Valley and Preuss Valley. The longer was narrow and irregular, filling
the valley of Beaver Creek from George’s ranch to Minersville, and extend-
ing thence southwestward into the Iscalante Desert, where it was shallow.
Its total length was about one hundred miles.

The largest island of the Sevier body was constituted by the Beaver
Range, or Beaver Creek Range, which was separated by a narrow and tor-
tuous strait from a peninsular tract bearing the Frisco and Picacho Mountains.
There were two low islands a few miles broad close to the western shore,
near Antelope Spring. The apex of Fumarole Butte was slightly emergent,
and so was the highest point of the contiguous lava mesa. Small islands
marked the sites of Pavant and Kanosh buttes, and there were four rocky
islands near the mouth of Escalante Bay, one of which is now represented
by the more northerly of the Twin Buttes. In Escalante Bay there were five
or six islands.

EXTENT OF THE LAKE,

The area of the Bonmneville water surface was 19,750 square miles, a
magnitude ranking it with the Laurentian lakes. A fifth part of this belonged
to the Sevier body with its dependencies, and the remainder to the main
body. Its length, measured in a direct line from Cache Bay to the south end
of Escalante Bay, was 346 miles, and its extreme width, from the mouth of
Spanish Fork Canyon to a point on the Shoshone Range near Dondon Pass,
was 145 miles. If its water surface were given a circular shape, its circum-
terence would be 500 miles, but the actual length of coast, exclusive of isl-
ands, was 2,550 miles. Its maximum depth was about 1,050 feet. The fol-
lowing table will enable the reader to compare these dimensions with the
corresponding dimensions of Great Salt Lake and the Laurentian lakes.!

! The area of Lake Bonneville was measured by 1. ¢. Russell; the areas, lengths, and widths of
the Laurentian lakes, by A. C. Lane. The length of a lake was, for this purpose, defined to be the
length of the longest straight line terminated by two points of the lake shore; its width, the greatest
distance betwoen shores in a direction at right angle to the line of the leugth.
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TABLE 1. Dimensions of Lakes.

i | Bonueville.'(}reat Salt.l Superior. | Huron. 1 Michigan. l Erie. i Ontario, I

j | 1 N — . ,_.}_,_,__ .

} Area in square miles. ... ... I 19, 750 1 *2, 170 1 31,500 23, 800 22, 300 ‘ 9,900 | T, 250 ]

{ Length in miles............ ! 346 | 83 | L 247 | 330 | 246 | 197 |

| Width in miles ............ ] TER 51 | o | 215 106 | 58 ‘ 7

: Extreme depth in feet.... .. i 1, 050 t49 1,008 ] 702 E 870 i 210 ‘ 738 ‘
*In 1869 ; near high stage. f At high stage.

The greater part of the desiccated bed is an irreclaimable desert, but
its eastern edge is the granary of the Great Basin. The Bear, the Weber,
the Jordan, the Sevier, and other tributaries, fed by the snow-banks of a
score of mountain ranges and plateaus at the east, carry their life-giving
moisture to the genial climate of the lowlands, and a belt of oases is the
result. If the water were to rise again to its old mark, more than one hun-
dred towns and villages would be submerged and 120,000 persons would be
driven from their homes. The Mormon temple at Salt Lake City would
stand in 850 feet of water, and the temple at Logan, the metropolis of
Cache Valley, would stand in 500 feet of water. Fort Douglas would be
covered to a depth of 150 feet, Ogden 850, Provo 650, Kelton 1,000.

Seven hundred miles of railroad would be immersed, and trans-conti-
nental passengers would be transferred by boat either from Morgan City or
from Spanish Fork to some point near Toano, Nevada,

a voyage of 145
miles for the northern route or 185 miles for the southern. The town of
Fillmore would be half covered, the State House barely remaining on dry
land, and Mantua, Paradise, Morgan, and Minersville would be lake ports.
Heramong Bingham, Ophir, Vernon, and Frisco would be peninsular towns ;
and the mining settlements of Drum and Buell would be stranded on islands.

