
FRONTISPIECE.-Half-stereogram of Mouut Ellsworth, drawn to illustrate the form of the displacement and the progress of the erosion. 

The base of the figure 1epresents the sea-level. The remote half shows the result of uplift aloue; tht~ near half, t il< result of uplift au;] erusiou, 
or the actn>tl co11dition. (See page 95.) 
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If these pages fail to give a correct account of the structure of the 
I;Ienry 1\ioti.ntains the fault is mine and I have no excuse. In all the earlier 

exploration of the Rocky lVIountain Region, as well as in much of the 1nore 
recent survey, the geologist has merely accompanied the geographer and 
has had no voice in the detennination of either the route or the rate of 
travel. 'Vhen the structure of a tnountain was in doubt he was rarely able 
to vi~:;it the points which should resolve the doubt, but 'vas con1pelled to 
turn regretfully away. Not so in the survey of the I-Ienry Mountains. 
Geological e~ploration had shown that they were well disposed for exam­
ination, and that they pron1ised to give the key to a type of structure which 
was at best obscurely known; and I was sent by Professor Powell to make 
a study of then1, without restriction as to n1y order or method.· I "\<Vas litn­
ited only in time, the snow stopping my work two months after it was 
begun. Two months would be far too short a period in which to survey a 
thousand square n1iles in Pennsylvania or Illinois, but a1nong the Colorado 
Plateaus it proved ::;ufficient. A fe"v comprehensive views fro1n mountain 
tops gave the general distribution of the forn1ations, and the remainder of the 
time ·was spent in the examination of the localities which best displayed 
the pec-qliar features of the structure. So thorough was the display and 
so satisfactory the exan1ination, that in preparing 1ny report I have felt less 
than ever before the desire to revisit the fie1d and pro,re my conclusions 
by n1ore extended observation. 

In the description of the details of the structure a dernand arose for a 
greater number of geographic titles than were readily suggested by nat­
ural forms or other accidents, and recourse was had to the names of geolo­
gists. Except that the present men1bers of my own corps are not included, 
the names chosen are of those whose cognate studies have· given n1e most 
aid. Mr. Steward and Mr. Howell saw the Henry Mountains before I .did, 

VII 
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and gleaned something of their structure from a distance; Dr. Newberry, 
Mr. 1\iarvine, Dr. Peale, and l\Ir. Ifolmes have described allied phenomena 
in Colorado and. N e'v l\Iexico ; and the· works of l\iessrs. Jukes, Geikie, 
Scrope, and Dana have been among 1ny chief sources of information in 
regard to igneous mountains in general. If any of these gentlemen feel 
offended that their names have been attached to natural features so insig­
nificant, I can assure them that the affront will never be repeated by the 
future denizens of the region. The herders who build their hut at the base 
of the Newberry Arch are sure to call it "the Cedar Knoll"; the Jukes 
llutte will be dubbed "Pilot I{nob ", and the Scrope, "Rocky Point". 

During the preparation of my report every part of the discussion has 
been submitted to Professor Powell for criticisin, and many of his sugges­
tions are embodied in the text. Similar and valuable aid was received 
from Capt. C. E. Dutton and Mr. William B. Taylor in the study of the 
physical problems to which the dh;cussion of the intrusive phenomena gave 
rise. Captain Dutton rendered an important service also by the study of 
the collection of igneous rocks, and his report, included in the fourth chap­
ter, testifies to the thoroughness of his work. The supervision of the pub­
lication has fallen in largo share upon 1\-Ir. J. C. Pilling, and the text has 
had the advantage of his literary criticism, as well as of his watchful care. 

G. 1(. G. 
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CHAPTEll I. 

INTRODUCTORY. 

The Ilenry Mountains have been visited only by the explorer. Pre­
vious to 1869 they 'vere not placed upon any map, nor was mention n1ade 
of then1 in any of the published accounts of exploration or survey in the 
Rocky Mountain region. In that year Professor Powell ·while descending 
the Colorado River in boats passed near their foot, and gave to them the 
name which they bear· in honor of Prof. Joseph Henry, the distinguished 

physicist. In 1872 Pro£ A. H. Thompson, engaged in the continuance of 
the survey of th~ river, led a party across the mountains by the Penellen 
Pass, and climbed some. of the highest peaks. Frontiersmen in search of 
farming and grazing lands or of the precious metals have since that time 

paid several visits to the mountains; but no survey was made of them until 
the years 1875 and 1876, when Mr. Walter I-I. Graves and the writer visited 
them for that purpose. 

They are situated in Southern Utah, and are crossed by the meridian 
of 110° 45' and the thirty-eighth parallel. They stand upon the right 
bank of the Colorado River of the '\Vest, and between its tribut~rios, the 
Dirty Devil and the Escalante. 

At the time of their discovery by Professor Powell the n1ountains wer~ 
in the c.enter of the largest unexplored district in the ten·itory of the United 
States-a district which by .its peculiar ruggedness had turned aside all 
previous travelers. Up to that time the greater part of the knowledge that 
had been gained of the interior of the continent had been acquired in the 
search for routes for transcontinental railways; and the canons of the 0Glo­
rado Basin, opposing more serious obstacles to travel than the mountain 
ranges which 'vere met in other latitudes, were by common consent avoided 
by the engineers. 

liiM 



2 JN'rUODUCTOHY. 

Tho smuo general eanses which have rendered tho region so difficult of 
access and passage have made it a desert, almost without econmnic value. 
Tho phy:-;ical conditions of elevation and aridity which have caused it to be 
Ho (leoply earved in cm1ons, have prevented. the streams with which it is 
scantily watered from being bordered by tracts of land which can be irri­
gated.; and agriculture without irrigation being in that clin1ate an impossi­
bility, there is nothing to attract the fanner. As will be explained in the 
sequel, the n1ountains offer no inducmnonts to tho miner of the precious 
n1otals. Thoro is timber upon their flanks and there is coal near at hand, 
but both arc too far ren1oved from other oconom~ interests to find tho mar­
ket which would give thmn value. It is only for purposes of grazing that 
they can be said to have a money value, and. so distant are they at present 
frmn nny 1narket that even that value is sn1all. 

But while the Henry niountains contribute almost nothing to our direct 

material interests, they offer in common with the plateaus which surround 
thmn a field of surpassing interest to the stu<lent of structural geology. The 
deep carving of the land 'vhich renders it so inhospitable to the traveler 
and the settler, is to the geologist a dissection which lays bare the very 
anatomy of the rocks, and the dry cli1nate which makes the region a naked 
desert, soille::;s and alnwst plantless, perfects the preparation for his exami-· 
nation. 

The study of the n1ountains is further facilitated by their isolation. 
They mark a limited systcn1 of disturbances, which interrupt a region of 
geological cahn, and structurally, as 'veil as topographieally, stand by them­
solves. 

The Ilonry }fountains are not a range, and have no trend; they are 
simply a. group of five individual ntountains, separated by low passes and 

arranged 'vithout discernible system. The highest rise about 5,000 feet 
above the plateau at their base and 11,000 feet above the level of the ocean. 
Projecting so far above the surface of the desert, they act as local eon­
densers of moisture, and receive a con1paratively generous supply of rain. 
Springs abound upon their flanks, and their upper slopes are clothed with 
a luxuriant herbage and with groves of timber. The sn1aller mountains and 
tho foot-hills of the larger are less generously watered and but scantily 
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clothed with vegetation. Their extent is stnall. From Ellen Peak to Mount 
Ellsworth, the two summits which are the most widely separated, the dis­
tance is but twenty-eight miles, and a circle of eighteen miles radius will 

include the whole group. 

Mount Ellen which is the most northerly of the group, has an extrenl<3 
altitude of 11,250 feet, and surpasses all its con1panions in horizontal extent 

as well as altitude. Its crest-line is continuous for two miles, with an ele­

vation varying little from 11,000 feet. Fron1 it there radiate spurs in all 

directions, des.cending· to a series of foot- hills a.s conspicuous in their 
topography as they are interesting in their structure. In some places the 

base of the mountain is guarded by a continuous, steep ridge, through 
which a passage must be sought by the approaching traveler, but within 
which n1ove1nent in any direction is comparatively unimpeded. 

Mount Pennell is a single peak rising to an altitude of 11,150 feet. 
On one side its slopes join those of Mount Ellen in Pennell en Pass (7 ,550 
feet), and on the other those of Mount Hillers in the Dinah Creek Pass 
(7,300 feet). Its profiles are sirnple, and it lacks the salient spurs that 
characterize Mount Ellen. From the west it is difficult of approach, being 
guarded by a barrier ridge continuous with that of Mount Ellen. 

Mount Hillers is more rugged in its character, and although co1npact 
in its general form, is carved in dep,p gorges and massive spurs. Its rugosity 
is contrasted by the smoothness of its pedestal, which to the south and west 

· and north is a sloping plain merging with the surrounding plateau. 
Mount Ellsworth (8,000 feet) and Mount Holmes (7, 750 feet) stand 

close together, but at a little distance from the others. The pass which 
separates them from Mount I-Iillers has an altitude of 5,250 feet. They are 
single peaks, peculiarly rugged in their forrns, and un,vatered by springs. 
rrhey stand almost upon the brink of the Colorado, which here flows 
through a canon 1,500 feet in depth. 

THE ROCK SERIES. 

The sedimentary rocks which occur in the Henry Mountains and their 
in1mediate vicinity, range from the summit of the. Cretaceous to the sun1mit 
of the Carboniferous. It is probable that they were covered at one ti1ne 
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hy Home thousanlh of feet of 'rertiary ~trata, Lut from the immediate banks 
of the Colorado these have been entirely eroded, and their nearest veRtigos 
lie thirty n1iles to the westward, where they have· been protected by the 
lava-beds of the Aquarius Plateau. 

Cretaceous.-The Cretaceous strata do not reach to the Colorado River, 
but they extend to the llenry l\Iountains, and are well displayed upon the 
flanks. They include four principal sandstones, with intervening shales, in 
the following (descending) order: 

1. 'rhe l\Ia-~uk' Sandstone, yellow, heavy-bedded_ ... __ ... __ 

2. The Ma-suk' Shale, gray, argillaceous, and toward the top 
~-;lightly arenaceous __ . ___ . __ . _ ... ___ ..... _ . . . ..... . 

3. 'rhe Blue Gate Sandstone, yellow and heavy-bedded. ____ _ 

4. The Blue Gate Shale, blue-black and argillaceous, weather­
ing to a fine gray clay (Inoceramus deformis and L prob-

500 feet. 

500 feet. 
500 feet. 

lematicus) .... _ ............ _ .. __ . ____ . ________ ... _ _ 1, 000 feet. 

5. 'fhe Tu-nunk' Sandstone, yellow and heavy-bedded. __ . __ . 100 feet. 

6. The Tu-nunk' Shale, blue-black and argillaceous, weather-
ing Mto a fine gray clay (Inoceramus problernatic·us and Ba-
culites anceps) ... _____ ..... __ ..... ___ ..... __ . _· _ .. __ . 

7. The IIenry's Fork Group, consisting of-· 
a. Friable yellow sandstone with numerous fossils ( Ostrea 

pru.dentia, G1·y1Jhea Pitcheri, Exogyra lceviuscula, Exo­
gyra ponderosa, Plicatula · hyd1·otlteca, Camptonectes pla-

400 feet. 

tessa, and Callista Deweyi) .. _ . _ . __ ..... _____ . _ _ _ _ 1 0 feet. 

u. Arenaceous shales, purple, green, and white, with local 
beds of conglomerate_ . __ ....... _____ . _____ . _ _ _ _ 190 feet 

c. Coarse sandstone and conglomerate, with many white 
grains and pebbles, interleaved with local beds of 
purple and red shale, and containing immense silici-
fied tree-trunks .. __ . _ - _ .. ___ . _____ .. _ . __ . __ .. _ _ 300 feet. 

'fotal Cretaceous .... __ ... __ . __ .... __ . __ .. __ -. _ 3, 500 feet. 

The three upper sandstones, the 1\'Iasuk,_ the ·Blue Gate, and the Tu­
nunk, are so nearly identical in their lithologic characters that I was unable 
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to discriminate them in localities where their sequence was unknown. This 

was especially .the case upon the sun1mits of :Mounts Ellen and Pennell 

where they occur in a som~what metarnorphosed condition. All of the1n 

contain thin beds of coal, rione of which are continuous over large areas, 

and only one of which was observed of workable thickness. At the western 

foot of ]\fount Ellen, a bed four feet thick ~i~s at the base of the Blue Gate 

Sandstone. 

There is almost equal difficulty in discriminating the Masuk, the Blue 

Gate, and the Tununk shales. The first is usually of a paler color and is 

n1o1:e apt to include arenaceous bands. It has not been found to contain 
fossils, while the lower shales rarely fail to afford them when search is made. 

The Blue Gate and Tununk shales are typical examples of fine argillaceous 

sediments. They are beautifully laminated and are remarkably homoge­

neous. It is only in fresh escarpments that the lamination is seen, the 

weathered surface presenting a structureless clay. The fossils of the~e shales 

are so numerous, when they have been sought out and studied, that they 
will probably serye not merely to discriminate the two, but also to correlate 
them with some of the beds which have been examined elsewhere in the 
Colorado Basin. For the present I am unable to refer any of the Cretaeeous 

rocks above the Henry's Fork Group to the divisions which have been rec­

ognized elsewhere, and it is for this reason that I have given local, and 
perhaps temporary names to such beds as I ha. ve need to n1ention in the 
discussion of the structure of the mountains. 

The fossils of the Henry's Fork Group have been more fully collected, 

and they have been referred 'vithout question by Dr. White to the group of 
that name, as recognized in the Green River Basin (Geology of the Uinta 

Mountains, pp. 82 and 94). The white grit which lies at the base of the 
group is a conspicuous bed . of unusual persistence, and is recognized 

wherever Cretaceous rocks are found in the upper basin of the Colorado. 

Jttra-Prias.-The rocks which intervene between the base of the Cre­
taceous and the sumrnit of the Carboniferous are of doubtful age, h~ving 
been referred to the Trias by one geologist and to the Jura and Trias by 
others, while the fossils recently discovered by J\tfr. !-lowell (Geology of 
Uinta }fountains, page 80) lead to the suspicion at least that they are all 
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Jurassic. It is probable that the uncertainty will soon be dispelled by the 
1nore thorough working of JHr. Howell's new localities; but while it re­
Inains, it seems best to recognize its existence in our nomenclature, and I 

shall include the whole of the doubtful series under the title of Jura-Trias. 
At the Ilenry niountains it is easily divided into four groups, as follows: 

1. Fla1ning Gorge Group; arenaceous shales or bad-land sand-
stones, purple and ·white at top and red below ______ . _ _ _ 1, 200 feet. 

2. Gray Oliff Group; massive cross-laminated sandstone, buff 
to red in color ..................... _ .... ~ ...... __ . .. . . . . . . . 500 feet. 

3. Vermilion Cliff Group; massive cross-htn1inated sandstone, 
red, with a purple band at the top .. ___ .... _ .......... _ 500 feet. 

4. Shin-ar' -un1p Group; consisting of-
a. Variegated clay shale; purple and white above and 

chocolate below, with silicified ·wood ... _ . . . . . . . . . . 300 feet. 
b. G-ray conglomerate, with silicified wood; the "Shin-

arump Conglo1nerate " .................... _ .... _ .. _ . . 30 feet. 

c. Chocolate-colored shale, in part sandy ............... _ 400 feet. 

Total Jura-Trias ............. _ ........... _ . .. . . . .. 2, 930 feet. 

The rock of the Flarning Gorge Group is of a peculiar character. It is 
ordinarily so soft that in its rnanner of weathering it appears to be a shale. 
It is eroded so much more rapidly than the Henry's Fork conglo1nerato 
above it, that the latter is undermined, and always appears in the topography· 
as the cap of a cliff. Nevertheless, it is not strictly speaking a shale. The 
ehief product of its weathering is sand, and wherever it can be examined 
in an unweathered condition it is found to be a fine-grained sandstone, 
nmssive and cross-laminated like those of the Gray and Vermilion Cliffs, but 
devoid of a firm cement. In a number of localities it bas acquired, locally 
and accidentally, a cement, and it is there hardly distinguishable from tho 
firn1er sandstones which underlie it. In the immediate vicinity of the IIenry 
Mountains it varies little except in color fron1 summit to base, but in 

other localities not far distant it is interrupted near the base by thick 
l)edR of gypstun and gypsiferous clays, and by a scctile, fossiliferous lime­

~tuno. 
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The Gray Oliff and Vermilion Oliff. sandstones are often difficult to 

distinguish, but the latter is usually the firmer, standing in bold relief in 
the topography, with level top, and at its edge a precipitous face. The fol·­
mer is apt to weather into a wilderness of dome-like pinnacles, so ste.ep­

sided that they cannot often be scaled by the experienced mountaineer: and 

separated by nan·ow clefts which are equally impassable. 
The colors of the two sandstones are not invariable. The lower, which 

although not reddened throughout its mass is usually stained upon its surface 

with a uniforn1 deep color, appears in Mount Ellsworth and at other points 
of elevation with as pale a tint as that of the Gray Oliff. The latter sand­
stone, on the other hand, where it lies low, is often as deep in color as the 
Vermilion. Standing upon one of the summits of the Henry Mountains and 
looking eastward, I found rnyself unable to distinguh:;h the Gray Oliff Sand­

stone by color either from the lower part of. the Flan1ing Gorge Group or 
fron1 the Vermilion Sandstone. rrhe bleaching of the redder sandstone in 
~fount Ellsworth is probably a result of n1etamorphism; the reddening of 
the gray sandstone n1ay depend on the hydration of the iron which it con­
tains. 

r:rhe thickness of individual strata in these great sandstones is remark­

able, and is one of the elements which must be taken into account in the 
discussion of the problem-which to my mind is yet unsolved-of the man­
ner in which such immense quantities of hon1ogeneous sand were accumu­
lated. Ordinarily the depth of strata is indefinable, on account of the im­
possibility of distinguishing stratification from latnination; but where, as in 
this case, the lamination is oblique to the stratification, the upper and lower 
lirnits of each stratum are definitely marked. I have at several points 
1neasured single strata with thicknesses of about fifty feet, and near Water­
pocket Canon a stratum of Vermilion Cliff sandstone was found to be 10.5 

feet thick. 
One other measurement is worthy of record ; the inclination which 

oblique lamination bears to the plane of the stratum in ·which it occurs 
appears to have a definite limit. The maximum of a series of measurements 

1nade at points where to the eye the dip seemed to be unusually grea.t, is 
24°. 
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rrhe sml.dy layers at the base of tho Shinartunp Group are character­

ized hy profuse ripple-1narks. 

Carboniferous.-Bcueath the Jura-Trias is the Carboniferous. A fe,v 

hundred feet of its upper member, tho ... 1\ubrey Sandstone, are exposed near 
the sumrnit of ~fount Ellsworth. At that point the sandstone is altered to 

the condition of a quartzite, hut where it is cut by the upper and lower 
cafions of the Dirty Devil Hiver it is rnassive and cross-laniinated, differing 
frorn the Gray Oliff san<lst~Hle chiefly in the abundance of its calcareous 
conwnt 

UXCONFOR:JIITIES. 

Fro1n the ~Iasuk Sandstone to the Aubrey Sandstone, inclusive, thoro 
is perfect conformity of dip. rrhe fold systmn of the region, of which a 
description will be found in succeeding pages, was established after the 

c1eposition of all these 1:-ltrata, and the whole series were flexed together. 
Nevertheless, the strata do not represent con tin nons deposition. There 
were intervals in which the sea receded and exposed to erosion the sedi­
nwnts which it had acmunnlatecl. Shallow valleys and 'vater-,vays were 
excavated, and 'vhen tho sea returned it lleposited new sediments upon the 
sornewhat uneven surface of the old. 

':rhe first occurrence of this sort was at the close of the Aubrey epoch. 
Its evidence wns not fonn<l in the Ilcnry ::\Iountains; but at the con­
fluence of the Paria with the Colorado, eighty 1niles to the southeast, the 

surface of the upper men1her of the Aubrey Group, ,vhich is there a cherty 
lin1estone, is uneveuly worn, and in its d0presRions are beds of congloiner­
ate, the pebbles of whieh aro derived fron1 the ehert of the limestone itself. 
The shaly, rippled sanch;tones which succeed this conglomerate indicate 
that the water remained shallow for a tirne, and in the middle of the Shiu­
antnlp epoch tho region was once more abandoned by the sea. The choeo­

late :-;hales and shaly sands were unevenly worn, and the first deposit tlwt 

the returning sea spread over them 'vas a conglotnerate. The evidence of 
this break is found at many points. The Shinanunp conglomerate although 
remarkably persistent for a conglon1erate thins out and disappears at a. 

nn1ulwr of points, and at tho 1nargins of its areas it is evident to the eye 
that it occupieH depresl:'lions of the surface on which it rests 
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'rhe next break is at the base of the V ennilion Cliff Group. In the 
region of the Virgin River and l(anab Creek the change fron1 the va­
riegated shales of the Upper Shinarurnp to the homogeneous sandstone 
of the Vermilion Cliff is gradual, the interval being filled by a series of 
alternating shales and sandstones; but further to the east, in the region of 
the IIenry 1\iountains and vVaterpocket Canon, the change is abrupt, and 
the firm sandstone rests directly upon the soft shale. r:rhe abruptness of the 
change would suggest that the currents which brought the sand had swept 
a'vay all evidence of the intermediate conditions which are likely to have 
connected the epochs represented by the two sediments; but in one locality, 
at least, there is direct evidence that the stuface of the clay was exposed 
to the air before it was covered by the sand. On the northern flank of 
Mount Ellsworth are the vestiges of a system of n1ud-cracks; such as form 

FIG. 1.-Fossil Suncracks in the Shinarump Shale. 

where wet clays are dried in the sun. Where the under surface of the 
Vermilion sandstone is exposed to view, it is seen to. be marked by a net­
work of ridges ·which once occupied the sun-cracks of the Shinarump clay; 
and where the clay is seen in juxtaposition, tapering fillets of sand oon be 
traced from the ridges downward ten feet into the clay. 
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:From the base of the V ern1ilion to tho summit of the Cretaceous no 
evidence of land erosion has been found; but the association of coal seams 
with all of the Cretaceous sandstones except the lowest, shows that the sea­

bottom was frequently brought to the surface of the water if it was not 
carried above. 