SHORE DETAILS.

The sinuosity of the coast and its diversity of slope and material give
to the shore phenomena the utmost variety. Every typical feature of non-
tidal shores is well illustrated, and some of the combinations are perhaps
unique.

The abundance of salients and reentrants, of promontories and inlets,
‘has ocecasioned a large number of spits and bay bars, while long beaches
and barriers are rare.
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At an early stage of the investigation, the writer thought that the
coasts facing in certain directions gave evidence of exceptional amounts of
wave work, and imagined that he had discovered therein the record of prev-
alent westerly winds or westerly storms in ancient times. This belief was
dissipated by further study; and he discovered, as students of modern
shores long ago discovered, that there is a close sympathy between the
magnitude of the shore features and the ‘“fetch” of the efficient waves.
The greater the distance through which waves travel to reach a given coast,
the greater the work accomplished by them. The highest cliffs, the broad-
est terraces, and the largest embankments are those wrought by the unob-
structed waves of the main body; and opposite coasts appear to have been
equally affected.

The most interesting details of the upper shore-line are found at locali-
ties where similar details affect the lower shore-lines, and it will be conven-
ient to describe them in discussing the order of succession of the shores;
but certain features should be mentioned here. The greatest sea-cliffs are
as a rule carved from headlands and from the islands of the main body, but
the highest of all occurs in the Jordan Bay at a locality known as the Point
of the Mountain. For a distance of ‘half a mile the cliff there has an aver-
age height of one thousand feet, the eroded material having been swept
to the southwestward and built into a magnificent spit, around the extrem-
ity of which the Utah Southern Railroad winds in passing from Draper to
Lehi.  Another notable cliff occurs on the south face of a butte east of Dove
Creek, and is visible from the Central Pacific Railroad between Ombe and
Matlin. The eroded material was in this case swept eastward and north-
ward, being carried about the angle of the butte, then an island, and dis-
tributed in embankments on its eastern face.

The cut-terraces of the Bonneville shore are narrow as compared with
those of one of the lower shore-lines. They rarely exceed a few rods in
width. A good example can be found on the flank of the Wasatch Range
just north of Big Cottonwood Canyon and others on the north end of the
Oquirrh Range near Black Rock. These are mentioned as being easy of
access, but they are less striking than some that are carved on islands at
various points near the margin of the Great Salt Lake Desert.
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Spits are exceedingly numerous, being attached to nearly all of the
ancient islands and to many of the salients of the main coast. Of those
having some magnitude, the most accessible are at Stockton (Pl IX), near
Grantsville, Tooele Valley (PL. XV), at the Point of the Mountain between
Draper and Lehi, on Kelton Butte near Ombe station, and on the extremi-
ties of the Terrace Mountains.

Fie. 22.~Butte near Kelton, Utah.

Embankments conneeting islands with each other or with the main-
land are to be seen at the west end of Park Valley, at Smithfield in
Cache Valley, on Antelope Island in Great Salt Lake, a tew miles east of
George’s Ranch south of Deseret, and at the eastern base of the Gosiute
Range.

V-shaped embankments are most numerous in Snake Valley, where no
less than ten oceur.  Four are attached to the Simpson Mountains opposite

to the Old River Bed and others were seen in Preuss Valley and in Beaver
Creek Valley.
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Typical deltas are rare. Certain parts of the valleys of all the prinei-
pal streams were occupied by inlets or estuaries, and the heads of these
inlets received alluvial deposits of the nature of deltas; but the process of
accumulation appears usually to have been arrested before the deposit had
extended to the open lake; and afterward, when the lake receded and the
streams resumed their work of excavation, all but scattered patches of the
alluvium was removed. American Fork, Spanish Fork, and Rock Creek
built free deltas in the Utah Bay, and Spring Creck furnished one to the
shore of Cedar Bay, but these were exceptional and small. At lower levels
great deltas were constructed by many streams, and the deltas of the Bonue-
ville shore are described in connection with these in one of the later sections
of this chapter

Plate VI exhibits a peculiar eircular bar observed in a single locality
only. The sketch is in part ideal, for there was no commanding point from
which to obtain the bird’s-eye view necessary for the best presentation of the
subject. Near the Old River Bed there is a group of quartzite buttes which
were surrounded by deep water and formed a cluster of rocky islands. To
the north and northwest the deep lake stretched unbroken for more than
one hundred miles, but in all other directions land was near at hand. Each
island butte shows-a weather side facing the open water and a lee side fac-
ing land. Each weather side is marked by a sea-cliff, which looks down on
a broad terrace carved from the solid rock. The lee sides have no cliffs,
but are embellished by embankments of various forms, built of the debris
from the weather sides. 1In the case of the butte figured, the excavation of
the platform was carried so far that only a small remnant of the original
island survived, and a comparatively small additional amount of wave work
would have sufficed to reduce it to a reef. From each margin of the sur-
viving crest, an embankment streams to the leeward, and the two embank-
ments, curving toward each other, unite so as to form a complete oval. At
their point of junction they are a few feet lower than where they leave the
butte. Their material is coarse, ranging up to a diameter of two feet, and
is conspicuously angular, exhibiting none of the rounding characteristic of
detritus that has been rolled long distances upon a beach. Within the oval
rim is a cup 38 feet deep, its sides and lip consisting, on the north, of the
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rocky slope of the butte, and elsewhere of the wall of loosely heaped blocks
of quartzite. If the material were voleanic, instead of sedimentary, it would
be easy to imagine the cavity an extinet crater.

Reservoir Butte, another island of the cluster, is figured in Pl XXIV,
and further represented in Pl XXV and in Fig. 8 of PL VIL. It derives
its name from a series of natural cups analogous to the one just described.
These are attached to its steep slopes at various levels, the process of con-
struction having been repeated at as many epochs in the history of the oscil-
lating lake. In this connection, only the cups associated with the highest
shore-line will be described. 'The longer diameter of the butte trends north
and south. At its northern extremity and along its northwestern face it
displays a bold sea-cliff, from 50 to 100 feet high, springing from a terrace
at the Bonneville level several hundred feet broad. On the eastern side the
cliff and terrace give place near the north end to a massive embankment,
which first swings free from the side of the butte and then curves inward
toward it, meeting it somewhat south of the middle. From the middle of
the western side there starts a similar embankment, which, curving through
an oval arc of 150° joins the butte at its southern extremity. The interval
between the termini of the two embankments, a space of 1,000 feet along
the southeastern face of the butte, was almost unaffected by the waves,
being neither abraded nor covered by debris. The material contained in
the embankments was derived exclusively from the weather side of the
butte, and though each looped embankment joined the shore at two points,
the conveyance of shore-drift along its crest appears to have been in one
direction only. It is difficult clearly to realize the process of this con-
veyance, but there is no question as to the fact. In one case it left the
shore at a small salient, its course being there tangent to the contour, and,
curving through an arc of 909, finally assumed a course directly toward the
coast, there almost precipitous. In the other case it left the shore at an
obtuse salient,and before returning swung through so great an arc as nearly
to reverse its direction.

The cups within these loops have been somewhat silted up in modern
times, but still, except for their dryness, they deserve the name of reser-
voirs. The eastern was found to be 38 feet deep. The embankments were
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built in deep water and upon a foundation inclining steeply from the shore.
Their forms are independent of the contiguration of their foundation. They
were not accumulated from the bottom upward, but were coustructed by
successive additions at the end, the boulders being rolled along the crest of
the embankment by the breakers and then dropped in deep water at its
extremity. The outer face of the eastern bar has a height above its base of
four hundred feet.