Thus it is evident that the strata of the Henry Mountain region do not 
represent continuous sedimentation. At the close of the Aubrey epoch, in 
tho 1niddle of the Shinarump, and again at the close of the Shinarump, not 
merely 'vas the accumulation of sediments interrupted, but the process 'vas 
reversed, and a portion of the deposits which had ah·eady been formed were 
excavated by the agency of rains and rivers, and swept a-way to some other 
region. Each break is indefinite, alike as regards the interval during which 
the record of the sea was interrupted and as regards the extent of the record 
·which was at the same time obliterated. And yet the evidence of these 
breaks is of such nature that it would probably elude observation if a 
single seetion only were examined, and in a region masked by the soil and 
vegetation of a humid climate it would hardly be discovered except by 
acr.ident. 'rhe parallelism of contiguous strata is not alone sufficient evi­
dence that they were consecutive in time. 

At the close of the Cretaceous period there came an epoch of disturb­
ance. The system of st1;ata which has been described was bent into 
great waves, and the crests of the waves were lifted so high above the sea 
that they lost thousands of feet by erosion. 

In the troughs between the waves lakes remained, in which the n1ate­
rial ren1oved from the crests was redeposited, and by a later change the 
lake waters rose so as to cover the, truncated crests, and deposit upon the 
'vorn edges of the up bent strata a series of unconforming, fresh-water, 'rer­
tiary sediments. 

Thus was produced the only unconformity of dip which involves the 
Henry Mountain rocks, and even this is not to be observed in the immediate 
vicinity of the mountains, for a later erosion has thence removed all of the 
Tertiary strata, and has resumed the degradation of the older beds. 
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THE GREAT l~OLDS. 

The disturbances at the close of the Cretaceous period were of the 
l(aibab type*. It seems as though the crust of the earth had been divided 
into great blocks, each many miles in extent, ·which were moved from their 

original positions in various ways. Some were carried up and others down, 
and the majority were left higher at one margin than at the other. But 
although they moved independently, they were not cleft asunder. The 
strata remained continuous, and were flexed instead of faulted at the mar-

. gins of the blocks. Subsequent erosion has obliterated in great part the 
inequality of the surface, and the higher-lying blocks do not stand as mount­
ains, but are outlined by zones of tilted strata which mark the flexures by 
"vhich the blocks are separated. Along the zones of flexure it frequently 
happens that a hard stratum outcropping between two that are softer will 
be preserved from erosion and form a long, continuous ridge. Such ridges, 
and other forms produced by the eros.ion of the flexures, are conspicuous 
features of the topography, and the tracing out of the. lirnits of the blocks is 
a simple matter. Indeed the flexures are the first elements of the structure 

to attract attention, and it is easy in studying them to overlook the fact that 
they merely n1ark the lin1its between displaced masses of great extent. If 
the reader will examine Plate I at the end of the volume, he will observe 

that the system of paralle1 ridges and valleys which follow the line of the 
vV aterpocket flexure are very conspicuous features; but it is only by some 
such generalization as that given in the stereogram of the same region 
(Plate II) that the full structural significance of the flexures can be realized. 
Each map was obtained by photography from a model in relief, in which 
the proportionate heights of the several features 'vere not exaggerated. r:rhe 
stereogram was produced by the restoration of the top of the Oretaceon8, 
the Masuk sandstone, in the form and position it would have, had there 
been no erosjon of the region, but displacmnent only. 

I must caution the reader against an in1plication of rigidity which might 
attach to the meaning of the word ''block", as I have used it in speaking 

*For a definition of the Kaibab structure, see "Geology of the Uinta Mount­
ains," pp. 14 and 17, and American Journal of Science for J·ul~' and August, 1876, 
pp. 21 and SJ. 



12 INTHODUCTORY. 

of the great displaced rock-masses. To what extent they may be regarded 
as rigid is uncertain, but the presence upon ~heir surfaces of numerous minor 
flexures, such as appear in the stereogram, 'vould seem to imply that their 
rigidity is not of a high order. 

In the north west corner of the area represented by the stereogram are a 
few faults belonging to a system which .occupies a large area in that 
direction. Tho system of faults and the system of flexures a.re inde­
pendent, the latter having originated at the close of the Cretaceous period, 
and the forn1er after the fonnation of the Tertiary rocks of the region, 
'vhich arc referred by Professor Powell to the Bitter Creek epoch. Over 
a large district the Tertiary strnta were covered by a deep mantle of lava, 
which has protected then1 from erosion to such an extent that the structure 
of the district is portrayed in its topography. The district is its own stereo­
gram, each uplifted block constituting a mountain and each depressed block 
flooring a valley. · 

Not all the displacen1ents of the later system are by faulting, but by 
far the greater number. Of tho earlier system of displacements none are 

simple faults, but a few are combinations of fault and flexure. 

15 11: 13 .10 9 8 7 

Fw. ~.-Cross-section of the Watorpockd Fh•xnre, oppo~:;ite the Masnk Plateau. Scale, one inch= 3,500 
feet. 1, Masuk Sandstone. 2, l\Immk Shaltl, 3, Blue Gate Sandstone. 4, Blue Gate Shale. 5, Tunnvk 
Sandstone. 6, Tununk Sbnle. a, Gryphen Sandstone. 7, IIenry'H Fork Conglomerate. 8, Flaming Gorge 
Shale. 9,l!'ossiliferous Lime~;tone. 10, Grny Cliff Sundt>tone. 11, Vermilion Cliff Sandstone. 12, Upper 
Shinarump Shale. 13, Shinarump Conglomerate. 14, Lower Shinarump Shale. lil, Aubrey Sandstone. 

The W aterpocket flexure, represented in the stereogran1 (Plate II), is 
better known in detail than any other of the gi·eat flexures of Southern 
Utah. It is far fron1 following a straight line, Lut like most lines of oro-
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FIG. 3.-View of the Waterpocket Caftou aud t he Waterpocket Flexure. The clift 'at the left is cap!Jed by the Hem·s 's Fork Conglomerate. 
The arched rocks at the right are the Gray and Vermilion Cliff Sandstones. 
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FIG. 4.-Waterpocket Flexure, as seen from the south end of Mount Ellen. 
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graph1c di~turLance swerves to the right and left, while maintaining a gen­
eral trend. The amount of its "throw", or the difference in level between 
adjac~nt parts of the two blocks which it divides, is inconstant, its maximun1 
being 7,000 feet. At some points the flexed strata are inclined at an angle 
of 50° while at others their greatest dip is but 15 °. Toward the north 
the flexure twice divides. One of its branches, the Blue Gate flexure, has 
a throw in the same direction, and by its separation diminishes the thro·w 

of the rnain flexure. The other, the Red Gate flexure, has a throw in the 
opposite direction, and by its· separation increases the throw of the main 
flexure. Or in other words, the blocks at the west of the main flexure stand 
higher than those at the east; and of two blocks which lie at the west, that 

a.t the north of the l{ed Gate flexure stands higher than that at the south; 
while of two blocks at the east, that which lies northwest of the Blue Gate 
flexure is higher than the one at the southeast. 

CLIFF3 AND PLATEAUS. 

Let us now· return to the topographic map (Plate I) and examine the 
forms into which erosion has wrought the disturbed strata. Thanks to the 
aridity of the climate, the erosion has been greatly influenced by the vary­
ing texture of the rocks. Every hard stratum, if inclined, stands forth in a 
ridge~ or if level, caps a plateau. The l\fasuk ~andstone, undermined by 
the weathering of the. Masuk Shale, breaks off everywhere in a cliff which 
con1pletely encircles the Masuk Plateau. The plateau stands upon the Blue 
Gate Sandstone, and this breaking off in a cliff upon all sides constitutes 
another plateau. The Blue Gate Plateau, in turn, rests upon the Tununk, 
and that again upon the IIenry's Fork. Pa.ssing either to the north or to 
the south from the l\iasuk Plateau, one descends a great geological stair­
way, of which each step is a hard sandstone and each riser a soft shale. 
Toward the "\Vaterpocket flexure the edge of each plateau is upturned, and 
if one goes westward from the Masuk Plateau, he 'vill cross in the first n1ile 
the upturned rocks of all the lower tables. 

The preservation of the Masuk Plateau is due in part to the fact that 
it lies in a slight synclinal, but chiefly to the arrangen1ent of the drainage­
lines. No streams cross the Henry Mountains, but all go around, and the 
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plateau occupies the divide between those 'vhich flow southward to the 
Colorado and those which flow northward to the Dirty Devil. 

The antithesis of the Masuk Plateau is to be seen in the Circle Cliffs, 

on the summit of the vVaterpocket fold. At the lowest point of the l\1asuk 

synclinal a circling cliff has been formed, which facing outward surrounds 
a plateau. At the highest point of the Waterpocket fold, which is in a 
certain sense anticlinal, a circling cliff has. been formed which, facing in­
ward, surrounds a valley. The two phenomena are alike illustrations of 
the law that in regions of inclined strata. cliffs face toward districts of ele­
vation and away from districts of depression. 

HOW TO REACH THE HENRY MOUNTAJNS. 

No one but a geologist will ever profitably seek out the Henry Mount­
ains, and I will therefore, in marking out a route by which they may be 
reached, select whenever there is option those paths which will give him 

the best introduction to this wonderfuf land. There is no 
wagon-road to the mountains, and although a wagon 
might carry his baggage the greater part of the way, he 
must provide himself with other means of tranportation. At 
Salt Lake City he can procure pack-mules and pack-sad-

~ . 
dies, or a1Jparajos, and everything necessary for a mountain 
"outfit". His route southward follows the line of the Utah 
Southern Railway to Juab Valley, and then touches the 
Mormon towns of Nephi, Gunnison, and Salina. At Sa-

Fm. 5.--Wuys and 1 h 1 1 l • • £ d b 1 h d £ 1 Means. ina o 1a ts us tra1n or a ay w i e e ri es a ew mi es 
up the creek to see the unconformity between the Tertiary above, and the 
Jura-Trias and Cretaceous below. This is at present the last settlement on 
the route, but there are "ranches" as far as Rabbit Valley, and if he delays 
a few years he will find a town there. By way of the ''Twist" road and 
King's Meadows he goes to Grass Valley, and thence to Fish Lake. The lake 
lies between two upheaved blocks of trachyte, and covers one which is rel­
atively depressed, and tilted to the north. At the south end of the lake he 
stands on the higher end of the depressed block, and if he follows the shore 
to the outlet at the north he will find that the water is contained by a 
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moraine, which has been thrown across the valley by an ancient gla­
cier, descending fron1 the mountain at the west. From Fish Lake he goes 
to Rabbit Valley, and there delays a day or two to clilnb Thousand Lake 
1\.fountain. Looking west fron1 the sun1mit he sees the lava-capped plateaus 
of the faulted district among which he has journeyed since he left the 
'' 1.\vist "-huge tables of trachyte bounded by cliffs of displacen1ent, of 
which only the sharpest edges have been worn away; and when his eye 
has become accustomed to the facies of the fault~, he perceives tl_1at there 

FIG. 6.-The Unconformity of the lower calion of Salinn Creek. 'l'he horizontal strata are Tertiary; 
tbo incl~ned, Cretaceous. 

is an identity in structure between the great and the small features. Just as 
the whole district is divided into blocks, of which the dimensions are meas­
ured by miles, and the displacements by thousands of feet, so the greater 
blocks are son1etimes divided 1nto smaller, of which the dimensions are 
measured by rods and furlongs and the displacements by tens and hun­
dreds of feet. Looking eastward he sees the region of the great flexures 
spread out before. him like a n1ap. The W aterpoeket flexure starts from the 
very mountain beneath him, and curving to the right, runs far to the south 
and is lost in the distance. Beyond it are the Henry Mountains springing 
abruptly from the desert; and against the horizon are outlined other island 
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mountainR, gray in tho c11stnncc. To tho left iK the San Rafael Foltl, tho 

rival of tho 'Vaterpoekct in grandeur; aud all n:Lont aro table~ and elifE.;. 
'I1w viviu hue::; of the naked rocks are obscured only by the desert haze, 

and tho whole structure is pictured forth by forn1 and color. 

To reach the IIenry l\Iountains fron1 Rabbit Valley, he 1nust cross the 

'Vaterpocket flexure; and so continuous and steep are the 1nonoclinal ridges 

which follow the line of flexure, that there are but four points known "·here 
he can e£l'ect a passage. Except at these points, the barrier is in1passable 
from Thousand Lake :Thiountain to the Colorado River, a cli~tance of eighty 
miles. 'rhe most difficult and circuitous route I w·ill not describe. The 

remaining three diverge but slightly from each other. Starting fron1 Rab­
bit Valley he follows for a few miles the valley of the Dirty pevil, which 

here, through the " Reu Gate", passes fro1n the trachyte plateaus and enters 

the lanu of canons. lie does not follo·w it far, but where the river enters 

a canon in the Aubrey Sandstone, bears to the left, and by the aid of a 

trail which Indians have 1nade finds a sinuous but easy pathway along a 

monoclinal valley, following the outcrop of the lower Shinarun1p. At 

his right the Aubrey Sandstone rises to fonn the plateau through which 

the river defiles. At his left the V ern1ilion Sandstone stands in a vertical 

wall. Beneath his. feet are the shaly sandstones of the Shinarump Group, 
bare of vegetation and displayh1g a profusion of ripple-marks, such as is 
rarely if ever equaled. A ride of twelve miles brings him once 1nore to 

the Dirty Devil River, which emerging from its Carboniferous canon 

dives at once into a still deeper canon through the Vermilion and Gray 
Cliff Sandstones. lie can follow the river if he tries, and emerge with it 
beyond the flexure; but the way is 'difficult and the Indian trail he 
has ft)llowed thus far leads on to another canon. The rnonoclinal valley 
which has opened so easy a ·way continues for fifteen n1iles farther, and 
in that distance is crossed by four water-ways, each of which leads by 

a narrow canon through the great sandstones. The first and fourth are 
impassable. 'rhe second carries no permanent stream, and is called the 
"Capitol Canon''. 'rhc third affords passage to Temple Creek. The 
smoothest road lies through Capitol Carron, bnt the Ten1ple Creek Caiion 
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has an advantage in the presence of water, and is furthermore ath·active by 
reason of the picture-writings on the walls. 

He has now to cross the Blue Gate flexure, and to do this he leaves 
Temple Creek a little below the n1outh of its canon. Seeking once more 
the guidance of a trail, he journeys southeastward over the gypsum and 
sand of the Flaming Gorge Group to a pass which fron1 a distance he has 
detected in the rnonoclinal ridge marking the Henry's Fork conglonl­
erate. r:ehrough this pass Tantalus Creek sometimes runs on its way to 
join the Dirty Devil, and he may find a stream of rnuddy water; but 
the bottom is more likely to be dry with the exception of a fe·w pools. 
Passing through the gap he finds before hin1 . a similar opening in the Tu­
nunk Ridge, and beyond that a break in the Blue Gate Cliff. From Tan­
talus Creek he ascends to the pass in the Blue Gate Cliff, and climbing to 
the summit of a sharp divide in the shales descends again to Lewis Creek, 
which there follows a canon through the Blue Gate Plateau. llere he finds 
bowlders of the llenry Mountain trachyte-for Le~is Creek rises in the 
Henry Mountains-and a few hours' ·ride toward the sources of the stream 
brings him to the base of Mount Ellen. 

Distances. 
From Salt Lake City to Salina- ______________ ~ ___________ _ 
11\·om Salina to Fish Lake _______ - - - - - __________________ _ 
From Fish Lake to Rabbit Valley ________________________ _ 

From Rabbit Valley to Temple Creek Cauon ·- _____________ _ 
From Ten1ple Creek Canon to Lewis Creek _______ .. _______ _ 
Thence to the base of ~fount Ellen. ___________ - ___ -. ______ _ 

155 miles. 
38 miles. 
27 tniles. 
27 miles. 
18 miles. 
10 miles. 

0 Tota1 fron1 Salt Lake City to the I-I enry Mountains _ _ _ _ 2 7 5 n1iles. 
2HM 
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THE STHUCTURE OF rrHE HENI{Y MOUNTAINS. 

Tho mountains stand within the province of the great flexures, but ai·e 
independent of them. Fifteen n1iles to the westward runs the W aterpocket 
flexure. Thirty miles to the north is the San Rafael fold. At the east the 
strata rise toward a great uplift, of which the full form is unknown. But 

where the Ilenry ~fountains stand the rocks are unaffected by these dis­
turbances. They have a uniform dip of about 45' to the northwest, and 
form a perfect datum-plane from which to measure the magnitude of the 
displacements which have given rise to the mountains. 

The mountains are co'mposed of a large number of parts which are in 
a certain degree individual and homologouR. By the generalization of the 

characters of those parts a conception has been obtained of a type st,·uctwre 

to which the entire series of phenomena has been referred. 

In laying the material before the reader, the following plan will be fol­

lowed: 

First. Tho type of struc~nre will be briefly set forth. 

Second. 'rhe phenomena by which the type is at once demonstrated 

and iliustrated will be described in detail. 

Third. The type of structure will be discussed. 

If the structure of the mountains be as novel to the reader as it was to 

the writer, and if it bo as strongly opposed to his preconception of the man­
ner in ·which igneous mountains are constituted, he may well question the 

conclusions in regard to it 1vhile they are unsustained by proof. I can 

only beg him to suspend his judg1nent until the whole case shall have been 

presented. On some accounts it would have been well to follow in writing 

the order of investigation, and develop the general plan of structure as it 
1.8 



EHUPTION VEHSUS IUUUPTION. 19 

was developed in the field, by the addition here of one elen1ent and there 

of another; or at least to assemble the facts before announcing my deduc­
tions. But such a course would be at the expense of an important element 

of convenience and brevity. As will appear in the sequel, the preliminary 

explanation of the type structure furnishes a co1nplen1ent of categories and 

terms ·by the aid of which the description of the details of observation, 

essentially tedious, is greatly abbreviated. 
It is usual for igneous rocks to ascend to the surface of the earth, and 

there issue forth and build up mountains or hills by successive eruptions. 

rrhe 1110lten matter starting fronl some 
region of unknown depth passes 
through all suporinctnnbent rock­

beds, and piles itself up on the upper­
n1ost bed. The lava of the Henry 
Mountains behaved differently. In­

stead of rising through all the beds of 
FJG. 7.-Ideal Cross-section of a Mountain of 

the earth's crust, it stopped at a lower Ernption. 

horizon, insinuated itself between two strata, and opened for itself a cham-

ber by lifting all the superior beds. · 

In this chamber it congealed, fortning 

a n1assive b?dy of trap. For this body 
the nmne laccolite ( laJoto~, cistern, and , 

li8o~, stone) will be used. Figure 71'llllliilii;lllllll and Figure 8 are ideal sections of a 
mountain of eruption and of a lacco­

lit.e. 
The laccolite is the chief element 

FJG. 8.-Ideal Cross-section of aLaccolite, show­
ing the typical form and the arching of tho 
overlying strata. 

of the type of structure exemplified in the Henry Mountains. 
It is evident that the intrusion of a laccolite will produce upon: the 

surface as great a hill as the extrusion of the same quantity of matter, the 
mass 'vhich is carried above the original surface being precisely equivalent 
to that which is displaced by the laccolite; and it is further evident that 

where the superior rock is horizontally stratified every stratum above the 

laccolite will be uplifted, and, unless it is fractured, will be up bent, and will 
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portray, more or leRs faithfully, by its curvature, the form of the body it 
covers. 

Associateu with the laccolites of the Ilenry Mountains are slwets and 
dikes. 

'J.1he term sheet will be applied in this report to broad, thin, stratified 
bodies of trap, ,vhich have been intruded along the partings between sedi­

nwntary strata, and confonn with the inclosing strata in dip. Dikes differ 
from sheets in that they intersect the sedin1entary strata at greater or less 
angles, occupying fissures produced by the rupture of the strata. 

rrhe logical distinction between dike and sheet is conlplete, but in na­
ture it not unfrequently happens that the same body of trap is a sheet in 

one place and a dike in another. Between the sheet and the laccolite there 
is a con1plete gradation. The laccolite is a greatly thickened sheet, and the 

sheet is a broad, thin, attenuated laccolite. 

In the district under consideration the laccolite is usually, perhaps 
always, accon1panied by dikes and 
sheets (see Figure 9 ). There are 
sheets beneath laccolites ancl sheets 
above thenl. rrhe superior sheets have 
never been observed to extend beyond 
the curved portion of the superior 

:F'rG. 9.-Ideul Cro~s-section of a Lnccolitc, with strata. Dikes rise from the upper sur-
accompanying Sheets and Dikes. faces of the laccolites. They are lar .. 

gest and most numerous about the center, but, like the superior sheets, 
they often extend nearly to the limit of the flexure of the uplifted strata. 
rrhe larger often radiate from the center outward, but there is no constancy 
of arrangen1ent. vVhere they are numerous they reticulate. 