EMBANKMENT SERIES,

Tt might be inferred from the preceding description that the Bonneville
shore-line was the product and is the index of a single uniform and continu-
ous water stage. Indeed, it has been so regarded by every observer who
has published an account of it, and the impression is readily and properly
derived from its ordinary phase. There are, however, a few localities
where the shore mark is distinetly resolvable,and shown to be compounded
of several similar elements at slightly different heights superposed on one
another. Qne of the most striking localities, and at the same time the one
which first demonstrated the compound nature of the phenomenon, is repre-
resented in Pl X. A rocky cape projecting from the east shore of Snake
Valley sheltered on one side a small bay opening to the south. Across
this bay the waves built a series of bars, as represented in the map. The
outermost of the series, that is, the one farthest from the land, is connected
at its eastern end with a shore cliff labeled on the map ¢ Bonneville Sea-
cliff ”; and this cliff runs for some miles southward along the slope of the
valley.

A study of the locality demonstrated beyond question that the excava-
tion occasioning the cliff and its terrace, furnished the material for the bar,
and furthermore, that the same cliff line had previously been connected
with each bar of the series.

It will be readily understood that the inner bar was the first one to be
built, and that the order of position is also the order of age. They stand so
nearly at the same level that no one of them could have been formed in the
rear of another. Their differences of level therefore record changes in the
relation of the water to the land during the period of their formation. If
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we call the inner bar No. 1 and its altitude 11 feet, the series will be repre-
sented by the following list:

Feet, Feet
No.l.ooooiiiioiannnn.. e 11 [No. 6ueenniiniiiiiaanannn, 44
No 2 12 INo. T ieennnnn .- 8
NO. 3.t i e 13 [No. 8. i i annns 0
No.d. . oooooin ool 43 i1No, 9. 0
NO B e i 43 | No. 10 .. ...o.ioiaiii.. 18

No importance is to be attached to the individuality of the bars. There
is a thythm of action in the process of their formation which would prevent
the construction of a continuous and even-topped terrace under the most
uniform conditions. If the bay had been so shallow that the same accu-
mulation of shore drift would have abridged it twice as much, there might
have been twenty bars instead of ten. The first three bars signify but a
single epoch, during which the water stood at one level, or perhaps rose
slowly. The next three, which in point of fact are but obscurely individ-
ualized, represent a succeeding water stage eight feet lower and possibly of
somewhat greater duration. The seventh bar shows that the next move-
ment consisted of a deepening of the water and was not long sustained.
The eighth and ninth record the lowest stage of all, and the tenth the highest.
The tenth contains so much more material than either of the others, being
founded in deeper water and carried higher, that it must be considered as
representing a longer time, and may be coordinated with either of the ante-
cedent groups.

Outside the tenth bar the plain slopes gently lakeward, being inter-
rupted within the area of the map only by a low bar, indicated in the pro-
file. 'This bar lies so far below the others that, if older, it might not have
interfered with the wave action necessary to their formation. Its relative age
therefore does not appea.

The process of construction is clearly demonstrated by the local details.
The sea-cliff was excavated from the alluvial foot slope of a mountain range.
The derived material consisted primarily of boulders, large and small, sand,
and a certain portion of clay. The finer part was immediately washed
lakeward by the undertow. That of middle grade was carried along the
shore to the bay, and the larger boulders remained in situ until sufficiently
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reduced by attrition to be transported. In the bay the surface currents
were concentrated by converging shores, and a powerful undertow was pro-
duced, whereby a further separation was effected, the shore drift being de-
prived of a coarser grade of debris than that previously eliminated, so that
the matter actually deposited consisted of particles ranging from a half inch
to four inches in diameter,—a clean shingle without admixture of sand.
The sand and fine gravel thus eliminated by the undertow were deposited
in large part near the head of the bay, causing the water to shoal rapidly,
and ultimately determining the breaker line to a new position outside the
first, and thus initiating the construction of a new bar. In this way the
depth and length of the bay were at the same time progressively diminished.

For purposes of comparison the profile of the Snake Valley bars has
been repeated in PL X1, where a series of similar phenomena are also drawn
to the same scale. A brief deseription will be given of each locality.

At the head of Skull Valley, a few miles north of Government Creek,
there is a low alluvial water-parting separating the valley from the open
desert at the west. At the time of the Bonneville water stage this pass was
reduced to an isthmus only a few rods in width, and the water was shallow
on each side. On.the Skull Valley side there were formed a series of bay
bars, represented in profile in the plate.  The winds under the influence of
which they were formed, could have blown only from the northward.

The third profile represents in similar manner a group of bay bars ob-
served a few miles east of Sevier Lake. The general trend of the old shore-
line is there north and south, but at this particular spot there was a small
cove lying on the north side ot a rocky promontory. The bars were formed
by northwesterly winds.

The fourth locality is a few miles east of the third, being on the oppo-
gite side of the Beaver Creek mountain range near George’s Ranch. A
small rocky hill was insulated at high-water stage by a narrow and shallow
strait, and across this strait embankments were eventually built by the north-
easterly winds. The first of the embankments, however, did not completely
close the passage, and remains as a spit, while the others are completed
bars. The topographic relations are shown by Fig. 23.

MON I—38
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The locality of the fifth profile is the southwestern angle of T'ooele Val-
ley, the constructive winds blowing in this case also from the northeast.

Fi6. 23.—DBars near George’s Raneh, Ttah,

The Dove Creek locality is far to the north of the others, being on one
of the ancient islands south of Park Valley. Trains of the Central Pacific
Railway pass it midway between Ombe and Matlin; and it falls within the
area represented by PL XXII. If the reader will turn to that plate, he will
see that the Bonneville shore is represented on the southeastern face of the
island by a sea-cliff and terrace, and on the northeastern by an embankment.
The material for the embankment was derived from the sea-cliff and carried
around the angle by shore action, doubtless by the alternating agency of,
winds from different directions. Below the Bonneville embankment there is
a fine series of other embankments, which will be deseribed in a later section
of this chapter.

The surface of the island was eroded before the lake epoch, so that its
slopes consist of a series of ridges radiating in all directions. On the south-
east face these were pared away at the Bonneville level, reducing the shore
to a straight cliff; but on the northeast face, where the action of the waves
was constructive instead of destructive, the ridges retained their form, and
the embankment was built across from one to another, enclosing a series of
small basins occupied by lagoons. The first and second of these basins are
now about twenty feet deep, and are undrained. The enclosing parapet is
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a simple bar not susceptible of subdivision, the formative currents appear-
ing to have held a uniform course during its construetion. The third basin
is shallower, and a recently-formed drain reveals a section of its parapet,
showing it to consist of the three bars indicated in the lowest profile of Pl
X1 The current at this point must have been thrown farther and farther
from the land as accumulation proceeded. The fourth basin is similar to the
third, but the fitth has no inner bar. The low-lying inner bars are obvi-
ously clder than the high outer bar, and all the minor features of the locality
tend to the conclusion that, during the period of their formation, the train of
shore drift did not extend to the fifth basin. 1t is inferred by analogy that
there was an antecedent time, within the epoch of the Bonmneville shore,
when the shore drift failed to reach the third basin, so that the series of bars
there exhibted is incomplete.