In tho accompanying diagrams dikes are represented beneath as well 

as above the laccolites. r.rhese are purely hypothetical, since they have not 
been seen. In a general way, the molten rock must have come from below, 
but the channel by which it rose has in no instance been determined by 
o bscrvation. 

The horizontal distribution of the laccolites is as irregular as the arrange­
nwut of vulcauic veuts. They lie iu clu~ters, and each cluster is uutrked 
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by a mountain. In Mount Ellen there are perhaps thirty laccolites. In 
Mount Holmes there are two; and in Mount Ellsworth one. ~fount Pen­
nell and J\1ount I-Iillers each have one large and several sn1aller ones. 

Their vertical distribution likewise is irregular. Some have intruded 
themselves between Cretaceous strata, others between Jura-Triassic, and 

others between Carboniferous. From 
2::::::::=:::::::::1 the highest to the lowest the range is 

::::=:~:=::::! not less than 4, 000 feet. Those which 

8 •• are above not unfrequently overlap 

I~=~~=~~;~~~~~~ those ·which lie b~low, as represented 
in the ideal section, Figure 1 0. 

FIG. 10.-Iueal Cross-section of Grouped Laccolites. The erosion of the mountains has 

given the utmost variety of exposure to the laccolites. In one place are 
seen only arching strata; in another, arching strata crossed by a few dikes; 
in another, arching strata filled with a net-work of dikes and sheets. Else­
where a portion of the laccolite itself is bared, or one side is removed so as 
to exhibit a natural section. Here the sedimentary cover has all been re­

nloved, and the laccolite stands free, with its original form; there the hard 
trachyte itself has been attacked by the elements and its form is changed. 
Somewhere, perhaps, the laccolite has been destroyed and only a dike re­
mains to mark the fissure through w~ich it was injected 



CIIAPTER III. 

DETAILED DESCRIPTION O"b, THE MOUNTAINS. 

:MOUNT ELLSWOR'rii. 

It has already been stated that the strata about the bases of the Henry 
Mountains are nearly level; but the country which is built of t~em is far 
from level. The arrangement of the drainage lines has caused the degra­
dation of some parts to greatly exceed that of others, so that while the dis­
trict at the south, which borders the Colorado River, is paved with the red 
sandstones of the J ura-·Trias series, the adjacent region at the north still 
carries the yellow sand::;tones and blue shales of the Cretaceous series. All 
about l\fount Ells·worth are the upper strata of the Jura-Trias. 1.1he lower 
beds of the same series rise upon, its flanks and arch over its summit. 

A description of the structure of the n1ountain must include, first, the arch 
of the strata; second, the faults which modify the arch; third, the system of tra­
chyte dikes and trachyte sheets; and fourth, the sculpture of the mountain. 
In its general proportions the arch is at once simple and symmetrical. From 
all sides the strata rise, slowly at first, but with steadily increasing rate, until 
the angle of 45° is reached. Then the dip as steadily diminishes to the center, 
where it is nothing. A modei to exhibit the form of the dome would resem­

ble a round-topped hat; only the level rim would join the side by a curve in­
stead of an ~ngle, and the sides would not be perpendicular, but would flare 
rapidly outward (see Figure 11 ). The base of the arch is not circular, but is 
slightly oval, the long diameter being one-third greater than the short. The 
length of the uplift is a little n1ore than four miles; the width a little niore 
than three 1niles, and tho height about 5,000 feet. The curvature fades a'vay 
so gradually at its outer limit that it is not easy to tell where it ends, and the 
horizontal dhnensions aHsigned to the dome are no n1ore than rude approxi­
nuttions. But there is another element which can be given more exactly. 

22 
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:FJG. 11£•.- Yit w from the Nest spur of Mount Ellswt rth, showing the trachyte dikes of the north spnr :_tnd revetmomts ot' Sttllllst.oue and t•aellyte. 



MOUNT ELLSWOHTH. 23 

The line of maxhnum clip, which separates the convex :upper portion of the 
don1e from the concave periphery, is easily traced out in nature, and runs 
at the foot of the steep part of the mountain. It surrounds an area two 
n1iles in width and two and two-thirds miles in length. 

FIG. H.-Stereogram of Mount Ellsworth; an ideal restoration of the form of the overarching strata. 

The Ellsworth arch is almost but not completely -isolated. The 
I-Iolmes arch, upon the east side, stand::; so near that the bases of the two 
impinge and coalesce, and the same thing happens, though less notably, 
with the Hillers arch at the north. 

The simplicity of the arch is further in1paired by faults-not great 
faults dividing the whole uplift, but a systen1 of small displacements which 
are themselves subordinate phenomena of the uplift. They are restricted to 
the central portion, and never occur so low down as the line of maximu1n 
dip. The strata of the upper part of the arch are divided into a number of 
prisrnoid blocks which stand at slightly different levels but are not suffi­
ciently deranged to destroy the general form of the areh. The greatest 
throw is only a few hundred feet. All or nearly all of the fault planes 
are occupied by dikes of trachyte. 

The traehyte injections are not confined to the. fault planes, nor is 
their area so restricted as the fault area. Dikes and sheets abound fron1 
the crest of the don1e down to what might be called its springing line-the line 
of maximu1n dip. At the center, dikes are more numerous; near the limit, 
sheets. The central area is crowded so full of dikes, and the weathering 
brings them so conspicuously to the surface, that the softer sedimentaries are 
half concealed, and from some points of view the trachyte appears to make 
the entire n1ass. The accompanying plat (Figure 12) shows the arrange-
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ment of the dikes in one of the outer amphitheaters of the mountain, where 

they are less complicated than in the central region. The trends of two 

spurs (a b and c d) are indicated by the hatchings. They join the main 

crest of the mountain at e, and inclose between them a . deep amphitheater 

·which opens to the west. Upon the steep walls of the an1phitheater the 

dikes outcrop in lines of crags, dividing rough slopes of yellow and purple 
and brown sandstone. The profile of one of the walls of the amphitheater 
(from a to b, Figure 12) is drawn in Figure 13 for the sake of exhibiting 
the relation of the dikes to faulted blocks of sandstone. It will be seen that 
the throw of the faults is not constantly in one direction. 

The zone of sheets is just inside the line of maximum dip. Usually 

}'m. 14.-Profile of the Northern Spur of Mount Ellsworth. 1, 2, 3, 4, and 5 are Trachyte Dikes. 
A, Aubrey Sandstone. S, Shinarump Shale. V, Vermilion Cliff Sandstone. G, Gray Cliff 
Sandstone. 

only one or two sheets are laid bare by the erosion, but at one point (see 
Figure 14) four can be counted. Toward the center of the uplift all of 
these are limited by the erosion and exhibit their broken edges. Do·wn­
ward, or toward the periphery, they dip out of sight. Laterally they can 
be traced along the mountain side for varying distances, but they soon 
wedge out and are replaced by others en echelon. In thickness the sheets 
rarely exceed 50 feet, and never 100. They are ahvays thin as compared 
to the rock masses which separate then1, but, by reason of their superior 

ability to resist erosion, monopolize a large share of the surface, and mask 
a still greater amount with their debris. 

The sedimentary rocks are not altered beyond the region of trachyte 

intrusion. The mere flexure of the strata was not accompanied by a per­
ceptible change of constitution. In the zone of sheets there is little change 
except along the surfaces of the contact. For a few feet, or perhaps only 



}'IG. 13.-Profil f e 0 a western Tlw dotted becl . I spur of Mouut ~~~~\\'etl'th, ~howino the ·trr·tJ 
trachyte are . d' IS t w purple band at tl ,.., • • J.remellt f D lU JCated by letters. 0 le top of I he Venuditlll crft.'s '0 iiH·~ :tlld Fault.s. . I awlstonc Til 1 k · e t 1 es of 
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a few inches, there is a discoloration (usually a Jecolorization) and. a slight 
induration, without notable alteration of n1inerals. But in the region of 
reticulated dikes none of the sedirnentaries are unchanged; crystals are de­
veloped, colors are modified, and hardness is increased, so that the physical 

properties of familiar strat.a no longer serve for their identification. Still 

there is no cru1npling. 

The trachyte n1asses and the altered rocks in contact 'vith tbern are so 
much more durable than the unaltered strata about. them that they have 
been left by the erosion in protu berences. The outcrop of every dike and 

sheet is a crag or a ridge, and the mountain itself survives the general 
degradation of the country only in virtue of its firmer rock masses. Never­
theless, the mountain, because it was higher than its surroundings, has 
been exposed to more rapid erosion, and has beQn deprived of a greater 
depth of strata. From the base of the arch there have been worn 3,500 

feet of Cretaceous, and from 500 to 1,!100 feet of the Jura-Trias series, 

which is here about 3,000 feet thick. From the summit of the arch more 
than 2,500 feet of the Jura-Trias have been retnoved. 

The strata exposed high up on .the mountain being older than those at 
the base, and the dip being everywhere directed away from the center, it 
is evident that the mountain is surrounded by concentric outcrops of beds 
which lift their escarpments toward it. It is usually the case, where the 
strata which incline against the flank of a mountain are eroded, that the 
softer are excavated the more rapidly, while the harder are left standing in 
ridges; and an alternation of beds suitable for the formation of a ridge 
occurs here. One of the upturned beds is the massive Vermilion Oliff 
sandstone, and beneath it are the shales of the Shinarump Group. By 
the yielding of the shales the sand.stone is left prominent, and it circles 
the base of the mountain in a monoclinal ridge. But the ridge is of a 
peculiar character, and has really no title to the name except in the 
ho1nology of its structure with that of the typical monoclinal ridge. It 
lacks the continuity which is implied by the word "ridge". The drainage 
of Mount Ellsworth is from the center of the dome outward. A half dozen 
drainage-lines originate in the high crests and pass outward through the zone 
of upturned strata. Lower down their interspaces are divided by others, and 
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when they reach tho eircling oHcarpment of tho Vern1ili1)1l sandstone their 

1nun her iH fifteen. Eaeh of these cuts the ridge to its base, and the effur.t 

of tho whole is to redneo it to a ro'v of san(htone points circling about the 

n10untain. Each point of sandstone lies again~t tho foot of a rnountain 

spnr, as though it had heon built for a retaining 'Wall to resist the out-thrust of 

the spur. Borrowing a nan10 frorn the analogy, I shall call these element­

ary ridge8 'revet-crags, and speak of the spurs which bear them as being 

'revcttcd. Tho accompanying sketch is designed to illustrate the structure, 

Lnt is not drawn from nature. In the view of ~lount I-Iillers (Figure 27) 

the revetments n1ay be seen, and in the bird's-eye view of the I-Ienry 
l\Iountains (Plate V), as well as in the Frontispiece, the revet-crags of 1\-Iount 

Ellsworth also are portrayed. The diagram of the north spur of l\fount 

Ells,vorth (Figure 14) shows the revet-crag of that spur at V. 
r--- - ------~~--------

FIG. 15.-Hevct-Urags. 

rrhe revet-crags of \' ermilion sanustone follow, in a general ·way, the 

line of nmxilnnrn dip about the base of l\Iount Ells,vorth; but a few of thmn 
rise higher, and one-that ,vhich joins the nortlnvest spur-cli1nbs until it 

is but little lower than the snm1nit of the mountain. Outside the circle of 

Verrnilion Cliff sandstone lies the Gray Oliff sandstone, and in a few places 

it takes the form of a revetment. Inside the same circle there are 1na.ny 
revetments, constituted by trachyte sheets bedded in Shinarump shales 

(Figure 14). Conforming perfectly 'vith the strata, the sheets yield by 
ero~ion forms which are identical ·with those afforded by hard sedimentary 
bed~, and to the distant eye the impression of the arching structure of }\;fount 

Ellsworth is conveyed less by ,vhat can be seen of the strata than by as­
cending revet1nents of trachyte sheets, ,vhich sirnulate and interpret the 
strata. 



FrG lG.-Monut Holme~, from tbe nonl.J. 
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The laccolite of Mount Ellsworth is not exposed to view, but I ant 

nev~rtheless confident of its existence-that the visible arching.strata envelop 
I 

it, that the visible forest of dikes join it, and· that the visible faulted blocks 
. . 

of the upper mountain ac~1ieved their displacenient while floated by the still 

liquid lava. r-rhe proof, ho,vever, is not in the mountain itself, but depends 

on the associat~on of the phenornena of curvature and dike and sheet with 

lacco1ites, in other mountairfs of the same group. In the sequel these will 
be described, but it chances that the mountain ne.xt to b~ considered is even 
less developed by erosion than Mount Ellsworth. 

MOUNT HOLMES. 

The order of sequence which places Mount Ells·worth before l\1:ount 

I-Iolmes is the order of complexity. The forn1er contains one laccolite, 
the latter two. Neither of the two is visible, but the strata which enve.lop 

them shadow foi·th their forms .. and leave no question of their duality. 

·They are so closely combined that the lesser seems a n1ere appendage of 
the greater. From the center of the greater there is a descent of strata in 

all directions, but from the center of the lesser the rocks incline. toward 
one-half only of the horizon. Where the two convex arches join there is 
a curved groin-a zon·e of concave mn·vature uniting the two convexities. 
About the con1pound figure can be obscurely seen a line of maximum dip, 
and beyond that the fading of the curves. The curves throughout are so 
gentle that it was found exceedingly difficult to establish their lilnits. In 
a gmi.eral way it may be said that eacl:~ of the Holmes arches is as broad 
as the Ellsworth. arch, but the vertical displacem.ent is less. In the for­
mation of the greater Holmes a.rch the amount of uplift was 3, 000 feet; for 
the lesser arch, 1,500 feet. 

There is no evidence in the forms of the arches which proves one to 
be older than th~ other. Studying the curves in the field, I could not dis­
cover that either arch asserted itself n1ore strongly tl1an the other in their 
cornmon ground. They seem to meet upon equal terms.· Still it is proba­
ble, a priori, that they were fornwd successively and not. simultaneously. 
'rhe co~ncidence in time ·of two eruptiops of lava ~rom neighboring vents is 

. no more unlikely than the coincidence of the two irruptions, and the san1e 
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principle of least resistance which causes individual laccolitic arches to 
assume spheroidal forms, 'vould have given to the compound arch of two 
laccolites, coincident in time, a simple instead of a compound form. 

Assuming t~at the arches were successive in origin I shall in another 

and more appropriate chapter discu.ss the problem of their chronological 

order in the light of their son1ew hat peculiar drainage syste_m. 

The lesser arch betrays no dikes nor ~heets. The Vern1ilion Cliff 

sandstone covers it· to the· top. The greater is crowned by a few grand 
dikes which govern its topography. From the center a long dike runs 
to the south, a short one to the north, two to the east, and one to the 
·west. The course of each is a n1ountain spur, and between them are anl­
phitheaters and gorges. Clinging to the dikes are bodies of altered sand­
stone, but the great sandstone masses of the sumn1it were unaltered and 
fro1n them have been excavated the gorges. Along the dike-filled fis­
sures there has been some faulting, but there is no reason to believe that 
the displacement is great in a1nount. Toward. the flanks of the mountain 
there are a few sheets, the outermost of which is far within the line of max 
imun1 flexure. Their escarpments instead of facing up·'Yard like the revet­
ting sheets of Mount Ellsworth, face downward; their buried. and unknown 
edges are the edges toward the _mountain. Their thinning toward the 
periphery of the arch is conspicuous· to the eye in many instances, as is also 
·the thinning of the dikes. 

Another peculiarity of dike form, one which has since been noted in a 
number of localities, was first detected in Mount Holmes. It consists in~ 
definite upper limit. The dike so marked is often as even upon its upper 
surface as an artificial stone wall. r:rhe upper surface may be levef or 
may incline toward one end of the dike, but in either case it is sure to be 
found parallel to the bedding of the strata which inclose the dike. This 
fact led to the suspicion, afterward confirmed. by more direct evidence, 
that the flat top of the dike was molded by an t~nbroken stratum of rock 
bridging across the fissure which the lava filled (Figure 20)·. The con­
verse phenemenon can be observed in the ridge which joins Mounts Ells­
worth and Holmes. . A great dike there forms the crest of the ridge for half 



FIG. 17.-Stereogram of the Holmes Arclles; an ideal restoration of the form of the over­
arching strata. 

FIG. 18.-ldeal cross-section of tile Laccolites of Mount HollllC ' . 



.. 

FIG. llJ.-A tlat-topped dike. 
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a , mile, its base being buried in sandstone ; but at the end of the ridge 

the strata are seen to be continuous beneath it (Figure 21 ). 

:Fm. 20.-ldeal Cross-section of Flat-topped Dikes; 
a. before denudation; b, after denudation .. 

F 1c;. 21.-Idenl Cross-section of a 
Flat-bottomed Dike. 

'"rhat a fissure several feet or several ·scores of feet in width shoul.d 

end thus abruptly, demands explanation, and the phenomena immediately 
concerned offer none. Nevertheless it is ·easy to' make an assumption 

which if true renders both cases clear. If we assume that the,.. ~ssure 
instead of ending at the cross­
head is merely offset, and re­
sumes its course beyond, and that 
the dike contained in it has two 

bodies connected by a thin sh~et 
FIG. 22.-Diagram to illustrate a hypothetical" explana-

tion of Flat-edg~d Dikes. (Figure 22), we shall haye no dif-
ficulty in conceiving the erosion which will ;produce either of the natural 
appearances described. 

· The rocks 'vhich constitute Mount Holmes are the same as those about . 

its base. The Vermilion Cliff and Gray Oliff Sandstones alone appear in 
the erests. The underlying Shinarun1p shales are cut by the erosion at a 
few points only, and those are near the base. For _this reason the Vermil­
ion Sandstone is not undern1ined about the base, and the circle of revet­

crags which surrounds Mount Ellsworth finds no counterpart. There are, 
indeed, a few revetments of Gray Cliff sandstone, but they are scattered 
and for the most part inconspicuou~. 

In th_e general view of Mount Hohnes (Figure 16), one of ~he n1ain 

dikes crowns the nearest spur, and another the spur leading to the right. 
At the left. are minor dikes, and high up is a trap sheet notched on its lower 

edge. At the left base of the 1nountain lies the lesser arch. · 
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Figure 23 gives a section exhibited by one or' the nortlnvard caiions. 
It shows one of the faults· of the upper part of the arch and illustrates the 

thinning of the sheets as they descend. 

FIG. ~~l.-Secti'on shown in a northward caflon of Mount Holmes. a, V estigc of Trachyte sheet. b b b, Tra­
chyte sheets. c, Trachyte dike. 1, Gray Cliff Sandstone. 2 2, Purple Sandstone. 3, Vermilion Cliff 
Sandstone. 4, Shinarump Shale. 

:M:OUN1' HILLERS. 

Next in order to the north is Mount Hillers. Let it not be supposed, 

however, that there is discernible system in the geographic arrangement 
of the 1nountains or of the laccolites. A chart of the n1ountain peaks and 
a chart of the laccolites would alike prove intractable in the hands of those 
geologists who draw parallel lines through groups of volcanic vents by 
way of ;:;howin_g their trend. They are as perfectly heterotactous as they 
could be n1ade by an artificial arrangement. 

rrhe diagram (Figure 24) sho-yvs the relation of the laccolite groups to 
each other and to the 1neridian. The principal mountain summits are indi­
cated by triangles, and the curved lines inclose areas· of disturbance. 

Mount I-Iillers and its foot-hills are constituted by a group of no less 
than eig~t laccolites, and a ninth, the I-Io:well laccolit.e, is conveniently 
classed with them, although not contiguous. 

The Hillers laccolite· is the largest in t4e I-Ienry Mountains. Its depth 
is about 7,000 feet, and_ its diameters are four miles and three and three­
<! Ltarter nliles. Its vohune is about ten cubic DJ.iles. rrhe upper half con­

~titutes the mountain, the lo,ver half the mountain's deep-laid foundation. 
Of the portion which is above ground, so to speak, and exposed to atmos­
pheric degradation, less than one-half has been stripped of its cover of arch­
arching strata. The ren1ainder is still mantled and shielded by sedimentary 
beds and by many interleaved ~beets of trachyte. 'The portion which has 
been uncovered is not left_in its original shape, but is sculptured into alpine 



FIG. 27.-Mount Hillers, from the south. 



:l\IOUN'f · HILLEHS. 31 

{onus and scored so de~ ply that not less than 1, 000 feet of its n1ass are 

shown in section. All· about the eroded (south) face of the mountain the 

base is revetted by_ walls of V enuilion 
and Gray Cliff sandstone, strength­

ened by trachyte s~1eets. ~At _the e:x­
tren1e south these standnearlyvertical 
( 80°), and their inclination dinlinishes 

gradually in each direction, until at 
the east and west bases of the mount­

ain it is not more than 60°. On the 
north side. there ~re no revet-crags, 
and the inclination is cotnparati vely 
slight. It would appear that the lac­
co lite was asymmetric, and was so 
rrnteh steeper-sided on the south that 
that side suffered most rapid degrada­

tion. 
By referenee to the section (Fig-· 

ure 25) it will be seen that the sedi­
mentary strata of the north flank 
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· Tl b d h' 1 £ curved lines show the limits of the principal dis-
mountain. 1e same e S W . lC 1 orm placements; the triangles, tlJe positions of t~e 
the revet-craO'S on the southern base main peaks. N, Mount Ellen. P, Mount Pennell. 
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. H. Mount Hillers. M, Mount Holmes. E, Mount 

constitute also some of the highest Ellsworth. 

peaks. Since tl~ese rest direetly ~pon the laccolite, it is assun1ed that the 
next lower beds of the. stratigraphic series form its floor; and the base of 
the laccolite is drawn in the ideal section on the level which the Shinarump 

.Group holds where it i~ unaffected by the displacements of the.mountain; 
It is noteworthy that wherever the sedimentaries appear upon the 

mountain top they are highly metamorphic. But in the revet-crags there 
is very little alteration. l\1assive sandstone, divided by sheets and dikes 
several hundred feet .in thickness, is discolored and indurated at the contact 

surface only, and ten feet a-way betrays no change. 
The engraving of l\{ount Hillers (Figure 27) exhibits the south face 
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with its revet-crags and bold spurs of trap. In nature the effect is height­

ened by the contrast of color, the bright red revetn1ents being strongly 

relieved against the dark gray of the laccolite. The str~ta of the su1n1nits 

cannot be discriininated at ·a distance. '!"'hey are too near the laccolite in 

hardness to differ fron1 it in the style of their sculpture. 

Of the n1inor laccolites of the cluster there are tl:tree so closely joined 

to the chief that they 1nerge topographically with the n1ountain. '!,hey are 

not well exposed for study. The srnallest, which overlooks the pass be­

tween :M~ount I-Iillers and Mount Pennell (A, Figure 28) haf) probably lost 

the whole of its cover and with it so much of its substance that the 

original form and surface cannot be se~n. Its floor is probably the Tn­

nunk sm:dstone. East of it and lying a little deeper in the Cretaceous 

series is a second laccolite (B), broader, lov\'er, arid less eroded. The third 

(C) joins the. great one· on the northeast, and is so· closely united that it 

1-vas at first supposed to be the san1e body. Later exan1inations have shown, 

however, that its imnwdiate roof is the I-Ienry's Fork conglon1era.te, and its 

horizon is thus established as 1nore than two thousand feet above that of 

its great companion. 

The Steward laccolite (Figure 30) is better exposed for study. It was 

FIG. ::\0.-The Steward LacGolite. 

buried in the soft bad-land sandstone of the Flan1ing G·orge Group, and its 

1natrix has been so f~tl' washed away that nearly the whule budy of trap is 



Miles 

FJG. 2R.-Dia.gram of t.he Hilltwl!! Clnst.er of- LaCl;olitcl!!; Ground piau. 

FIG. 2U.-Dingraur of t.lw Hillt·rs Clnstcr of Laccolites; Elcvat.ion. 

. 
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The upper horizoutallitie ruarks I he base of tlre Cretaceous; the middle,.. the base of 
tire Jura-Trias; the lower, tlre level of t.he sea, 
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revealed. It is weathered out, like a chert-nodule on the face of a blo~k 
of limestone. At one end it is bared quite to the base, and the sandstone 
floor on which it rests is brought in sight. The waste of the sandstone has 

undermined its edge, and a small portion of the laccolite has fallen away. 
Near the opposite end a fragnwnt of its cover of arching sandstone sur­
vives-just enough to indicate that the sedimentarios were once bent over 
it, and that the smooth low-arching surface which now crowns it portrays 
the original for1n 'Yhich the molten lava assumed. The laccolite is about 
two and a half miles long and one and one-half broad. The height of its 
eastward face, where it is sapped by the erosion of the bad-land rock, is 
six hundred feet, and the central depth must be Inore than eight hundred 
feet. 

Pulpit arch is as high and as broad as the lesser arch of Mount 
Ilolmes, but its place is not marked in the topography by an eminence for 
the reason that the degradation of the land has not yet progressed so far as 
to unearth its core of trachyte. The drainage from Mount Hillers crosses 
it from west to east and has given it an oblique truncation, as illustrated in 

the diagram. At the upper end of the slope the Henry's Fork conglom-

FJG. 31.-Cross-section of the Pnlpit arch, with ideal representation of the Pulpit Laccolite. 
Scale, 1 incll = 3,500 feet. 1, Vermilion Cliff Sands~one. 2, 2, Gray Cliff Sandstone. 3, 3, 
Flaming Gorge Shale. 4, Henry's Fork Conglomerate. 5, Tununk Shale. 

m·ate outcrops; at the lower end the base of the Flaming Gorge series, ~nd 
in the interval the Gray Cliff sandstone is lifted to the surface. The sa1ne 
streams which planed away the crown of the arch have now cut themselves 
deeper channels and divide the massive sandstone ·by picturesque canons, 
between which it is grotesquely carved into pinnacles and ridges. A curious 
salient of the sandstone has given its nan1e to the arch. How deeply the 

3nM 
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Pulpit laccolite lies buried is not known, no sheet nor dike of trachyte 

betraying its proxirnity. The valley of the Colorado may have to be deep­
ened thotumnds of feet before it will be laid bare. 

The Jerry Butte is the most conspicuous adjunct to l\Ionnt Ilillers and 

topographically is more important and striking than the features which have 
just been described, but its structure is less clear. Its crest is forn1ed by a 

great dike several hundred feet in width and two miles in length, and with 
an even top like those observed on ~Iount IIolmes. rrhe western end of 
the dike is the higher and forms the culminating point of the butte, and 
from it there radiate three other dikes of notable size. rrhe inclosing 
strata, preserved from erosion only by the shelter of the dikes, are the 

lower portion of the Cretaceous series, and they are so little lifted above 
their normal level that there is room for no considerable laccolite ber..~ath 
them. The inclination of the beds is so complicated by the dips of the 
Pulpit, Steward, and Ilillers arches, all of which are contiguous, that 
nothing can be made out of the form of the laccolite, if h exists. 

The Ilowelllaccolite lies apart from the cluster and is well exposed. It 
differs from all that have been enumerated in its extreme thinness. With 
a breadth of more than two thousand feet, it has a depth of only fifty. Seen 
from the east, it might readily be mistaken for a coulee, for on that side it is 
the thin, hard, black cap of a table carved out of soft, sandy shale (Flaming 
Gorge Group) by circumdenudation. But followed westward, the table is 
found gradually to lose its height by the rising of the adjacent land, and at 
last the lava-bed runs into the slope and disappears beneath the upper layers 
of the same sandy shale on which it rests. How far it extends under ground 
can only be conjectured. How far it originally stretched in the opposite 
direction cannot be known because it is broken away. The original edge 
is concealed at one. end and has been undermined and destroyed at the 

other, so that the only place where it can be seen is the point at which it 
emerges from the shale. At this point, 1vhere erosion has bared but has not 
yet attacked the lava, the fonn and character of the edge are exhibited. In 
place of the tapering wedge which usually terminates intrusive sheets, there 
is a blunt, rounded margin, and the lava scarcely diminishes in depth in 
approaching it. The underlying strata, locally hardened to sandstones, lie 



FIG. ;{~.-T il e Howell Luccolitc, as "ee11 1'1'0111 t,Jw north. 

l''g:;. 3:3.-The Edge of tlle Howell Laccolite. 



FIG. ::!4.-Monnt Pennell, from the west. 
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level; the overlying curve downward to join then1, and between the curved 
strata is interleaved a curved lava-sheet. In all these characters the intru­

sive body is affiliated with the typicallaccolites, and distinguished from the 

typical sheets. 
The laccolite which is marked "D" on the diagrams of the I-Iillers cluster 

is identical in nearly all its characters with the Howell; it is thin and broad. 

One margin is wasting as its foundation is sapped ; the other is hidden 

from view. Its depth does not diminish' toward the edge. Moreover, a 
few dikes issue from its n1argin, or fron1 beneath its _margin. It was in­
truded within the same formation as the Howell (the Flaming Gorge shale), 
but at a horizon several hundred feet higher; and, what is specially note­
worthy, the rock of which it is composed is identical in facies with that of 
the Howelllaccolite, and notably different from all others which were ob­

served in the Hillers cluster. 

Thus there are grouped in this one cluster laccolites of the most varied 
character, differing in form, in magnitude, in the stratigraphic depth ai which 
they were intruded, in the extent to which they have been uncovered or 
demolished in the progress of erosion, and also, but very slightly, in their 
lithologic characters. The greatest is one thousand times as bulky as the 
least. The length of the most obese is three timei3 its depth; the length of 
the most attenuated is more than one hundred times its depth. The one 
highest in the strata 1ies a thousand feet above the base of the Cretaceous 

rock series; the lowest is not higher than the summit of the Carboniferous. 
The latter has not yet been touched by erosion, others have been com­
pletely denuded, and some have been partially detnolished and i"emoved. 

MOUNT PENNELL. 

Mount Pennell and Mount Ellen are distinct mountain masses separated 
by a low pass, but there is no interval between the clusters of laccolites by 
·which they are constituted. 

Whether the site of a laccolite shall be marked by a mountain depends 
in great measure on the relation of the laccolite to the progr~ss of erosion. 
In the Henry Mountains the laccolites which have not been reached by the 
denudation scarcely affect the topography. The arched sedimentaries above 
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them arc no harder than the same strata in the surrounding plain, and they 
arc brought substantially to the smne level. It is to those which the down­

ward progress of erosion has reached and passed that tho mountains arc dne. 
In virtue of their hardness they survive the general degradation, and con­

Hcrve with them broad foundations of n1ore perishable n1aterial. l\Iounts 

Ellen and Pennell mark the positions of the high~st of a great cluster of 
laccolites, and the pass between then1 marks a part of the cluster where all 
the laccolitos lie low in tho strata. 

l\Iount Pennell is not so easily studied as the lower n1ountains at tho 

south. Its summits are thnbercd and are carv·ed into alpine forms 'vhich 

Sea. lf'vrl 
2 .Miles 3 
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FIG. 35.-Cro~:;s-section of Mount I>enncll. 1, Blue Gate Sandstone. 2, 2, Blue Gate Shnle. 3, :l, 
Tununk Sandstone. The full black lines represent Tr:.tcllyte. 

do not portray the structure but rather mask it. Upon its flanks· however 
the topography and the structure are in so close syn1pathy that the latter is 
easily read ; and by their study some of the general features of the mount­
ain have boen made out. From the east and south and west the strata can 
be seen to rise toward it. The uprising strata on the west are the Tununk 
sandstone and the shales above and belo·w it. The sandstone forms no re­

vetlnents, but accords so closely in its dips with the slopes of the mountain 
that it is the surface rock over a broad area, outcropping wherever there is 
rock exposure. At the head of the foot-slope trachyte sheets are associated 
'vith it, some overlying and others underlying it; and at one point a gorge 

reveals a laccolite not far belo·w it-a laccolite that may or may not be the 
great nucleus of the n1ountain. On the west and south flanks the uprising 
Htrata are the Dluo Gate and Tununk sandstones, with th~ir shales. The 
Gate sandstone has been worn away nearly to the foot of the slope, and 
forms a monoclinal ridge circling about the base. The ridge is interrupted 
by a number of waterways, and it sends salients well up upon the flank, 



Fm. 36.-Monnt Pennell, from the north. 
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but it is too continuous to be regarded as a mere .line of revebnents. The 
Tununk sandstone is not ~o be seen without search, being covered by heavy 
trachyte sheets. Trachyte sheets also underlie it, and the whole are carved 
into a conspicuous series of revet-crags. 

The association of overarching strata with sheets of trachyte leaves no 
doubt in my n1ind that the _core of Mount Pennell is laccolitic, but whether 
it is simple or compound is not so clear. The collation of all the observed 
clips shows that if there be but one laccolite it has not the si1nplicity of fonn 
which usually characterizes them. 

There are low. arches of the strata at the southern, northern, and north­

eastern bases,· which reveal no trachyte and give the impression that there 
n1ay be·a foundation of low-lying laccolites upon which the main trachyte 
mass or masses of the mountain are based. One of these low arches, that 

l!'IG. 37.-Sentinel But.te. 

at the northeast, is shown in the foreground of Figure 36. The strata which 
portray it are of the Henry's Fork conglomerate, and the laccolite which 
they cover is of necessity distinct from that which is revealed on the east 
flank of the mountain. 
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In addition to the laccolites of the foundation and of the main body, 
there is a series which jut forth from the northern flank like so many dor·· 
mer windows. They are 0omparatively small but are rendered conspicuous 
by the removal of the soft rocks which originally inclosed then1. They are 
higher in the strata than any other observed laccolites, their position being 
above the Tununk sandstone and in the Blue Gate shale. The core of the 
main body of the n1ountain is probably inclosed in the Tununk shale, and the 

laccolites under the lo·w arches (at the north at least) are entirely below the 

Cretaceous. The higher series stand on top of the low arches, and are just 
outside of the sheets which inclose the central body. The largest of them 
constitutes Sentinel Butte, and stands guard over Penellen Pass. Sapped by 
the yielding of its soft foundation it is rapidly wasting, and on three sides 

it.s faces are precipitous. The lJuge blocks which cleave fron1 it as they are 
undermined strew the surrounding skpes for a great distance. Its depth of 
400 feet is made up of two layers, of which the lower is the deeper, and be­
tween which there is a slight lithologic difference.. The upper surface of 
the butte is smooth and plane with an inclination to the south. It is prob­
ably a portion of the original su1face of the laccolite. 

Thus we have in Mount Pennell a great central body consisting of a 
single laccolite or of a number closely massed together; an inferior group 
of three or n1ore, evidenced by low broad arches; and a superior gronp of 
not less than four, all of which are partially destroyed. 

MOUNT ELLEN. 

'rhe crest of Mount Ellen is as lofty as that of l\fount Pennell and it 
is more extended. It stretches for two miles fron1 north to south and is 
buttressed by n1auy spurs. 

The sculpture of the crest is alpine, and the structure is consequently 

obscured. There are dikes of trachyte and perhaps the remnants of lacco­
lites; there are Cretaceous sandstones greatly indurated; and there are 
Cretaceous shales baked to clinking slate; but they are all carved into 
sn1ooth, pyramidal forms, and each is half hidden by the debris from the 
rest so that their order and meaning cannot be seen. 

The flanks however are full of interest to the geologist. Tho Ellen 
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cluster of laccolites is a broad one, and all but the central portion is well 
exposed for study. In the spurs and foot-slopes and marginal buttes no 
less than sixteen individuallaccolites have been discriminated, a number of 
them most beautifully displayed. r-rhey will be enumerated in the order of 
their position, beginning at the west of Penellen Pass and passing along 
the western, northern, and eastern flanks to the Scrope Butte, east of the 
pass. 

In the chart of the Ellen cluster, Figure 38, an attempt is n1ade to show 
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FIG. 38.-Ground Plan of the Ellen Cluster of Laccolitea. 

the horizontal grouping of the laccolites and the order of their superposi­
tion wherever they overlap. It will be observed that where the limits are 
imperfectly known the outlines are left incomplete, and that the central 
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area remains blank, not because it contains no trachyte 1nasses, but because 
its alpine sculpture has prevented their study. \Vhere it is not evident 
which of two encroaching laccolites is the superior, they are separated by 
a straight line. 

'rhe line a a in the chart is the springing line of a broad, flat arch 
'vhich underlies aU the other arches of the western flank. If it covers but 
one laccolite, that one is the rival in magnitude of the I-Iillers nucleus, 
although widely different in proportions; but it is more probable that it 
contains a greater number. The upper surface is rolling and uneven, and 

has not the degree of symmetry which laccolites usually display. At the 
points b, c, d, and e the altitude of the arch is 3,800, 3,500, 2,000 ( esti­
mated) and 2,500 feet. Nevertheless there is nothing in its simple outline 
to indicate a compound structure; the 1nonoclinal ridges by which it is 
margined do not exhibit the flexuous curves which are commonly seen 
about the bases of confluent arches. Whether the nucleus is simple or 
co1npound it sends no branches to the stn-face; the only outcrops of tnt­
chyte belong to the overlying arches. 'rhe upper parts of the arch have 
been so carried away that the steepness of the mountain flank is not in:... 
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}'w. 40.-~.,et.iou uf the Lewiti lJreek lJafwn through tile l.~owuen.Y Areil. 1, Heur,y'~ Fork Couglomcrato. 
2, Upper portion of Flaming Gorge Shale. 3, Nw .. , berry Ln.ccolite. 

creased by it, and inferior strata are brought to the surface. At the north 
tho crown of the arch bears the Henry's Fork conglomerate, while beyond 
its base the plateau is built of Blue Gate sandstone. At the south the arch 
bears the 'rununk sandstone, and the l\Iasuk lies outside 
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F I G. 39.-The Newuerr.v Arch and Laccoli te. 
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The laccolite marked "E" on the chart rests upon tho Tununk sandstone. 

The Blue .Gate shale 'vhich once buried it has been all washed away ex­
cept sorne 1netamorphosed remnants npon the top, and the trachyte itself 
has wasted to such an extent that its original form cannot be traced. The 
laccolite has no near neighbor, and the erosion has left it prominent upon 
the mountain flank. A continuous and solitary spur joins it to the central 
ridge. 

The Newberry laccolite makes a knob 1, 700 feet high, and stands by itself. 
Its cover of flenry's Fork conglomerate is re-enforced by a numbe~· of tra­
chyte sheets, and is broken through at one point only. At that point Lewis 

O!·eek cuts with a st1:aight course across a flank of the arch, and exposes a 
portion of the nucleus in section (Figures 39 and 40). The conglomerate 

FIG. 41.-The Geikie I.-accolite (G), overlapped by the Henry's Fork Conglomerate (H H), and the Shoul­
der Laccolite (S). 

does not rest directly upon the trachyte, but is separated by one or two 
hundred feet of shale of the Flaming Gorge Group. 

Two miles to the northward i~ the Geikie laccolite, smaller than the rest 
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but similar in character. It lies close to the top of the Flaming Gorge shale, 
and is enwrapped by the Henry's Fork conglomerate. Upon three sides 
the conglon1erate can be seen to curve over its margin from top to bottom, 

and upon two of these sides the curves are so broken through by erosion 
that the trachyte is visible within. On the north two canons cut do·wn to 
the nucleus, and on the south there is a broad face of trachyte framed all 
about by the cut edges of the conglomerate beds. 

Tlte Shoztlder laccolite overlaps the Geikie, and the two are exposed in 

such manner as to sho'v their relation in section. The conglomerate runs 
under the one and over the other and separates them. The upper laccolite 
is a broad and deep one, and takes its name from th~ fact that it makes a 
great shoulder or terrace on the mountain side. Toward the mountain it 
is buried; toward the valley it is uncovered, and in part bounded by a cliff. 
It is deeply cleft by canons. It has not been subjected to measurement, 
but its depth is not overestimated at fifteen hundred feet nor its area at five 
square miles. 

In the sketch (Figure 42) many of these features can be traced-the 
Geikie laccolite at the left and the Shoulder in the center, with an outcrop 
of the conglomerate curving down from the roof of the one to the floor of 
the other, and the Newberry arch in the foreground with its cleft side. At 
the rear is the pyramidal Ellen Peak and the F laccolite, overlooking the 
Shoulder. In the distance at the left is the Marvine laccolite. 

Little more can be said of the F laccolite than that it exists and is the 
nucleus of a lofty spur. Its summit rises too nearly to the crest of the 
mountain to be well defined, and at its base the sedimentaries are hidden 
by talus. 

Not so the Marvine laccolite. Lying at the foot of the mountain where 
erosion is so conditioned as to discriminate between hard and soft, and-sur­
rounded by nothing firmer than the Tununk shale and Tununk sandstone, 
it has suffered a rapid denudation, in which nearly the whole of its cover 
has been carried away without seriously impairing its form. It stands 
forth on a pedestal, devoid of talus, naked and alone. The upper surface 
undulates in low waves preserving the original form as it was impressed 
on the molten mass. Over a portion there is a thin coating of sandstone, 
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FIG. 42.-The Western Flank of Mount Ellen . N , Newberry Arch; S, Shoulder Laccolite; G, Geikie Laccolite. 



FIG. 4::!.- Tlu1 Nortbe rn face of the Marvine Laccolite . 
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Fro. 44.-Tbe vYeste1 n face of the Marvine Laccolite: 
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the layer n~xt to the trachyte being saved from destruction by the indura­

tion acquired during the hot contact. From the remainder this also has 
disappeared, and the contact face of the trachyte is bare. For sorne reason 

the exterior portion of the laccolite disintegrates more slowly than the inte­

nor. It may be that there was son1e reaction frorn the surrounding sedi­

mentaries during the cooling, ·which modified the crystallization. Or it 

rnay be that at a later epoch a reciprocal n1etan1orphism was induced 

along the contact of the diverse rocks. At all events there is a crust a 

few feet in thickness which is specially qualified to resist destructive agents, 

and which by this peculiarity can be distinguished from the trachyte of the 
interior. All about the northern and western faces, which are steep, this 
crust_ has been broken through and the interior excavated; but it is o:rrly 
along the upper edge of the face that the crust is completely destroyed. 

Along the lower edge it is preserved in remnants sufficiently numerous to 
fully define the outline of the base. Each remnant is a sort of revet-crag 
standing nearly vertical and joined by a buttress to the cliff behind it. In 
the accornpanying sketches (Figures 43 and 44) the most of these features 
find better expression than words can give them. The solemn order of 
the tombstone-like revetments is not exaggerated, nor is the contrast be­
tween the ruggedness of the cliff and the smoothness of the upper crust. 
At the left in the upper view, and at the right in the lower, there can be 

seen inclined strata, the remnants of the arch which once covered the whole. 
The extreme depth of the laccolite is 1,200 feet, and its diameters are 

6,000 and 4,000 feet. 
The G arch, the Dana, the Crescent, and the Maze agree in having no 

visible laccolites. They are mere dome-like uplifts, by which inferior beds 
are brought to light. In the middle of the Crescent arch, and there only, 
is a small dike. They differ in their dimensions and in their erosion and 
topography. rrhe G arch is low and broad,. and lifts the Henry's Fork 
conglomerate a few hundred feet only. It is covered by that bed except· 
where Bowl Creek and one or two others cross it in shallow canons. 