Let us now consider the question why the successively formed bars in
these several localities differ in height. At least three general answers are
possible. The embankments were built upon the land by means of the
water of the lake, thrown into motion by the wind, and their variations in
height may have resulted from variations of the wind or of the water or of
the land. It is conceivable that the highest bars were produced by storms
of exceptional force, and the lower by less violent storms. It is conceivable
that the water of the lake rose and fell from time to time, and that the bars
marked successive stages. It is conceivable that the land rose and sank, so
as to bring different horizons successively within reach of the waves; and
finally, it is conceivable that two or more of these causes conspired to pro-
duce the phenomena. '

A movement of the land might have been general, involving the entire
basin, or there might have been differential movements, changing the rela-
tive height at various points. In the first case the lake would be carried
up and down with its basin, and there would be no change in the relation
of shore and water. The only land movement therefore which could pro-
duce the phenomena, is one of a differential nature, and this would of neces-
sity give rise to dissimilar results at widely separated places. If the sev-
eral bar series are harmonious in their vertical relations, it is safe to say
that they do not indicate oscillations of land.
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A movement of the water surface would evidently produce changes of
the same vertical amount at every point, so that the hypothesis of lake os-
cillation would be negatived if the several systems of differentiated bars
were found to be inharmonious.

The remaining hypothesis of unequal storm force may take two forms.
T the first place, it might be imagined that each individual embankment of
exceptional height was the creature of a single storm, or of a limited series
of storms; or, in the second place, it is conceivable that the gencral char-
acter of the weather underwent secular variations; so that from century to
century there were notable changes in the maximum force of storm winds.
Under the first view, we should anticipate that localities dominated by
winds from different directions would not accord in the character of their
bar systems; the approximate coincidence of exceptional storms from oppo-
site directions, being only adventitious, could not be expected to recur with
auiformity. Under the sccond view, on the contrary, there would be uni-
formity of result,—a general change of climate affecting all localities alike.
The colian hypothesis would therefore be disproved neither by the har-
mony nor by the lack of harmony of the observed results. It admits,
however, of an independent test of crucial value.  Great waves are unques-
tionably able to transfer coarser shore drift than small waves, so that where
the supply of debris is heterogeneous, the character of that selected for the
construction of embankments is an index of the power of the waves. If,
therefore, in localities where the shore drift is derived from the unsorted
alluvium, it be found that the higher bars contain coarser fragments than the
lower, it is proper to infér that they owe their superior height to superiority
of wave force; but if it be found that all the bars of a series are uniform in
composition, their inequalities of size cannot be referred to variations of
storm force, either local or general.

As a matter of fact, there is no correlation of coarse material with high
bars. The Snake Valley series was scrutinized with reference to this point
and found to be uniform in composition. We may then cease to consider
the wind, at least so far as the more important variations are concerned, and
limit attention to the hypotheses of land movement and lake movement.
The theory of land movement would be sustained by a discordance among
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the systems of bars. The theory of lake movement would be sustained by
an accordance. An imperfect accordance might indicate a combination of
the land and lake changes.

The facts are assembled in PL XTI, to which the reader is again referred.
Each of the profiles represents a section at rvight angles to the system of
bars it illustrates, and all are drawn to the same scale, the vertical element
being exaggerated three-fold.  They are grouped on the page in such man-
ner that the outer embankments of the several series appear at the right and
fall in fhe same vertical column.

The first consideration affecting the comparison is that each series pre-
sumably represents the same period of time, so that, if a correlation is pos-
sible, the embankment drawn at the right in one series should correspond
to that at the right in the others. That at the extreme left in one should
sorrespond to that at the extreme left in the others, and the intermediate
portions should be comparable. The only exception to that rule is in the
case of the Dove Creek series, which, as already explained, may represent
only the later poriion of the time consumed in the formation of the others.

Restricting attention to the first five groups of bars, we note first that
the riglit-hand member of each is higher than any other. The second con-
spicuous fact is that the member second in size stands at the extreme left.
To this there is a single unimportant exception, which vanishes if we con-
sider the three bars at the left of the upper profile to constitute a single
member comparable with the individual bars of the other series. It is by
no means improbable that a more careful study of the Skull Valley locality
would resolve the left-hand maximum into such a series as was found in
Snake Valley.