The Dana arch bears the sarne relation to Mount Ellen and Jukes 
Butte that the Pulpit arch bears to· Mount Hillers. The streams which 
flow down have truncated it, and afterward carved a systern of canons be-
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low tho plano of truncation. The IIenry's Fork conglomerate overlooks it 
fron1 tho base of the J nkes laccolite on one side, and on the other margins 

it with a monoclinal ridge; and in the interval the Flaming Gorge and 

Gray Cliff rocks come to the surface. 

l<'IG. 45.-Thc Jukes Butte, as seen from the southeast, showing the Jnkos Laccolite, resting upon 
the Dana Arch . 

. The Crescent arch is so perfectly truncated by the existing mountain 
streams that their flood-plains unite above it in a single broad slope. On 
the side toward the mountain there are a few insular hills of the conglonl­
erate, and on the side toward the plateau the same rock lifts a low mono­
clinal ridge which circles about the base of the arch in a crescent. Within 
the crescent there are few outcrops, but it is probable that the Gr!ly 
Cliff Sandstone is brought to the surface. Near the center a solitary. thin 
dike juts forth, like a buoy set to mark the place where a laccolite is 
sunk. Judging the magnitnde of the laccolite by the proportions of the 
uplift, it has a diameter of nearly four miles and a depth of 2,500 feet; and 
these dimensions indicate a volume of three and a half cubic miles . 

. The Ma.~e arch covers a s1naller area than the Crescent, but its height 
is greater. The drainage from the mountain crosses it on a number of 
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lines, but there is no indication that at any recent stage of the degradation 
they have produced an even truncation. At present they divide the Gray 
and Vermilion Sandstones by so intricate a labyrinth of deep canons that 

the whole area of the uplift is almost impassable. The monotony of reel 
sands-tone, for here all members of the Jura-Trias are brick-red, the variety 
of dip, complicated to the eye by obl_ique lamination, the n1ultiplicity of 
canons and ridges, conspire to give an impression of chaos from whatever 

point the tract is viewed ; and even from the n1ost commanding stations I 
was unable to make out completely the arrangement of the drainage lineR. 
Still no faults were discerned, and it is probable that the Maze arch, int1:i­
cate as it seems, is a simple circular dome. On the north it adjoins the 
Crescent .arch, and the monoclinal ridges of conglomerate which margin 
the two at the east are confluent. On the south it adjoins rather more 
closely one of the low arches ·which have been referred to the Pennell 
cluster. On the west, or toward the mountain, it is probably met by other 
arches at its own level; but these if they exist cannot be fully known 
until the progressing degradation of the country shall have removed cer­
tain laccolites which lie above them and slightly o:verlap the ~faze arch. 

The four arches just described are of the foundation series of the east­
ern base, and cover laccolites of unknown depths. Higher in the strata, 
and at the same tin1e absolutely higher, is a second series, which to a cer­
tain extent overlap them. The Bowl Creek encroaches on the G laccolite; 
the Jukes, on the Dana and on the Bow I Creek ; the H laccolite, on the 
Crescent; the Peale and Scrape, on the Maze. 

The Bowl Creek arch is so masked by the overlapping Jukes laccolite, 
and by the encroachment of certain large dikes, that its general form and 

FIG. 46.-Cross-section of the Bowl Creek Arch. c, c marks the water-level of Bowl Creek; 7, the 
Bowl Creek Laccolite; a, a, f;)bales; and s, the Grypben. Sandstone. Scale, 1 inch = 1,000 feet. 

proportions are not known; but it is laid bare at one point in a fine natural 
section. Bowl Creek crosses it near the center, and in the 'valls of the canon 
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are exhibited two hundred feet of the laccolito, together with two hundred 

and fifty feet of superjacent beds. The curve of the strata is unbroken by 
faults or dikes, and carries them below the level of the creek at each end of 

the cafion. Next above the trachyte lies a clay shale which has been baked 
to the hardness of limestone. It is one hundred feet thick, and is more or 
less altered throughout, as is also the sandstone which overlies it. The ex­
tent of the metamorphism indicates that the trachyte mass by which it was 
produced is not a mere sheet, but is the body of the laccolite itself. 

The Jukes laccolite encroaches upon the G, the Dana, and the Bo,vl 
Creek arches, and is superior to them all; it n1ay be said to stand upon 
their\. The trachyte has a depth of only one thousand feet, but it lies so 
high with reference to the general degradation that it is a conspicuous fea­
ture of the topography. The edges of the laccolite are all eaten away, and 
only the central portion survives. All of its faces are precipitous. The 
cover of shale or sandstone has completely disappeared, and the upper sur-

:FIG. 47.-Profile of the .Jukes Butte, as seen from the northwest. 

face seems uneven and worn; but a distant view (Figure 4 7) shows that its 
wasting has not progressed so far as to destroy all trace of an original even 
surface. The eminences of the present surface combine to give to the eye 
which is aligned with their plane the impression of a straight line. The 
hill is loftier than the laccolite, for under the one thousand feet of trachyte 
are five hundred feet of softer rock whi~h constitute its pedestal, and by 
their yielding undermine the laccolite and perpetuate its cliffs. 

The H laccolite is not well exposed. It lies on one edge of the Crescent 
arch and is covered by the Henry's Fork conglomerate. 



--

FIG. 48.-Tbe Peale Laccolite exposed in natural cross-section. a, b, c, d, and e are intrusive masses of tracbyt.e. 
His the Henry's Fork Conglomerate. .. 
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FIG. 4?.-The East Flank of Mount Ellen, showing the Scrope, Peale, and Jukes Laccolites, and the Maze and Crescent ,Arches. 
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Little is known of the form of the Peale laccolite. One edge is lost in 
the obscurity of the alpine sculpture, and the other has been removed along 
with the crest of the Maze arch, on which it rested. But by this removal 
a section has been opened across the laccolite, revealing its internal struct­
ure from top to bottom. It is shown to be composite, attaining its height 
of 850 feet by the con1pilation of three distinct beds of trachyte, separated 
by partings and wedges of shale. The lowest bed is thin and of small ex­
tent. Next is the main bed, six hundred feet thick and a mile or more 
broad; and on top is a bed two hundred feet thick and proportionately nar­
row. Each of the beds is lenticular in section, and the piling of the less 
upon the greater produces a quasi-pyramidal form. The interleaved shale 
bands are metamorphosed to the condition of slate. Under the laccolite are 
one or two hundred feet of shale, apparently unaltered except at the con­
tact. Then come the Henry's Fork conglomerate, 3!10 feet thick, and the 
Flaming Gorge shale, several times thicker. Within the upper shale is a 
restricted trachyte sheet and near the top of the lower shale is a broader 
one. The latter is double throughout, its two layers having been intruded 
at different times. 

The top of the escarpment is at the top of the laccolite, and. only a 
short distance back from the brow are shale and sandstone resting upon the 
trachyte and conforming to its uneven surface. 

The Scrape laccolite resembles the Jukes in everything except that its 
erosion has progressed so far as to obliterate every trace of the original 
upper surface. Its position in the strata is about the same, and the erosion 
of its matrix ·has left it a conspicuous crag. It rests on the flank of the 
Maze arch, just as the Jukes laccolite rests on the Dana arch. The rem­
nant of trachyte is less than one thousand feet high, and has been carved 
into a subconical form in which no hint of the original size and proportions 
of the trachyte body is conveyed. 

Figure 49 is a view of the east flank of Mount Ellen, as seen from 
Mount Hillers. It groups together many of the details that have been 
enurnerated. The conical hill at the left is the Scrope laccolite. The spur 
from the n1ountain which ends just at the right of it is the Peale laccolite. 
The bold butte ·which terminates the last spur of the n1ountain in the dis-
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tance is the Jukes laccolite. Across the base of the latter one can trace 
the outcrop of a hard bed. This is the IIenry's Fork conglon1erate, and 
tho upward curve whieh it shows belongs (probably) to tho Crescent arch. 
Nearer than tho Jukes Hutto and in.tho san10 direction is a low hill, nlark­
ing tho dike within tho Crescent. Just to the left of it is an insular out­
crop of the conglomerate, and nearer by is another outcrop in the form of 
a cliff, which is continuous to the base of the Peale laccolite. Between the 
Peale and Scrope laccolites the conglomerate is hidden by an embayn1ent 
of the cliff, and it reappears in the base of the Scrope Butte. In all these 
outcrops the oscarpn1cnts of conglomerate 'face toward the east and at the 
same time to,vard the :n:Iaze and Crescent arches. On the opposite side of 
the arches the same conglon1crate outcrops in a monoclin'al ridge with its 
escarpment facing to tho west. The ridge can be traced in the sketch from 
a point in the foreground under the Jukes Butte nearly to the eastern base 
of the butte, the course at first being almost directly toward the butte and 
then curving far to the right and forming the Crescent. Between the 
Serope and Peale laccolites on one side and the monoclinal ridge on. the 
other, lie the Maze and the 1\faze arch. Beyond the 1\:Iaze arch and limited 
at the right by the Crescent, is the Crescent arch. The Scrope, the Peale, 
and the Jukes are visible laccolites; the Maze and Crescent arches cover 
invisible laccolites. 

The determinate laccolites and arches which compose the lower slopes 
of 1\:Iount Ellen, while they are of prime importan~e for purposes of inves­
tigation, must not be considered superior in nutnber and magnitude to those 
of tho central region. That region is known to a bound in trachyte masses, 
and: it far exceeds the marginal district in the extent and degree of its 
metamorphism. There is every reason to believe that the mountain crest 
marks the zone of greatest igneous activity, and that the foot-hills are as truly 
subsidiary from a geological point of view as they are from a topographic. 
There is no evidence of a great central laccolite, such as the Hillers and 
Pennell clusters possess, and I am disposed to regard the mountain as a 
.great congeries of trachyte masses of moderate size, separated and in the 
main covered by shales and sandstones. The sedimentary strata of the 
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summits are all of the Cretaceous series, but they are too greatly altered to 
permit the discrimination of the Masuk, Gate, and Tununk groups. The 

IIenry's Fork conglomerate, ·which n1ight have been recognized even in a 
metamorphic condition, was not seen. 

STEREOGRAM OF THE HENRY MOUNTAINS. 

For the double purpose of n1apping and studying the mountains a 

n1odel in relief was constructed, in which great pains was taken to give 
all the-principal features their proper altitudes and proportions. This model 

was photographed, and has been reproduced by the heliotype process in 
Plate III, at the end of the volume. After it had been completed, a second 
model was constructed by adding to the surface of the first. Wherever 
the Blue Gate sandstone appeared in the original model no addition was 
made. Where the rrununk sandstone appeared there was added an amount 
equivalent to the combined thickness of the Blue Gate sandstone and the 
Blue Gate shale ; and in general, enough was added in every part to bring 
the surface up to the sun1mit of the Blue Gate sandstone. In this way a 
restoration was made of the form of that sandstone previous to its erosion. 
It is not to be understood that the mountains ever possessed this form; for 

when the surface of the Blue Gate sandston~ w~s unbroken by erosion it 
was unbroken only bec.ause it was covered by other strata, ·which while 
thoy shielded it were themselves eroded. If the sandstone had been inde­
structible, this is the fonn which would have been developed by the wash­
ing away of all the overlying beds; and in this form are embodied the 

arches and domes which were impressed upon the sandstone by the up­
svvelling of the laccoliteR. The model became a stereogram of the displace­
ments of the Henry Mouutains, and a. photograph from the stereogram. 
appears in Plate IV. 

It will be observed that over the central district of Mount Ellen, where 
by reason of the peculiar sculpture of the rock its s:ructure was concealed, 
the restoration of the sandstone was not carried; it seemed better to repre­
sent our lack of knowledge by a blank than to bridge over the interval by 
the aiel of the inwgination. 

If the reader will study the pla.t.e, he will find that it ~xpresses n. great 
4 IT l\1 
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body of tho phenomena which have been described in this chapter. The 
simplicity of the Ellsworth and Holmes arches is contrasted with the com­
plexity of· the others; the greatness of the Hillers and Pennell domes with 
the smallness of those which lie upon their flanks. One point that is 
especially striking is the relation between the upper and lower don1es of 
the Ellen cluster. The upper, 'vhich give rise to all the conspicuous fea­
tures of the mountain flanks, are comparatively small, while the lower, 
which might almost be overlooked in a rapid examination of the mountain, 
are comparatively large and constitute the great mass of the uplift. The 
smaller laccolites, because they are the upper, have been denuded of their 
covers, and in virtue of their hardness stand forth salient. rrhe larger, be­
cause they are the lower, have not been laid bare, and the comparatively 
feeble resistance which their covers have opposed to erosion has itnpressed 

their forms but slightly on the topography. 



CI-IAPTER ·IV. 

THE LACCOJ~ITE. 

The principal facts in regard to the laccolites of the I-Ienry l\iountains 

having been set forth in the preceding chapter, an attempt will now be 
made to deduce fron1 them the natural history of the Laccolite. 

rrhere is a question which the critical geologist will be likely to pro-

. pound, and 'vhich should be answered at the outset. "What evidence", he 
may demand, "is there that the origin of the laccolite was subsequent to 
the formation of the inclosing strata rather than contemporaneous with it(~ 

l\fay it not have been buried instead of intruded~ May not the successive 
sheets and masses of trachyte have been spread or heaped by eruption 
upon the bottoms of Mesozoic seas, and successively covered by the accu­

mulating sediments~" The answer is not difficult. 
1st. No fragment of the trachyte has been discovered in the associated 

strata. rrhe constitution of the several members of the Mesozoic system in 
the flenry Mountain region does not differ from the general constitution 
of the same members elsewhere. This evidence is of a negative character, 
but if there V\rere no other it would be sufficient. For there is indubitable 
proof that at the end of the Shinarump period the Henry Mountai~ regi~n 
was lifted above the ocean, and if any of the nuclei of the mountains had 
then existed they could not have escaped erosion by shore waves, and must 
have n1odified the contmnporaneous deposits. l 

2d. The trachyte is in no case vesicular, and in no case fragmental. 
If it had been extruded on dry land or in shallow water, where the pr_ess­
ure upon it was not sufficient to prevent the dilatation of its gases, it 'vould 
have been more or less inflated, after the ~anner of recent lavas. If it had 
issued at the bottom of an ocean, the rapidity of cooling would have cracked 

the surface of the flow while the interior was yet Inolten and in motion, and 
Gl 
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breccias of trachyte debris would have resulted. The absence of inflation 
and of brecciation are of course of the nature of negative evidence, but 
they derive weight front the fact that a great number of distinct bodies of 
trachyte have been examined in the course of the investigation. 

Hd. 'rhe inclination of the arched strata proves that they have been 

disturbed. If the laccolites were formed in each case before the sediments 
which cover them, the strata must have been deposited with substantially 

the dips which they no'v possess. 'I'his is incredible. The steepest decliv­
ity of earth-slopes upon the land is 34 ° fron1 the horizontal, and they have 
not been found to equal this under water. Prof. J. D. vVhitney noted 23° 
as the original slope of a deposit on the Pacific Coast, and regarded it as an 
extreme case. '.I'he writer has made nHtny Ineasurements of the inclination 
of oblique lamination in 1nassive sandstones, and found the maxilnum to be 
24°. But the strata which cover the laccolites dip in many places 45° to 
60°, and in the revetments of the south base of l\Iount IIillers they attain 

80°. 
4th. It occasionally happens that a sheet, which for a certain distance 

has continued between two strata, breaks through one of them and strikes 
across the bedding to some ne·w horizon, resuming its course between 
other strata. Every such sheet is unquestionably subsequent to the bedding. 

5th. The strata which overlie as well as those which underlie laccolites 
and sheets, are metamorphosed in the vicinity of the trachyte, and the 
greatest alteration is found in the strata which are in direct contact with it. 
'The alteration of superior strata has the same character as the alteration of 
inferior. This could never be the case if the trap masses were contenlpora­
neous with the sediments; the strata on which they were in1posed 'vould be 
subjected to the heat of the lava, but the superior strata would accun1ulate 
after the heat had been dissipated. In the Ifenry ~Iountains a large nurnber 

of observations were made of the phenon1ena at and near the contacts of 
sedimentary and igneous rocks, and in every instance some alteration was 
found. 

In fine, all the phenomena of the mountains are phenomena of in­
trusion. There is no evidence whatever of extrusion. It is not indeed 
inconceivable that during the period in which the subterranean chambers 
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were opened and filled, a portion of the lava found its way to the top of 
the earth's crust and there built mountains of eruption ; but if such ever 
existed, they have been obliterated. 

The Henry J\1ountains are sin1ilar among themselves in constitution. 
They all exhibit do1ne-like uplifts; they all contain intrusive rocks;· and 
their intrusive rocks are all of one lithologic type. They are more­
over quite by themselves; the surrounding country is dissimilar in struct­
ure, and there is no gradation nor mingling of character. Thus shnilar and 
thus isolated it is natural to regard the mountains as closely related in 
origin, to refer their trachytes to a cornmon source, and to look for homology 
in all their parts. It was the search for such homology which led to the 
hypothesis that the laccolite is the don1inant element of their structure. It 
is now time to examine this hypothesis, the truth of which has been as­
sumed in the preceding pages, ~nd s~e how far it accords with the facts of 
observation. 

The facts to be correlated are the following : . 
1st. 'rhere are seven laccolites which lie so far above the local plane 

of erosion that they are specially exposed to denuding agents. They have 
no enveloping strata, and their only associated sheets lie in the strata under 
them. Their original forms have been impaired or destroyed by erosion. 
They are the Scrope, the J"ukes, the Sentinel and its three companions, and 
the A laccolites. 

2d. There are two laccolites so· nearly bared that their forms are 
.unmistakable, but which are still partially covered by arching strata, and 
'vhich have associated sheets and dikes. They are the Marvine and the 
Steward laccolites. 

3d. There are five supposed laccolites situated where the erosion planes 
are inclined, which run under the slopes and are covered at one side or end, 
and at the other project so far above· them as to have lost something by 
erosion. These are accompanied by overarching strata and by sheets and 
dikes. They are the Peale, the Howell, the Shoulder, the D, and the E. 

4th. There are seven or eight supposed laccolites, of which only a 
small part is in each case visible, but which are outlined in form by domes 
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of overarching strata. Their bases are not exposed. Associated wHh then1 
are dikes and sheets. They are the Hillers, tho Pennell, the Geikie, the 
N ewborry, the Bowl Creek, tho C, the H, and perhaps tho F. 

5th. rrhere are five domes of strata acconlpaniecl by dikes and (with 

one exception) by sheets, but showing no laccolite. They are the Ells,vorth, 
the Greater Holmes, the Crescent, the Jerry, and the B arches. 

6th. There are nine or more domes of strata with no visible accompani­
ment of . trachyte. They are the Lesser llolmes, the Pulpit, the G, the 
Dana, and the Maze arches, and those of the foundation of Mount Pennell 
and of the west base of l\fount Ellen. 

Upon the hypothesis that all these phenomena are examples of the lac­
coli tic structure, they have the following explanation: Each individual 
case comprised originally a laccolite, covered by a great depth of uplifted 
and arching strata, and accompanied by dikes and sheets which penetrated 
the strata to a limited distance. Lying at different depths from the surface, 

they have borne and still bear different relations to the progressive degra­
dation of the country, and have been developed by erosion in different de­
grees. In nine of the instances cited the arch of strata has been truncated, 
but ~t so high a level that no dike:s nor sheets were unearthed. In five in­
stances the plano of truncation 'vas so low that dikes and sheets were brought 
to light, but not the main body of trachyte. The truncation 'vas in most 
of these cases less. perfect because of the resistance to erosion by the hard 
dikes and sheets and by the strata which their heat had hardened. In eight 
other instances the erosion has left prominent the dome of hardened strata 
with its sheets and dikes, but has so1newhere broken through it so as to 
reveal a massive core of trachyte. In five instances one side of tho dome 
of strata has been washed away, exposing tho core of trachyte to its base 
and showing undisturbed strata beneath it. In two instances the soft matrix 

has been so far washed a·way from the laccolite as to expose its form fully; 
and seven laccolites have not only lost all cover but have themselves been 
partially demolished. 

Certainly, the hypothesis accords 'vith all the facts that have been ob­
served and unites them into a consistent whole. It explains fourteen dome­
like arches of scdinwntary rock 'vhich are imperfectly exposed, by classiug 
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them with seven other arches of the same region which have been opened 
in section to the base and found to contain laccolites; and it strengthens the 

case by pointing to a connected series of intermediate phenomena. lT ntil 

so1ne strata-dome of the Henry Mountains, or of a closely allied mountain, 
shall be found to display some different internal structure, it will be safe to 
regard the 'vhole phenomena of the group as laccolitic. 

Form of laccolites.-As a rule laccolites are compact in forn1. The base, 

which in eleven localities WaS seen in Section, W8,S found flat, except 'vhere 
it copied the curvature of some inferior arch. Wherever the ground plan 
could be observed it was found to be a short oval, the ratio of the two diam­
eters not exceeding that. of three to two. Where the profile could be ob­
served it was usually found to be a simple curve, convex upward, but in a 
few cases and especially.in that of the Marvine laccolite the upper surface 
undulates. The height is never more than one-third of the width, but is 
frequently much less, and the average ratio of all the measurements I am 
able to combine is one to seven. 

The ground plan approximates a circle, and the type form is probably 
a solid of revolution-such as the half of an oblate spheroid. 

InternalStructure.-Of the laccolites which are best exhibited in section, 
there are a number which appear to be built up of distinct layers. The 
Peale exhibits three layers with uneven partings of shale. The Sentinel 
shows two without visible interval. The Howell shows two. The Pennell 
has .a banded appearance but 'Yas not closely examined. The Marvine 
shows at a distance a faint banding, which near by eludes the eye. No di­
vision nor horizontal structure was seen in the Hillers, J nkes, Scrope, or 
Steward laccolites, but observation was not sufficiently thorough to satisfy 
me of its absence. It is probable that all the largei~ laccolites are composite, 
having been built up by the accession of a number of distinct intrusions. 

There is little or no prismatic structure in the trachytes. It is some­
times simulated by a vertical cleavage induced in sheets aud laccolites which 
are undergoing disintegration by sapping, but I did not observe the pecu­
liar prisn1atic cleavage which is produced by rapid cooling in dikes, sheets, 
and coulees of basalt. 'I'he two structures are not often discriminated, but 



56 TilE LACUOLll'E. 

they are really quite distinct, and their peculiar characters are easily recog­
nized. The cleavage planes produced by cooling are as a rule perpen­
dicular to the cooling surface, and the systems of prisms which are based 
on the opposite walls of a dike or sheet, do not correspond with each other, 
and do not run across, but meet midway in a confused manner. The cleav­
~ge planes which are produced by the shearing force when a rnassive bed 
of trap or other rock is undermined or sapped and yields under its own 
weight, extend from base to top, and are perpendicular to the plane of the 
horizon instead of the plane of the bed.* 

Vertical Distribution.-The range of altitudes at which laccolites have 
been forn1ed is not less than 4,500 feet, and neither the upper nor the lower 
limit is known. 

The highest that are known-those which were intruded at the highest 
geological.horizon-are near the base of the Blue Gate shale (l\1iddle Cre­
taceous), but it is quite possible that higher ones have been obliterated '?Y 
erosion. The lowest that is known was intruded in the Shinarump shale, 
but it is known of the invisible Ellsworth laccolite that upper Carbonif­
m·ous strata lie above it, so that its horizon of intrusion must be still lower. 
The plexus of dikes and sheets on the Ellsworth arch indicates that the lac­
colite is not deeply buried; but in the series of arches there are nine which 
show no trachyte, and we have no data from which to infer their depth. 

How the laccolites are distributed within these limits is more readily 
comprehended by the aid of a diagra1n. In Figure 50 the triangles mark 
the horizons of determined laccolites, and the crosses the horizons Vol hich 
the invisible laccolites cannot exceed. For exan1ple, the base of the Scrop,e 
laccolite is visible and is seen to lie on the Tnnunk shale 400 feet above the 
IIenry's Pork conglon1erate; to represent it a triangle is placed at about 

the middle of the space representing the Tununk shale, and in the column 
devoted to the Ellen cluster. The upper surface of the Geikie laccolite is 
visible and upon it rest, first a few feet of Flaming Gorge shale, and then 
the Henry's Fork conglomerate; to represent it a triangle is placed near 
the top of the Flaming Gorge space. The crown of the Pulpit arch has 
---~~ --------·--------------------

*See page 172 of the "Exploration of t~e Colorado River", by J. W. Powell. 
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been so far eroded that half of the Vermilion Cliff sandstone is shown in 
section, but no laccolite is revealed. It is evident that the Pulpit laccolite 
is lower than the middle of that sandstone; and to represent it a cross is 
placed below the n1iddle of the Vermilion Cliff space and in the column 
devoted to the Hillers cluster. 

l\it. Mt.. Mt. Mt. Mt. 
Ellen. Pennell. HillerA. Holmes. Ellsworth. 

Masuk Saudstone ............ (::::,.~~::~l·~~::j;:::: 
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FEEl 

{- .. ··1·····1"""1·"" 
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Tununk Shale .............. . 
/.).D. ~ 

D. + + ·4000 
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~====~h---~~-----~--~~~----~----; 
~~--~ .. -+ ~ D. D. '6, , . 'f'l~ f). A+ + + 

I! lammg Gorge Sba,le.. .. • .. • • f~~"f~ 6. 

' p=:.:-:~~ 
L_~--:-:-.. :.:.:::-_; 
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Gray Cliff Sandstone .•••.•.•. ~- . 
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Aubrey Sa.ndstone ..••••.•••. t::::::::::::::: + 
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}""'IG. 50.-Diagram of the Vertical Distribution of the Laccolites of the Henry Mountains. 

The first feature which this graphic assemblage yields to the eye is that 
there are at least two zones of laccolites. The upper ranges from the lower 
part of the Blue Gate Group, through the Tununk and Henry's Fork, to 
the upper part of the Flaming Gorge Group. The lower has not yet been 
fully developed by erosion, but its proximity is indicated. The Hillers lac­
colite is uncovered at top, and the dikes of the Ellsworth, the Greater Holmes, 
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and the Crescent have been reached. All of the invisible laccolites indi­
cated in the Vermilion Cliff and Shinarump spaces must be referred to this 
zone; and there is reason to suspect that all but one of the invisible lacco­
lites whose indication falls in the Tununk and Flaming Gorge spaces be­
long also to the lower zone. However this may be, it is not probable that 
the determination of the depths of the invisible laccolites would vitiate the 
conclusion that there is an upper zone of laccolitic frequency which is sep­
arated from a lower zone by an jnterspace of laccolitic infrequency. 

Another feature illustrated by the diagram is that all the determined 
laccolites are inclosed by soft beds. They have been intruded into the 
shales, but not the sandstones. They cluster about the Ilenry's Fork con­
glomerate, but none of them divide it. This selection of matrix is coilfined 

however to the laccolites and is not exercised by sheets and dikes. Tra­

chyte sheets were seen within the Henry's Fork, the Gray Cliff, the Ver­

milion Cliff, and the Aubrey sandstones. 
A third feature of the diagram is the restriction of the upper zone of 

laccolites to the northward clusters; Mounts Ellsworth and Ilohnes contain 
laccolites of the lower zone only. This fact of distribution is correlated 
with a fact of denudation-namely, that in the general degradation of the 
country, the region about the southern mountains has lost two thousand 
feet more than the northern. One fact is probably the cause of the other. 
The absence of laccolites of the upper zone at the south may have per~ 
mitted the greater degradation; or the greater degradation may have caused 
the destruction of several of the upper laccolites. The fact that the differ­
ence in degradation can be independently accounted for is favorable to tho 
latter supposition. The Colorado River which is the main artery of drain­
age for the whole region, flows close to the bases of the southern mountains, 
and the rapid declivity from the mountain summits to the river has given 
and still gives exceptionally great power to the agents of erosion. No 
other cause is needed to explain the difference of degradation, and the 
absence of laccolites of the upper zone is explicable without assuming that 
they were never present. · 

The negative objection to the idea that the southern mountains origi­
nally possessed laccolites of the upper zone being thus disposed of, it is 
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worth while to inquire whether there is any evidence in its favor. If supe­

rior laccolites existed, they would be sure to leave behind them a record of 
the conduits through which their lava was injected. A dike or a chimney 
must always connect a laccolite with the source. of its material; and the 

removal of the laccolite necessarily exposes a cross-section of its stem. The 

discove~y of such a dike can be regarded, not indeed as a proof of the for­
mer existence of a superior laccolite, but as demonstrating its possibility. 
The summits and flanks of Mounts Holmes and Ellsworth bear many dikes, 
which have been regarded as subsidiary features of the laccolites beneath 
them, but it is quite possible that any one of then1 formerly led to another 
laccolite above. The upper laccolite may have been first fonned and 

then have been lifted, dike and all, when the lower was intruded; or it 
may have been last formed, and been fed through a fissure which traversed 
the lower after its congelation. · The only dike which was discovered in 
the vicinity of these n1ountains, without being upon thetn, stands midway 
between thern. It is the only observed dike of the I-lenry 1\Iountains (ex­
cepting always the alpine district of l\fount Ellen), which is not so closely 

associated with some laccolite as to seem an accessory feature, and its ex­
ceptional position has led to the suspicion that it belonged to an overlying 
lac co lite. 

Upon such uncertain evidence no positive conclusion can be based, 
and it is vain to build laccolites in the air. The most that can be said is 
that the southern mountains need not be distinguished from the northern, 
because at the present stage of degradation they contain laccolites of the 

lower zone only. 

The Material of the Laccolites. 

The intrusive rocks of the llenry l\Iountains were sampled 'vith care. 
Specimens were selected which had undergone little decomposition and 
which represented all the prominent lithologic varieties. 'They were. 

chosen fro1n the trachytes of both zones and of each of the mountain . 
masses; and they represent dikes and sheets, as well as laccolites. From 
about thirty specimens thin slices were cut for lllicroscopic examination. 
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Captain C. E. Dutton, of Omaha, Nebraska, was so kind as to under­
take the study of the collection, and the letter which embodies his conclu­
sions is given below. In accordance with his diagnosis I shall call the 
intrusive rocks porphyritic trachJ.tte; and I am glad to have the 'veight of his 
authority in support of n1y belief that all the rocks of the series are of one 
type, their resemblances far outweighing their differences. 

---------- ·---
No1'E.-Persons desiring to examine the Henry Mountain trachytes under the 

microscope can obtain mounted thin sections from Mr. Alexis A. J·ulien, School of 
Mines, Columbia Oollege, New York. 



REPORT ON THE IJITHOLOGIC CHARACTERS OF THE HENRY MOUNTAIN 
INTRUSIVES. 

BY CAPTAIN C. E, DUTTON. 

"I have exan1ined with great interest and attention the Henry ~.fount­
ain rocks you sent me, and proceed to acquaint you with such results as 

my limited facilities have permitted me to derive from the examination. It 

is a very well defined series, having some marked characters ·which distin­

guish it from the nearest allied group with which I am acquainted~ This 

is all the more interesting, because I an1 inclined to think that these pecu­
liarities may have a definable association with or relation to the n1anner in 

which the intrusive rocks occur in those "laccolites", as you term them. 
"The hand-specimens show in most cases large and unusually perfect 

crystals of orthoclase imbedded in a very con1pact unifonn paste through 
which hornblende is also disseminated rather more abundantly than is 
usually the case where the dominant fel8par is monoclinic. Micaceous 
crystals appear to be wholly wanting and this is a notable circumstance, 
since the trachytes of the Plateau country, to which these rocks are most 
nearly allied, are seldom without one or more of them. The only other min­
eral which is of frequent occurrence in the specimens is magnetite (or possibly 
titanic iron), which is diffused in the usual form of minute granules in 
many of them, but is scarce in several of them. In general there is a 
great scarcity of mineral species and any others than those mentioned are 
of the greatest rarity. 

"rrhe dominant felspar is orthoclase, but a portion of it is triclinic, 
and I presume this portion is albite, with an occasional occurrence of oligo­
clase. The ground1nass in which the crystals are included is in most ca~es 

01 
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decidedly compact and without distinguishable cryRtals, but shows behveen 
the crossed Nicols closely aggregated luminous points, which with a !-inch 
objective are resolved indistinctly into felspar. In some cases the crystals 
of the groundmass are quite apparent with an inch objective, and their 

.species determinable. But the greater portion of the groundmass is quite 

amorphous, and does not polarize light at all. The proportion of crystal­

line to amorphous matter in the paste is_ highly variable-in some cases it 

is quite bright between crossed Nicols, in others far less so, and in none is 

it entirely dark. Those specimens which have the finer and more amor­
phous groundmass have the larger and n1ore perfect crystals of felspar-an 

association of properties which is not wholly without qualification, but still 

sufficiently decided. 

"Turning to the included felspars, their mode of occurrence is quite 

an uncommon one, I believe, so far as the eruptive rocks of the Rocky 

Mountain region are concerned, and give rise to some hesitation before 
assigning them definitely to the trachytic group. In a great many cases the 

felspathic crystals are well developed, and so large and so nearly perfect 

that their aspect is decidedly porphyritic. This is especially the case with 
the dikes of l\founts Ellsworth and I-Iolmes (NOS. 56, 61' 68, and 69 ). rrhe 

orthoclase is invariably of the white "milky" variety, with the exception of 
a single specimen from a l\fount Ellsworth dike (No. 57), where it.is present 
as sanidin. (This is an exceptional rock in all respects, and will be spoken 

of hereafter.) Nearly all of them appear to have been subject to altera­
tion by chemical action since their formation as is indicated by their 

diminished power to polarize light. "\Vhether this is due to atmospheric 
. weathering or to changes en masse it is of course impossible to distinguish 
with certainty, though I incline to the latter view since it is manifested as 
decidedly in specimens which show no external indications of weathering 
as in those which do show them. It is not uncommon to find crystals 1vhich 

have almost entirely ceased to polarize. The zonal arrangerrwnt is very 
common in the crystals, and some of the zones contain numberless minute 
fluid cavities in the largest crystals. The foreign substances included in 
the crystals present no novelty, being the ordinary films of hornblende, 
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minute needles of felspar, granules of magnetite, and those dust-like points 
of brownish yellow color which are the proper inclusives of the groundmass. 

"The orthoclase occasionally presents the adular variety, but this 
never beconleS a marked feature. I have observed the same in lnany of 
the trachytes of the I-Iigh Plateaus and of the Great Basin. Anothe~· 

phenomenon is the occurrence of crystals which are quite typically mono­

clinic at one end (orthoclase), and at the other end have the arrangen1ent 
of plagioclase. This is well known elsewhere, and described by Zirkel. 
(Mik. Bescha:ff der Mineralien u. Gesteine). 

"In classifying these rocks therefore, we may ob~erve that they pre­
sent a blending of the characteristics which are common to trachyte and 
felsitic porphyry. Those who regard porphyry as a distinct class of erup­

tive rocks ·would have no hesitation in calling Nos. 18, 56, 61, 68, and 69 

undebatable felsitic porphyries, and to the same series might with propriety 
be added No. 33. With equal confidence Nos. 16, 20, 35, and 43 may be 
called unqualified trachytes. The other rocks are intermediate in character 
between these two extremes, and the whole may be regarded as a series in 
which the individuals forn1 a graduated scale. 

"You will recall the fact that many Ethologists object to the terms por­
phyry or porphyritic being used to designate a distinct class or group of 
rocks, holding that they merely characterize a single feature which is more 
or less frequently presented by all igneous rocks and having no necessary 
relation to any of them, and that this is no more adequate to such an impor­
tant distinction than the color or relative degree of fineness or coarseness of 
texture. Although this latter view seems to me to underrate the distinctive 
value of the porphyritic character in general, I incline very decidedly to the 
belief that it is true as applied to these Henry Mountain rocks. Here at 
least the porphyritic character has but little significance. In some varieties 
the crystals are larger and more perfect and the groundmass more homo­
geneous; in others the crystals are smaller and imperfect, and the ground­
mass more coarse and irregular; while still others are 'betwixt and between'. 
rhe most careful scrutiny fails to show any fundamental differences in the 
groundmass or in the included minerals. Hence I think these rocks would 
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be accurately designated as a grmtp by calling them porphyritic trachytes. 

Such varieties as Nos. 16, 20, and 35 may by themselves be called simply 
trachyte, the porphyritic character being insufficiently distinct in them t.o 
warrant any qualification of tho name. 

"There is one spechnen (No. 57, from dike in Shinarump shale, l\1ount 
Ellsworth) which constitutes an exception to the foregoing. By inspection 
of a hand-specimen it might hastily pass for a very compa_ct andesite, bnt 
the observer will be instantly undeceived by applying the miscroscope. It 
consists of imperfect crystals, which must be sanidin, imbedded in a very close 
groundmass composed of a tnaterial 1vhich differs fi·on1 the foregoing tra­
chytes in being wholly amorphous. Between crossed Nicols the paste trans­
nlit~ no light whatever, though between the parallel Nicols it closely resem­
bles the others. 'rhe hand specimen is very dark colored (gray), but the 
slide is sufficiently translucent. The felspar crystals are either fragmental 
or very in1perfectly developed as to their edges and angles, but polarize very 
sharply. The amount of twinning is very small, but it appears occasionally. 
The rock is undoubtedly a trachyte, but an unusual one. Its dark color is 
not due to hornblende nor to magnetite, both of which occur in it very 
sparingly, especially the forn1er. 

"I have already remarked that the only frequent minerals besides fel­
spar are hornblende and magnetite. Apatite occurs and is tolerably plen­
tiful in a few of the specimens, but absent fron1 most of them. The crystals 
are all small, requiring a lo1v power for the determination of the larger and 
a high power for the smaller. They present no peculiarities. Of very rare 
occurrence is nepheline. This 1nineral is usually associated with the more 
basic volcanic rocks and seldom penetrates the trachytic group. Quartz is 
almost equally rare. The absence of any great variety in the mineral spe­
cies is quite norn1al, except possibly the total absence of mica, which is 
u~ually present and frequently the only associate of felspar in the western 
trachytes. The I-Ienry J\iountain rocks do not so far as I can discover 
contain ·a trace of it. 

''In answer to your particular inquiries-
" 1st. 'Is the paste vesicular, or is there any evidence in the crystals to 

indicate the pressure under which they wore formed~' I can only say that 
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the paste is extremely compact and contains no vesicles even in those speci­
mens of which the aspect is most decidedly trachytic. Some of the larger 
crystals of felspar contain an abundance of pores or vesicles which may 
have contained liquids, but with a i--inch objective they are too srnall for 
treatment by the method you refer to. A few large cavities, usually of 
irregular shape, occur, but I am quite unfamiliar with the pra0tical treat-

. ment of this subject and cannot advise you. I do not find any cavities still 
containing fluids, and I presume that even if they existed they would be 
difficult if not impossible to gauge on account of the ilnpellucidity of the 
felspar. I presume quartz is the t:nost favorable mineral for this investiga-

. tion on account of its transparency and the greater frequency of its large 
cavities. Quartz however is almost the scarcest of the contents of these 
rocks. 

"2d. 'Do any 1nineralogic differences correlate with the superficial or 
geographic distribution of the rocks~' and 

"3d. 'Do any mineralogic differences correlate with the vei'tical dis­
tribution of the trachytes~' As it appears fron1 your account of the dis­
tribution of the masses that the upper zon~ belongs (with one exception) 
to Mounts Ellen and Pennell and the lower to the other mountains, the 
answer to one is the answer to both, and this is in the negative. The 
mineralogical differences are exceedingly small, considering the number of 
distinct masses, and this covers the inquiry entirely. Regarding the text­
ure or habitus, on the contrary, it appears to me that the true trachytes 
predominate in the upper zone and the p'orphyries in the lower, but not 
without exceptions. 

"4th. 'Do any mineralogic differences correlate with the size of the 
intrusive masses~' No mineralogical differences thus correlate, but I :find 
a preponderance of the porphyritic texture in the smaller masses and of th~ 
trachytic texture in the larger. It· is not without exception, and the pre­
ponderance is small." 

Metamorphism and Contact Phenomena.-Wherever the trachytes came 
in contact ·with the sedimentaries the latter were more or less altered. Large 
bodies of trachyte produced greater changes than small. The laccolites 
both metamorphosed their walls more completely, and carried their influe!!-ce 

5HM 
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to a greater distance than the sheets and dikes. The summits of the lacco­
lites had a greater influence than the edges ; a phenon1enon to which I 
Rhall have occasion to revert. The sandstones were less affected than the 
shales, at least in such characters as readily catch the eye. Clay shales 
were indurated so as to clink under the hammer, and Captain Dutton dis­

covered with the microscope that minute -crystals of felspar had been de­
veloped. Sandstones were uRually modified in color, and their iron was · 
segregated so as to give a mottled or speckled appearance to the fracture. 
rrhey ·were indurated, but the granular texture was always retained. 

The trachyte carries numerous small fragn1ents of sedimentary rock 
broken apparently from its walls, and these a.re as thoroughly crystalline 
as their n1atrix. 

The altered rocks are usually jointed, but nothing approaching to 
slaty cleavage was seen, nor has there been any crumpling. 

The reciprocal influence of the sandstone and shale upon the trachyte 
was small. Specimens broken from the contact surface of a laccolite and 
from its interior cannot be distinguished. In the Marvine laccolite how­
ever there is a difference between the exterior and interior portions in their 
ability to withstand erosion. 

Historical.-Before leaving the subject of the structure of the mount­
ains it is proper to place on record certain observations by others which 
antedated my own but have never been published. 

While Professor Powell's boat party was exploring the canons of the 
Colorado, ~Ir. John F. Steward a geologist and member of the party 
climbed the cliff near the mouth of the Dirty Devil River and approached 
the eastern base of the mountains. He reported that the strata had in the 
mountains a quaquaversal dip, rising upon the flanks from all sides. 

The following year Prof. A. H. Thompson then as now in charge of 
tho geographic work of Professor Powell's survey crossed the mountains 
by the Penellen Pass and ascended some of the principal peaks. · He noted 
the uprising of the strata about the bases and the presence of igneous rocks. 

In 1873 Mr. E. E. Howell at that t~me the geologist of a division of 
the Wheeler Survey traveled within twelve miles of the western base of 
tho mountains, and observed the uprising of the strata. 
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My own observations were begun in 1875, at which time a week was· 
spent among the mountains. They proved so attractive a field for investi­
gation that in the following year a period of nearly two months was devoted 
to their study. 