The most extended series exhibits a third maximum, lower than either
of the others, but intermediate in position and standing somewhat to the
right of the middle of the profile. No other profile shows a third maximum,
but three of them exhibit bars of approximately the same height, which may
be conceived to represent it, if the bars of the second minimum are assumed
to have been covered and concealed by the great outer bar. It is easy to
understand that a condensed or foreshortened series would exhibit super-
ficially only the maxima of a fully extended series. It therefore seems
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proper to correlate the intermediate maximum of the upper profile with the
bar appearing at the inner base of the outer maximum in the second, third,
and fourth profiles. 1In the fifth profile, bars representing the first and third
maxima stand in juxtaposition; and it is necessary to assume that the inter-
vening maximum, as well as the two minima, is covered and concealed.

It thus appears that, in their most general features, the groups of bars
are in accordance, with no greater variation than might readily be ascribed
to local disparity of condition.

The difference between the altitude of the outer bar and that of the
intermediate maximum was measured in four localities. In Snake Valley
it is 10 feet, in Skull Valley 12 feet, in Sevier Lake Valley 15.3 feet, and
at George’s Ranch 15 feet. 'The range of these measurements is 5 feet, and
this must be regarded as a real discrepancy, though not a great one.

The altitude of the outer bar above the inner maximum was measured
at five points and found to be 5 feet, 10 feet, 10 feet, 7 feet, 8 feet,—the
enumeration following the order of the diagrams. Here again the range
is 5 feet.

If the inner bar be compared with the intermediate maximum instead
of with the outer bar, the differences are found to be 5 ft., 2.7 ft., 5.3 ft., and
8 ft., showing again a range of 5 feet.

Finally, the low bars observed between the inner and intermediate
maxima have approximately the same relation in the three localities where
they were observed. Compared with the intermediate maximumn, their
measured differences are 3.5 ft., 2.3 ft. and 4.7 ft., the range being 2% ft.

These comparisons exhaust the data, and they appear to establish the
systematic harmony of the phenomena. It is inconceivable that such ac-
cord should be fortuitous. The most complete record (that in which the
bar system was spread out most broadly, so as to resolve it most completely
into its elements) exhibits three maxima with intermediate minima. The
record second in extent shows the three maxima and one minimum,—the
other minimum being overplaced and concealed. The Sevier Lake record
shows the same four elements, but more compactly arranged. At George’s
Ranch the three maxima are so closely erowded that both minima are con-
cealed. At the head of Tooele Valley, the outer and inner maxima are in
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juxtaposition and all the intermediate elements of the series are buried.
The ordinary bay bar, in which all the elements are welded together and
covered by the last and highest deposit, is logically the final term of the
series of facts. »

The hypothesis of water movement is therefore sustained. The chang-
ing relations of land and water during the formation of that complex record
to which we have applied the title of the Bonneville shore-line, were brought
about by the alternate rising and falling of the water surface. While the
higher bars were being formed, there was more water in the basin; while the
lower, less. ,

Having thus established the correlation of the series of profiles by a
comparison of the unmodified facts of observation, it is now proper to adjust
them to one another for the purpose of ascertaining the mean quantitative
value of changes of water level. Applying the method of least squares, we
obtain for the most probable values of the water stages, referred to the low-
est of the series as zero and arranged in the order of time:*

feot.
First maximuam . ... e 123 + .2
First minimum. ... .. oot c it i i naean . 39 4+ 2
Second maximuim ... i 73 4+ 2
Becond minimum. ... .. el e ieiie e 0.0
Third maximom................ . e eemaetaaaan 201 + 2

Adjusted to the same zero, the observations at the several localities ex-
hibit the following relations:

TasrLe 1I.  Embankment Series of the Bonneville Shore-line.