Other Igneous Mountains.-The Henry Mountains are not the only 
igneous group which the Plateau province comprises. They are scattered 
here and there throughout its whole extent. From the summits of the I-Ienry 
Mountains one can see the Sierra La Sal ninety 1niles to the northeastward, 
and the Sierra A bajo seventy miles to the eastward. Beyond them and 
t'vo hundred miles away are the Elk Mountains of Colorado. Fifty miles to 
the southwestward stands the Navajo Mountain on the brink of the Colorado; 
and one hundred and twenty miles to the southeast the Sierra La Lata and 
the Sierra Carriso are outlined against the horizon. Westward it is less than 
thirty miles to the Aquarius Plateau, the nearest 1nen1ber of the great sys­
tem of volcanic tables an1ong which the Sevier and Dirty Devil Rivers rise. 

Beyond the horizon at the south and southwest and southeast are a 
series of extinct volcanoes; Mount Taylor and the Marcou Buttes in New 
Mexico; the Sierra Blanca, the Sierra Mogollon, the San francisco Group 
and the Uinkarets in Arizona; and the Panguitch Lake Buttes in Utah. 

Of the groups which are visible, all but that ?f the Aquarius Plateau 
are allied in character to the I-Ienry l\1ountains. 

The Sierra Abajo was studied in 1859 by Dr. J. S. Newberry, geolo­
gist of the Macomb Expedition, who writes: "Within the last few weeks 
we have been on three sides of this sierra, and have learned its structure 
quite definitely. It is a mountain group of no great elevation, its high11st 
point rising some 2,000 feet above the Sage-plain, or perhaps 9,000 fee~ 
above the sea. It is composed of several distinct ranges, of which the roost 
westerly one is quite detached from the others. All th~se ranges, of which 
there are appare~tly four, have a trend of about 25° east of north, but be­
ing arranged somewhat en echelon, the most westerly range reaching farthest 
north, the principal axis of the group has a northwest and southeast direc­
tion. The sierra is con1posed geologically of an erupted nucleus, mainly a. 
gray or bluish-white trachyte, sometimes becoming a porphy~y, surrounded 
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by the upheaved, partially eroded, sedimentary rocks. The Lower Creta­
ceous sandstones and Middle Cretaceous shales are cut and exposed in all 
tho ravines loading down fronl it, while nearly the entire thickness of the 
Oretaceous series is shown in spurs which, in some localities, project from 
its sides; apparently the remnants of a plateau corresponding to, and once 
connected with, the ~lesa Verde. Whether the Paleozoic rocks are any­
where exposed upon the flanks of the Sierra Abajo I ca.nnot certainly say, 
though 've discovered no traces of them. It is, however, probable that they 
will be found in some of the deeper ravines, where, as in most of these iso­
lated 1nountains composed mainly of erupted material, they are doubtless 
but little disturbed, but are buried beneath the ejected matter which has 
been thrown up through them. 

"The relations of the Cretaceous rocks to the igneous nucleus of the 
Sierra Abajo are very peculiar, for, although we did not make the entire 
circuit of the mountain mass, and I can, therefore, not speak definitely in 
regard to the western side, as far as our observations extended we found 
the sedimentary strata rising on to the trachyte core, as though it had been 
pushed up through them." (Geology of the Macomb Expedition, page 100.) 

Of another group Dr. Newberry says in the same report (page 93): "Of 
the con1position of the Sierra La Sal we know nothing except what was 
taught by the drifted materials brought down in the canons through which 
the drainage from it flows. Of this transported material we saw but little, 
but that consisted n1ainly of trachytes and porphyry, indicating. that it is 
composed of erupted rocks similar to those which form the Sierra Abajo, of 
which it is in fact almost an exact counterpart. From the cliffs over Ojo 
Verde we could see the strata composing both the upper and second plateaus, 
rising from the east, south, and southwest on to the base of the Sierra La Sal, 
each conspicuous stratum being distinctly traceable 1n the walls of the canons 
and valleys which head in the sierra. It is evident, therefore, that the rocks 
composing the Colorado Plateau are there locally upheaved, precisely as 

around the Sierra Abajo * * *." 
These 1nountain groups have been since visited by the geologists of Dr. 

IIayden's survey, Dr. A. C. Peale ascending the Sierra La Sal and Mr. W. 
II. Ilohnes the Sierra. Abajo. Mr. I-Iohnes has also examined the La Lata. 
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and Carriso Mountains and found in thern the same upbending of Creta­
ceous strata and the same a8sociation of igneous material. 

TheN avajo :1\tfountain has been viewed by Mr. I-Iowell and hy the writer 
fi·on1 a comn1anding position on the opposite side of the Colorado River, 
and fragments of its trachyte have been gathered on the river bank by 
Professor Powell, but no geologist has yet climbed it. Still there can 
be no question of its general structure. It is a simple dome of Jura­
rrriassic sandstone, springing a~ruptly from a plateau of the same material, 
and veined at the surface by sheets and dikes of trachyte-the counterpart 
in fine of Mount Ellsworth, only of more imposing proportions. 

The La Sal, the Abajo, the La Lata, .the Carriso, the Navajo, and the 
I-Ienry Mountains agree in their essential features. Structurally they have 
no trends. Their phenomena are grouped about c.enters and not axes. 
In all of them the strata are lifted into dome-like arches, and associated 
with these arches are bodies of trachyte. The trachytes are all of one 
lithologic type, and are so c.losely related that a collection of rock speci­
mens representing all the groups would show scarcely more variety than a 
collection representing the Henry Mountain laccolites. With so many 
characters in common they can hardly fail to agree in the possession of 
laccolitic nuclei.* 

rrhe Elk }.fountains are at the very margin of the plateau, and geo­
graphically n1ight be connected with the Sawatch Range which bou•1ds 

*While these pages are passing through the press a paper b~· Dr. A. C. Pt>alc 
''On a peculiar type of eruptive mountains iu Colorado" (Bul1etin U. S. Geol. Sur., 
Vol. III, No.3) comes to hand. He groups together as of one type not only tl.w Ell\, 
La Sal, Abajo, La Lata., and Carriso Mountains, but also the Spanish PPaks, Park View 
.Mountain, Mount Guyot, Silverheels Mountaiu, the San l\1iguel 1\Iountaius, tlw La 
J"llata Mountains, and certain smaller masses in Middle Park and near the Huerf~mo 
River. He says, "Although modified in seYeral instances, the general plan appearR to 
he the same. The igneous material came up through fissures in the sedimentaries, 
sometimes tipping up their ends, and sometimes passing through without dist,nrbing 
them. On reaching the Cretaceous sbales, it generally spread out in them, and pushed 
into and across them dikes and intrusive sheets of the same igneous rock. The eleva­
tion in some cases appears to be due to actual upheaval caused by the eruptive force. 
The mountains as they now exist are doubtless .Jargely the result of erosion, the hard 
igneous rock opposing greater resistance to erosive influences than do the surrounding 
soft sedimentary beds." 
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the plateau province on that side. But structurally they are a group In­
stead of a range, and affiliate with the groups which are insulated by an 
environment of tables. r~l:'hanks to the labors of Mr. Holmes and Dr. Peale 

their general structure is known. The Eastern Elk Mountains consist of 

four great bodies of "eruptive granite", over which are arched not only 
Mesozoic but Paleozoic strata. Their foundation must be a floor of 
Archrean metamorphics. Two of them, the Snow Mass and White Rock 
laccolites, are joined by a continuous line o~ disturbance, in the description 
of which by pen and pencil ]}fr. Holmes has made an important contribu­
tion, not only to dynamir.al geology, but to the 1nethods of geological 
illustration. The others are more symn1etric and are complementary 
illustrations of the common structure. One, the Sopris, is half truncated 
by erosion so that the core is exposed at top with an encircling fringe of 

upturned sedimentaries; and the other, the Treasury, retains a complete 

arch of Paleozoic strata. The Western Elk Mountains are a cluster of 

smaller laccolites which are inserted between strata of Cretaceous age. 

Their traps include porphyritic trachytes undistinguishable front those of 
the Ilenry Mountains, and eruptive granites identical with those of the 

Eastern Elk Mountains; and they exhibit a gradation from one to the other. 

Indeed the two rocks are nearly related, and their assignment to classes so 
diverse as trachyte and granite is merely an illustration of the imperfection 
of our classification of rocks. The description of the Elk Mountains will 
be found on pages 6l to 71 and 163 to 168 of the Annual Report for 1874 
of the "Geological and Geographical Survey of the Territories." 

If we turn now to the distinctively volcanic mountains of the Plateau 
province-to those ·which are built by eruption at the surface-we leave at 
once the porphyritic trachytes. Mount San Francisco, Mount Bill Will­
iams, Mount Sitgreaves, Mount l(endrick, 1\-Iount Floyd and the Sierra 
Blanca (of Arizona) are all composed of basic· trachytes, and so are the 
Aquarius Plateau and the many tables that lie beyond it. 

The Mogollon group, the Marcou Buttes, the minor cones abo~t J.\.fount 
San Francjsco, the UinkaretR, and the Panguitch Lake group are ba­
saltic. In each of these instances the igneous rock issued above the sur-
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face and there is no evidence by displacement that any portion qf it was 

deposited below. , 
Mount rraylor may be an exception. In the character of its lava and 

its general features it resembles Mount S~n Francisco, but there are dis­
turbed strata on its southern flank, and it is possible the mountain is both 

extrusive and intrusive. Extrusion and intrusion are probably combined 
• in some small tables lying fifty miles north of the Henry Mountains. rrhey 

artj built of Flaming Gorge shale, preserved from erosion by dikes, sheets, 

and (probably) ·outflows of basalt. 

Combining all these facts we attain to a simple relation between two 
types of igneous rock on the one hand, and two types of mountain struct­

ure on the_ other. One type of rock is acidic, including "porphyritic tra­

chyte" and ''eruptive granite", and its occurrence is ·without exception 
intrusive. The other type of rock is basic, including basic trachyte and 

basalt, and its occurrence is almost uniformly extrllsive. 

It is not possible to combine the two groups of phenomena by saying 
that in one case the eruptive cones cover laccolites, and in the other the 
laccolites have been covered by eruptive cones which have disappeared; 
first, because many of the eruptive cones are too well exposed to admit of 

the concealment of laccolitic arches beneath them ; second, because the two 

types of lava are essentially different. The acidic type if extruded at the 
surface would be an ordinary trachyte ; the basic type_ if crystallized 
under pressure. would be classed ·with the greenstones. 

The basis for the generaliz::ttion is exceedingly broad. I have enu­

merated only seven groups of laccolitic mountains and ten groups of erup­

tive; but with few exceptions each group is composed of many individu­
als, each one of which is entitled to rank as a separate phenomenon. In the 
Uinkaret 1\fountains Professor Powell has distinguished no less than one 

hundred and eighteen eruptive cones, and in the Henry Mountains I have 
enumerated thirty-six individual laccolites. In one locality basic lava has 
one hundred and eighteen times risen to the surface by channels more or 
less distinct, instead of opening chambers for itself below. . In the other 
locality porphyritic trachyte has thirty-six tilnes built laccolites inste.ad of 
rising to the surf~tce. 
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If our attention was restricted to these two localities we might as 

naturally correlate the types of structure with some accidents of locality as 

with types of lava; but when all the localities are taken into account it is 

evident that there is no common mark by which either the laccolitic or the 

volcanic are distinguished. 

THE QUESTION OF CAUSE. 

We are now ready to consider the question: Why is it that in some 

cases igneous rocks form volcanoes and in other cases laccolites~ 
It is not necessary to broach the more difficult problem of the source 

of volcanic energy. We may assume that molten rock is being forced 
upward through the upper portion of the earth's crust,. and disregarding its 
source and its propelling force may restrict our inquiry to the circumstances 
which determine its stopping place. 

Lot us further assume, but for a moment only, that the cohesion of the 
solid rocks of the crust does not impede the upward progress of the fluid 
rock, nor prevent it from spreading laterally at any level. The lava will 
then obey strictly the general law of hydrostatics, and assume the station 
which will give the lowest possible position to the center of gravity of the 
strata and lava combined. 

(1) If tho fluid rock is less dense than the solid, it will pass through it 
to the surface and build a subaerial mountain. 

(2) If the upper portion of the solid rock is less dense than the fluid, 
while the lower portion is more dense, the fluid will not rise to the surface 
but will pass between the heavy and light solids and lift or float the 
latter. 

(3) -If the crust be con1posed of u1any horizontal beds of diverse and 
alternating density, the fluid will select for its resting place a level so 
conditioned that no superior group of successive beds, including the bed 
immediately above it, shall have a greater n1ean specific gravity than its 
(the fluid's) own; and that no inferior gronp of successive beds, including 
the bed immediately beneath, shall have a less n1ean specific gravity than 
its OWlL 
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[In the diagram, a series of light and heavy beds are represented in 

section by open and shaded spaces. A lava stream 
free to n1ove upwa1~d or laterally will intrude it­
self at some point (c) oso placed that every com­

bination of superior beds (a), which includes the 
lowest, shall have a less average density; and a 

every combination of inferior strata (b), which in- c 

eludes the highes~ shall have a greater average 

{ 
density than that of the lava.] b 

The first case is that of a volcano; the second 
is that of a laccolite; and the third is the general 

case, including the others and applying to all 
volcanoes and laccolites. 
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Conversely we may say that, given a series Fm. 51.-Diagram to illustrate the 

f f d. d 1 · d · application of the law of Hydro-
0 strata o 1verse an a ternat1ng ens1ty, a t t' E .1.b . t the -mo s a w • qm 1 nuru o ve-

very light }av~ yvill traverse it to the top and be ments of lavas. The shaded 
l>::md~:~ represent heavy strata; 

extruded; a heavier will intrude itself at some the open, light. 

lower ·level; and a series of dissimilar lavas may select an equal nun1ber 
of distinct levels. 

It is easy to imagine such a balancing of conditions that a slight change 
in a lava will determine a great change in its level of intrusion. 

Having seen the general application of the hydrostatic law, it is time 
to recall the condition which we laid aside at the start. Cohesion, or rigidity, 
is never absent and must affect every phase of vulcanism. It certainly op­
pose~ the free circulation of lavas, and it cannot but modify their obedience 
to the hydrostatic la·w. 

But granting this, and believing that a full comprehension of the sub­
ject must include this condition, I am at a loss to tell in what way it influ­
ences the selection by a lava flood of a. subaerial or a subterranean bourne. 
Whether it vvill on the whole oppose upward progress more than lateral, or 
vice versa, is not clear. If it resists lateral intrusion the n1ore strongly, it 
favors the formation of volcanoes; if it resists upwai·d penetration the 
more strongly, it favors the formation of laccolites; and in either case the 
workiug of the hydrostatic law is n1odified. 
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But in neither case is the working of the law more than n1odified. 

'rho la'v is not abrogated, and in obedience to it light lavas still tend to 
rise higher than heavy however n1uch the rising of all lavas may be 

hindered or favored. 

In brief, since lavas are fluids they are subject to the law of fluid 
equilibriutn, and their behavior is conditioned by the relations of their 
densities to the densities of the solids which they penetrate; and since the 
latter solids are rigid and coherent, it is further conditioned. by the resist­
ance which is opposed to their pAnetration. When the resistance to pene­
tration is the same in all directions, the relation of densities determines 

the stopping place of the rising lava; but when the vertical and lateral 
resistances are unequal, their relation may be the determining condition. 

If we can decide whether the determinative condition in the Plateau 
region was that of densities or that of penetrability, we shall have solved 
our problem. 

As~uming, first, that the essential condition is that of penetrability, we 
should expect that some particular stratum or that a few particular strata, 

being less penetrable than others, would check the rising lavas and accu­
mulate them in a system of laccolites, which would occupy one, or a few 
definite horizons. Volcanoes would occur in districts from which such 
impenetrable strata either were originally absent or had been removed 
before the igneous epoch; and we should expect to find the same variety 
of material in laccolites and in volcanoes. 

Assuming, second, that the essential condition is that of densities, we 
should expect as before to find certain stratigraphic horizons more favont­
blo than others to the accumulation of laccolites, and we should also expect 
to find certain lavas usually volcanic and certain others usually laccolitic. 

That is to say-since the condition of impenetrability resides in tho 

solid rock only, and the condition of density pertains to both solid and 
fluid, either condition might determine laccolites at certain stratigraphic 
horizons, while the latter only could discriminate certain lavas as intrusive 
and others as extrusive. 

The vertical distribution of laccolites is not inconsistent with either as­
sumption. In the Henry }\fountains there are two zones of occurrence; in 
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the Eastern Elk ~fountains there is a third; and it is probable in the pres­

ent state of our knowledge that all other laccolites of the Plateaus can be 
assigned to one or another of these. The fact that the laccolites of the 
upper zone have a vertical range of two thousand feet is rather favorable to 

the idea that their stations were determined by relations of density, but is· 

not decisive. 
When however we turn to the relation between the constitutions and 

the behaviors of lavas, we find the entire weight of the evidence in favor of 

the .assumption that conditions of density determine the structure. The co­
incidence of the laccolitic structure with a certain type of igneous rock is 
so persistent that we cannot doubt that the rock contained in itself a condi­
tion which determined its behavior. 

We are then led to conclude that the conditions which determined the 

result~ of igneous activity were the relative densities of the intruding lavas 
and of the invaded strata; and that the fulfillment of the generaJ law of 
hydrostatics was not materially ·modified by the rigidity and cohesion of 
the strata. 

!-laving reached this conclusion it is natural to seek for confirmation 
by the investigation of the densities of the rocks concerned in the phenom­
ena. As will appear by a table given further on, the density of the Henry 
Mountain trachyte has been determined to be 2.61 ; but the densities of the 
erupted lavas of the Plateaus are not yet known. There can be no doubt 
however that the latter are heavier. Von Cotta in his Litho_logy gives ~.9 
to 3.1 as the density of basalt, nnd 2.6 to 2.9 as the density of the n1ore 
basic trachytes. And in general, it is well established that where the state 

of aggregation is the same, basic igneous rocks are always heavier than 
acidic. But in order that the laccolitic structure should have been deter­
lnined by density, the acidic rock of the laccolites must have been heavier 
in its nwlten condition than the more basic rocks of the neighboring volca­
noes; and since in the crystalline condition the acidic is the lighter, it follows 
that it has gained less density in cooling than the basic. 

If the amount of contraction of the several rocks in passing from their 
natural molten condition to the crystalline condition could be determined 
experin10ntally, a crucial test would be applied to our conclusions as to tho 
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origin of laccolites. 'I'ho n1atter is however beset with difficulties. Bischof 
attempted by meltinrr orn·ntivo rocks in cl:-'y f'j•nf'ihlrr.;; to obtain their ratios 

of expansion and contraction, but his 1nethod involved so tnany sources of 
error that his results have been generally distrusted. He concluded that 
the contraction in passing from the molten to the crystalline state is greater 
in acidic than in basic rocks. Delesse by an extended series of experiments 
in which crystalline rocks were. melted and afterward cooled to glasses, 
showed that acidic rocks increase in volume from 9 to 11 per cent. in pass­
ing fron1 the crystalline state to the vitreous, while basic increase only 6 to 
9 per cent. Mallet concluded from some experiments of his own that the · 
contraction of rocks in cooling from the molten condition is never n1ore than 
6 per cent., and that it is greater with basic than with acidic rocks; but 
considering that the substances which he treated were artificial and not nat­
ural products, that his methods were not uniform, and that he ignored tho 
distinction between the vitreous and the crystalline, of which Deles~e had 
den1onstrated the importance, no weight can be given to his results. 

If however all of these experirnenb; were trustworthy and their results 

were concordant, their bearing upon the problem of the laccolites would 
still be slight. It is generally conceded that the fusion of lavas is hydro­
thermal, while in all the experiments recourse was had to dry fusion; and 
the densities attained in the two ways are necessarily different. The prac­
tical difficulty in the way of restoring the natural molten condition is great 
and may be insuperable, but unless it shall be overcome we cannot learn 
experimentally the changes of density which igneous rocks undergo in 
congelation. 

There is a fact of observation which tends to sustain the view that the 
1accolitic rocks contracted less !n cooling than the volcanic. The prismatic 
structure is produced by the contraction of cooling rocks during and after 

solidification. That it does not occur in the Henry l\{ountain trachytes indi­
cates that their contraction was small. That it does occur at numerous local­
ities in Utah in basalts, indicates that their contraction was relatively great. 
Mr. Jukes, in his l\{anual of Geology, says that it is most frequently 
exhibited in "doleritic lavas and traps, being especially characteristic of 
basalt, but occurs ahnost a~ perfect! y in sonw greenstones and felstones"; 
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and in the range of my own observation I can recall no instance of its occur­
rence in other than basic rocks. 

For the sake of comparing the densities of the intrusive rocks 'vith 
those of the strata which contain them, a number of determinations were 
made of the specific gravities of specimens representative of the trachytes 
and of the several sedhnentary groups of the Henry Mountains. 

Trachytes were selected to represent as great a variety of locality and 
relation as possible, and at the same time exclude all spechnens which showed 
traces of decomposition. Hand specin1ens weighing from one hundred to 
four hundred grains were used, and these were weighed first dry, and then 
suspended in water. By using such large quantities averages were obtained 
of a rock which, minutely considered, is heterogeneous; and by using the 
blocks entire instead of pulverized or granulated, the state of aggregation 
f)f its minerals was included as an elerrwnt of the specific gravity of the rock. 

It will be observed that the range, 2.54 to 2.66, is very small. 