Altitnde in feet. Variation from adjusted mean.,
annlity. e ‘ ‘ B - o

1st | 1st 2 ) 2 2d Tst 186 a2 ad

Max. [ Min. | Max. | Min. | Max, Max Min Max | Min | Max
. [ R S, ) . N L e
Snake Valley...... Be 45 | B0 L 00, RO | 4.7 ‘ —2.1
Skull Valley...... 0.3 | 63 TE 20. 3 2.0 4.2
Bavicr Lake Valley., 122 2.2 L N U 22,2 -1 +2.1
George's Raneh....| 13.6 |........ 56 ... 2006 +1.8 + .5
Tooele Valley..... 12.2 i 20.2 1 4.1

! The computation included data from the Dove Creek profile and from the Prenss Valley bars,
It was performed by Mr. A. L. Webster.
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The residual discordance, as shown by the columns at the right, 1s not
large, though it is somewhat greater than the range of variation found in the
longitudinal profile of the crest of a single bar. A part of it is probably due
to inaccuracies of measurement; 1o instraments of precision were employed,
and the methods at more thau one locality were improvised and crude. There
will be no impropriety in referring the remaining part to exceptional storms
combined with local conditions.

Reverting now to the Dove Creek series, which the field observations
gave reason to suspect of incompleteness, we find by inspection that its two
levels can readily be correlated with the second and third maxima of the gen-
eralized profile. It is highly probable, therefore, that the earlier water
stages, including the first maximum and the first minimum, failed to make
an independent record at that place.

To convert the data fully into terms of lake history it is necessary to
compare the epochs of formation of the several bars in the matter of
duration as well as in that of water stage. The amount of shore drift
accumulated in the several bars has to be considered, and likewise the
manner in which the varying water stage affected the rate of accummlation.
A determination of absolute duration is manifestly out of the question,
and any estimate of relative duration is largely a matter of individual judg-
ment.

An attempt has been made in Fig. 6 of PL XI to represent the oscilla-
tions and their periods in a quantitative way, so far as they are deducible
from the phenomena. If the facts permitted us to draw the full curve of
oscillation with all its details it would unquestionably be far less simple.
The number of minima concealed by the bars of even the most extended
series may be very great; and it is even possible that these bars do not rep-
resent a continuous history. If, after the series had been partly formed, the
lake shrank to much smaller dimensions, returning to the region of the Bon-
neville shore only after a long interval, there seems no way to determine
this fact by the phenomena of the shore. Probably the only conclusions
deducible from the profiles are; first, that, when the lake basin was full, the
position of the water level was unstable; and, second, that of a series of
high-water stages, the latest was the highest of all.
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It will perhaps occur to the reader that the enumeration and discussion
of these facts have been needlessly prolix; and this I am not prepaved to
deny. But it may be said in extenuation that the phenomena belong to a
novel type, and that the method of investigation was so far new that the
simple eonclusions finally reached required for their establishment a full
presentation of the alternative hypotheses eliminated by the investigation.
In the sequel it will appear that even these simple conclusions afford a key
to the understanding of some of the most important elements in the history
of the lake, and through that history are brought into relation to the prob-
lem of the physical condition of the earth’s interior.

One result of the discovery and interpretation of the groups of bay
bars of the Bonneville shore-line was the explanation of certain features of
the V-cmbankments which had previously been problematic.  V-embank-
ments have already been described as triangular terraces built against mount-
ain slopes at the shore level, and margined toward the lake by even-topped
parapets. In the light of the conclusions thus detailed it becomes evident
that this conformation was occasioned by oscillations of the lake during the
period of the formation of the terrace. The space within the parapet is
usually occupied by a playa, the sarface of which is from five to eight feet
below the enclosing rim.  This represents a certain amount of silting up of
the basin. If there were no filling, it cannot be doubted that the interior
of cach enclosure would exhibit a series of bars parallel to oue or both arms
of the parapet, and corresponding in height and arrangement to the bay bars.
In fact, this very phenomenon was finally observed at several localities.
The most interesting are in Preuss Valley along the western base of the
Frisco Mountains, In that valley the shore features of many different hor-
iz