Table of Specific Gravities of TracltJttes of the Henry JJfountains. 

Locality. 

East flank ofMonnt Pennell; sheet ....... ·---- ------ .................. ·----- --~--- .... ----
MarvinoLaccolite; north base ofMonnt Ellen ............. ·----· ...... -----· .............. .. 

Peale Laccolite; east flank 'of Mount Ellen ..... -----· ............ ------ •••. ---------- .... .. 

Dike on Mount Ellsworth ....... -----··--·-· ............ ··---- .•••.. ·----- ............. ·----· 
South base ofMountHillers; sheet ................................................ ------ ... . 
Sheet under the Peale Laccolito ......................................... ---- .............. .. 
Scropo Laccolite; southeast base of Monnt Ellen ........................................... .. 

Bowl Creek Laccolite; northeast bn.se of Mount Ellen .... ---- ............ -------- ________ ----

North spur of Mount Pennell; dike ...... ---------------· .••• -----·---·-----· ..•••. ---··----· 
Sentinel Laccolite; north base of Mount Pennell ............................... ---·---- ..... . 

Mean .......................................................................... _ ••. 

Specific 
gravity. 

2.66 
2.65 
2.64 
2.64 
2.61 
2.62 
2.60 
2.58 
2.51:3 

2.54 

2.61 

Specimens to represent the stratigraphic , series were selected at the 
margins of the disturbed region so far' as possible, to avoid the effect of 

metan1orphism. But as it was not practicable to eliminate this source of 
error in every case, the densities of highly metamorphic specin1ens were 
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also measured for the purpose of indicating the effect of the metamorphism. 

In order to restore so far as practicable the condition of the rocks at the 

tin1e of the lavic intrusion, the specimens were saturated with water, and in 

this condition were weighed in air as well as in water. The results for the 

porous sandstones are from one-seventh to one-fourteenth lower than would 

have been obtained by the usual method. I-Iand specimens were used as 

before. 

Table of Specijio Gravities of Sedimentary Rocks of tlte Henry Mountains. 

Rock. Condition. 
Specific 
gravity. 

Masuk Sandstone .......••...•......••..•.••................. Unaltered............. 2.16 

~ Blue Gate Sandstone ..••... ·-·--· ...•... ----- ................ Unaltered............. 2.14 
3 Blue Gate Shale ...••..................••...•.••............. Unaltered............. 2.45 

4 Flaming Gorge Shale....................... . • • • . . . • . . . . . . . . . . Unaltered . . . . . . . . • . . . . 2. 42 

fi Gray Cliff Sandstone ....•.....••...•• -. . . . • . . . . . . . . . • . . . . . . . . Unaltered . . . . . . . • . • • . . 2. 13 

6 Vermilion Cliff Sandstone, (top) . . . .. . .. . . . . . . . . . . .•• . . . .. . • . . Unaltered (9) . . . .• . ... . 2. 21 
7 Vermilion Cliff Sandstone, (base) .............•••............. Unaltered (1) ...... .•.. 2. 28 

8 Henry's Fork Conglomerate . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . • • . . Slightly altered.... . . . . 2. ~5 

9 Vermilion Cliff Sandstone................................ .. Altered................ 2.48 
10 Aubrey Sandstone ... ".. . . . . . . . . . . .. . . • . . . . . . . . . . . . . . . . . . . . . . . Altereu.... . . . . . . . . . . . . 2. 55 

11 Tununk Shale .................................. ·---~- ...... Altered................ 2.09 

It is plain from this table that the effect of the metarnorphisn1 was to 

increase the densities of the rocks affected. · The Blue Gate shale which 

nnaltered gave 2.45, is lithologically identical with the Tununk shale which 

altered gave 2.69. r~rhe Aubrey sandstone cannot be observed unaltered in 

the vicinity of the mountains, but at a distance of forty miles where it 

again comes to the surface it closely resernbles the Gray Cliff sandstone. 
If it has the same normal weight as the latter, then it bas increased from 
~.13 to 2.55. 

The specimens of the Vermilion Oliff sandstone numbered 6 and 7 were 
not visibly" changed, but as they were obtained from the flank of the Holmes 
arch there was reason to suspect that their condition was not normal, and 

the determined densities strengthen the suspicion. Judged by other locali-
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ties, the normal density of the Vermilion Cliff rock is not fat from that of 
the Gray Cliff rock, namely 2.13; and it is easy to believe that the upper 
portion of the bed where it lay on the side of the Holmes arch was changed 
in density to 2.21; while the lower portion lying nearer the laccolite was 
changed to 2.28; and while the same bed among the Ellsworth dikes ·ac­
quired the density of 2.48. 

Taking into account both these considerations and certain others 'vhich 

need not be enumerated, I derive the following : 

Table of the Specific Gravities of the He·nry Mountain Sedimentary series in the Order 
of Superposition. 

Bed. 

Masuk Sandstone ....•••••••.••••..•.•••.••••..••••.••.•.•••••.••••..•••.........••••.•••••. 

Masuk Shale •...•..•...••...•••.......•.•••••..•••••.••••..••••.•••••.....••••.. estimated .. 

Blue Gate Sandstone •.•••••.••••..••••.•.•••••.•.•••.•......••••••••...•••••.••.•.••••.•••. 
Blue Gate Shale ••...••••.••••..•••.•••.•••••••..•••••.••••......•••••..•••...•••.••••.•.... 

Tununk Sandstone ........................................................................ . 

Tununk Shale ..•.....••..•••...••••••.••••••.••••..••••..••••.•..••••..•••••.••• estimated .. 
llenry's Fork Conglomerate ••..•••.••••••••.••••..•••.••••••••••.....•••...•..•........•.•.. 

Flaming Gorge Shale ..................................................................... .. 

Gray Cliff Sandstone ...........••..•...•.••••....•••.••••..•••••..................••..••.•. 

Vermilion Cliff Sandstone ....................................................... estimated .. 
Shinarump Shale .••..•.•.....••.....•..............••..........•................ cstin1at ed .. 

Aubrey Sandstone ............................................................... estimated .. 

Specific 
gravity. 

2.16 
2.40 
2.14 
2.45 
2. 15 
2.4() 
2.25 

2.42 
2.13 
2.1() 
2.40 
2.H) 

rraking into account the 'thicknesses of the several beds enumerated in 
the foregoing table, it is easy to obtain the n1ean specific gravity of all 
which lie above a given horizon; and by making this determination for the 
horizon of the base of each of the indicated beds, the following table has 
been derived. The figures are based on the assumption that the rock series 
included nothing above the Masuk sandstone. If (as is p~obable) there 
were Tertiary beds also, the estimates are too low, for the Tertiaries of the 
vicinity are calcareous and argillaceous and consequently dense. 
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Table showing the Mean Specific Gravit-ies of the Rock Series conto.ined between certain 
horizons and the s~tmmit of the JJias~tlc Sandstone. 

Horizons. 

Base of Masuk Sandstone .....•..•••....•••.................•......•........••••.••••.•.•. 

Base of Masuk Shale ....••......•.•...•.....•...••........•••••........••..•..........•.. 

Base of Blue Gate Sandstont:~ ..........••••..•.••••••.••••..• r.a• •••••••••••••••••••••••••• 

Base of Blue Gate Shale .......• o ••••••••••••••••••••••••••••••••••••• ~- ••••••••••••• o •••• 

Base of Tununk Sandstone ...•.•...••.....••..••••..•.••..•••..•••.•..••••.••....••..•••. 

Base of Tununk Shale .•.••........••.... o •••••••••••••••••••••••••••••••••••••••••••••••• 

Base of Henry's Fork Conglomerate .......•.•..•.•...•.•.. ··0--~ ......................... . 
Base of Flaming Gorge Shale •.....••.••......•.••••.••..••..••.••.••••.••••.••..••••.... 
Bat:;e of Gray Cliff Sandstone .•............•••..••..•..•.•...••••. 0 •••••••••••••••••••••••• 

Base of Vermilion Cliff Sandstone ............•.•...••••.•..•...•.......•.....••••......... 

Base of Shinarump Shale .............•................. 0 •••••••••••••••••••••••••••••••• 

I 
Specific 

gr:wities. 

2. 16 
2.28 
2.23 
2.32 
2.31 
2.:34 

2.33 
2.36 
2.33 
2.32 
2.33 

From this it appears that the laccolites of the upper zone, extending 
from the lower part of the Blue Gate Shale to the upper part of the Flam­
ing Gorge Shale, bore loads of which the mean densities were from 2.31 to 
2.34, and that laccolites of the lower zone, which has its upper limit in the 
Shinarump Shale, bore loads of which the mean densities were 2.32 and 
upward. If the positions of the laccolites were determined purely by the 
law of hydrostatic equilibrium, then these figures define the density of the 
1nolten trachyte, and show that its contraction in cooling-from the density 
2.34 to the density 2.61-·was about one-tenth of its volutne. 

THE STRETCHING OF STRATA. 

It has been the opinion, not only of the writer but of other students 
of the displacements of the \Vest, that the ordinary sedimentary rocks, 
sandstone, limestone, and shale, are frequently elongated as well as COin­

pressed by orographic n1ovmncnts, and that this takes place without any 
appreciable metamorphism; but it is difficult to find opportunity for the 
demonstration ,of the phenotnenon by measurement. When a fQld is n1ade 
in a level stratum, either of two things may take place; the portions of the 
stratum which remain level at the sides may approach each other; or the 
stratum may be stretched. But when a circular portion of a continuous 
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level stratum is lifted into a quaquaversal arch (as illustrated in Figure 11 ), 
an approach of the level portions is out of the question, and there must be 
a stretching or a fracture. Of the unfractured quaquaversals of the Henry 
l\1ountains there is one which combines all the essentials of a crucial case. 
The Lesser IIolmes arch is nearly isolated; on three sides it rises from the 
undisturbed plateau, and on the fourth it joins a sin1ilar but fractured dome. 

8 

l'w. u2.-Cross-section of an uplifted dome. The dotted lines show the original position of a bed; 
the curved lines, the imposed. 

The major part of its surface is composed of one bed, the Vermilion Oliff 
sandstone, broken o.nly by erosion. Comparing the length of this bed in 

its present curved form with the space it must have occupied before it w:as 

upbent, I find that in a distance of three miles it has been elongated three 
hundred feet. Moreover there is every reason to suppose that the elonga­
tion was produced quickly, ot at least by a succession of finite rather than 
infinitesimal increments; for the lifting of the arch was caused by the in-

trusion of a laccolite, and though the latter may have been built by the 
addition of many separate lava flows, it could not have risen with secular 
and continuous slowness. The molten trachyte, rising through a passage 
and into a reservoir that were con1paratively cool, would have clogged itself 
by congelation had it not n1oved with a certain degree of rapidity. 

The condition which rendered possible the elongation and the sudden 
bending of so rigid and brittle a rock as a massive sandstone, was PRESSURE. 

At the time of the uplift the sandstone ·was buried by other sediments to a 
depth of from five thousand to eight thousand feet, and sustained a pressure 
of fron1 five thousand to eight thousand pounds to the square inch. Now 
(he experiments which have been n1ade upon building stones show that 
the weight required to crush sin1ilar sandstones in a dry condition, is 
three thousand to five thousand pounds to the inch; and it is a fact 
familiar to quarrymen that sandstone and limestone which are quarried 
below the water level are both softer and weaker while they are still satu­
rated than they are after drying. So we may fairly assume that the V er-

G H ~l . 
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n1ilion sandstone was lo<~dod at the ti1ne of its displace1nent with a crushing 

'\Voight. No part could yield to the pressure while it was sustained by the 

surrounding parts; but every part was ready to yield whenever its support 

was withdrawn. It was in a quasi-plastic state and abhorred a fissure as 

strongly as "nature abhors a vacuum", and for the sarne reason. A fissure 

could not be opened in it unless it was coincidently filled by som.ething­

such as lava-wbich would resist the tendency of its walls to flow together. 

Tho formation of a gaping fissure being thus prevented, and the uplifting 
of the dome requiring that the sandEtone should cover a greater area, an 
extension of the bed was the necessary result. It was not stretched into the 

dome form; it was compressed. The efficient force did not act in the direc­

tion of the extension, but vertically. The sandstone was pushed, not 
pulled. 

If this explanation is the true one, then it is true in general that just 

as for each rock there is a crushing weight, so. there is for each rock a cer­
tain depth at which it cannot be fissured and can be flexed. The softer 
rocks are. plastic at small depths. Fire-cia is under coal-sean1s exude, or 
"creep", even with the pressure of a few feet of superincun1bent strata. 
Springs of ·water rise at the outcroppings of soft strata because the joints 
which intersect rnost rocks near the surface of the ground cannot cross 
those which are soft enough to yield under the pressure incident to thmn. 
If the soft beds ·were jointed they would not intercept percolating '\Vater, 
and the distribution of springs ·would be very different. 

rrhe phenomena of fissure veins are in point. When a fault takes 

place, and one rock n1ass is slidden past another to which it had be.en 

joined it is usually the case that the opposed stufaces no longer fit together 

as they did before the 1novement, and interspaces are left. These become 
filled, at first by water, and afterward by n1.inerals deposited from the 

'vatcr, and. the n1ineral masses thus deposited are called fissure veins. But 
the preservation of the interspaces depends upon the rigidity of the rocks 
which inclose them; and it' frequently happens that where a system of 
rocks is traversed by a fault, the harder will keep somewhat apart and 

1naintain a fissure, while the softer will be crushed together without an 
interspace. If the 1nineral vein which forn1s in such a fissure is afterward 
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explored in mining, it is found to be traceable and continuous so far as it 

is walled by the hard rock upon both sides, but when the bard is replaced 

by the soft in one or both walls, the vein is either reduced to a mere fillet 

or disappears completely. If the fault extends to r(J great depth, it ·will 

finally reach a region where the hardest rocks which it separates are co­

erced by so great a pressure that they cannot hold themselves asunder, but 

are forced together before the fissure can be filled by n1ineral deposits. 

Thus there is a definable inferior limit to the region of vein formation; and 

even while it is impossible to assign a downward limit to the fault which 

made place for a vein, it may be possible to assign a downward limit to 
the. vein itself. 

Accordant with this view is the absence of fissure veins from the Henry 

Mountains. Displacen1ent and thermal disturbance are usually regarded 
as the conditions of mineral concentration ; and here were displacement 

and lavic intrusion coincident in time and place. The heat which meta­
morphosed great bodies of shale and sandstone was surely competent to 
excite the currents and reactions which concentrate minerals in veins; but 
the displacements did not open fissures, and the heated water could circu­
late only through tbe pores of rocks. Fissure veins were impossible, and 

the sluggish currents which were engendered in continuous rock masses did 

not effect a great change in the distribution of minerals. 

'rHE CONDITIONS OF ROCK ],LEXURE. 

There are three known conditions under which strata of the most rigid 
character may be bent without fracture; or in other words there are three 
ways in which flexibility may be either induced or demonstrated. At 
ordinary temperatures and at the surface of the earth a hard stratum cannot 
be quickly flexed. But no rigidity is absolute, and a constant strain, even 
though slight, will in the course of time produce deformation. The same 
result may be accomplished quickly if the ten1perature of the stratun1 is 

raised to near the point of fusion. Or it may be accomplished with neither 
great heat nor great time if only the stratum is so deeply buried that the 
weight of its cover keeps it from opening fissures. The three conditions of 
flexure are time, heat, and pressure ; al\d when ever the circumstances of a 
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displacement include none of these, the rocks are broken. A fourth condi .. 
tion, moisture, is of great importance as an accessory, but alone it is not 
sufficient to preyent fracture. rrhe whole body of strata of the earth's crust 
is saturated with water, except a very little at the surface, and all rock 
movements are thereby facilitated. If the strata were dry, their flexure 
'vould require much more time, or heat, or pressure, than is necessary in 
their moist condition. 

Often the three conditions complen1ent each other; but not always. 
vV e may say, the greater the load which strata bear the more rapidly 

they can be flexed; and conversely, the more slowly strata are displaced 
the less the pressure necessary to prevent fracture. 

And we may say, the higher the temperature of strata the more 
rapidly they can be flexed; and conversely, the n1ore slowly strata are 
displaced the lower the temperature necessary to prevent fracture. 

For both these statements we find support in a great series of homolo­
gies. But we cannot affirm that such a reciprocal relation exists between 
the effects of heat and pressure. For all rocks are believed to expand by 
heating, np to the point of fusion; and it is a recognized physical law that 
in all bodies 'vhich heat expands, the effects of heat are opposed by press­

ure. lienee we cannot say, "The heavier the load which strata bear the 
lower the temperature necessary to prevent fracture", nor can we say, "The 
higher the temperature of strata the less the load necessary to prevent 
fracture". 

THE QUESTION OF COVER AND THE QUESTION OF AGE. 

It is evident that the laccolites of the I-Ienry Mountains were formed 
beneath the surface of the earth's crust, but at what depth is not so evident. 
The problem is involved ·with the problem of the age of the laccolites, and 

the two are connected with the general history of the Basin of the Colorado. 
Neither problem can be called, for the present at least, determinate, but it 

is possible to narro·w thmn down by the indication of limits which their solu­
tions will not exceed. 

So much of the Colorado Plateau region as lies within Colorado and 
Utah was covered during a geological age which it is convenient to call 
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Cretaceous, by a sea, the waters of which appear to have become fresh 
toward the. last. Then came elevation both general and differential. A 
great part of the sea bed became dry land, and the accumulated sediments 
together with n1any which underlay them were bent into great waves thou­
sands of feet in altitude. The crests of the ·waves were subjected to erosion 
and truncated. Then can1e a second subrnergence which was purely lacus­
trine. In so~e way that has not been ascertained a lake basin was formed, 

and the region received a new systen1 of sediments 'vhich it is convenient 
to call Tertiary, and which not n1erely filled the troughs between the great· 
rock-waves but covered the truncated summits of the waves themselves. 
Then followed the desiccation of the basin by the cutting down of its rim 
where the water overflowed. The overflowing river as it deepened its 
channel and gradually lowered the lake, steadily extended its upper course 
to follow the receding shore; and finally when the basin was completely 
drained the river remained, its channel leading through what had been the 
deepest part of the Tertiary sea. That river is the Colorado. As portions 
of the lake bottom were successively drained they began at once to be 
eroded, and from that time to this there has been progressive degradation. 
The regions nearest to the central river were reduced most rapidly and have 
been completely stripped of their Tertiary strata, but broad areas of the 
latter remain at the west, and north, and east. 

(The reader will understand that this succinct history is shorn for the 
sake of clearness of all details and qualifications. There have been com­
plicating eruptions and displacements or oscillations at every stage, and if 

the full story could be told, it would not be by a single paragraph nor 
by a single chapter.) 

When the Cretaceous strata. were thrown into waves the site of the 
Henry Mountains remained in a trough, and it probably was not dried, 
but continued the scene of sedimentation while the crests of the surrounding 
rock-waves were worn away. Certainly it was not greatly eroded at that 
time; and when the rrertiary lake beds were thrown down it was favorably 
disposed for a heavy deposit. It is not extravagant to assume that four 
thousand feet of lake beds rested on the Masuk sandstone at the beginning 
of the final desiccation. 
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In brief there may be dh;tinguished-

1. The deposition of the Cretaceous. 

2. The folding and erosion of the Cretaceous. 

3. The deposition of the 'fertiary. 
4. The desiccation of the rrertlary lake basin. 
5. The erosion which is still in progress. 

It is evident that the laccolites were not formed until the Cretaceous 

strata had been deposited; for their uplifts have bent and tilted all Creta­
ceous rocks up to and including the Masuk sandstone. 

'fhey were not fonned at any late stage of the final erosion, for they con­
serve tables along their western base, which but for their shelter would long 
since have disappeared. From the end of the Cretaceous period to the end 
of the desiccation of the basin there is no event with which the laccolites 
can be directly connected. There is however a consideration which in an 
indirect way sanctions the opinion that the epoch of igneous activity was 
after the deposition of the Tertiaries and before their erosion. 

The Masuk Sandstone is at once the summit of the Cretaceous and the 

highest bed in the present Ilenry l\Iountain section. If it were restored 
over the entire range, the laccolites of the upper zone would have on the 
average thirty-five hundred feet of cover, and those of the lower zone nearly 
seven thousand feet. This was the depth of their original cover, if they 
were intruded at the close of the Cretaceous age. During the epoch of 
rrertiary deposition and the subsequent epoch of erosion, the cover first 
increased in depth and then diminished, having its maximum at the end of 
the Tertiary deposition. If it can be shown that the original cover of the 
upper laccolites exceeded thirty-five hundred feet, the question of age will 
be reduced to comparatively narrow limits. In order to discuss the problem 
of the original depth of cover it will. be necessary to consider another mat­
ter, of which the connection will not at first he apparent. 

The size of laccolites.-It is a matter worthy of note that no laccolite 
of inconsiderable extent is known in the IIenry l\Iountains. The sinallest 
which hm; been measured is 1nore than half a mile in diameter, and the 
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largest about four miles. The phenon1enon does not occur upon a s1nall 
scale, but has a definite inferior limit to its magnitude. Let us seek an 

explanation of. this lin1it. 
The dome of strata which covers a laccolite has for its profile· on every 

side a n1onoclinal curve. In I~ ... igure 52 the section of a dome exhibits a 

n1onoclinal flexure in s a and again in s b; and the dome being approxi­

mately circular this flexure completely surrounds it. We may even de­

scribe or define the dome as a 1nonoclinal flexure encircling a point or a 

space. Considering now that when the laccolite was injected the over­
lying strata ·were lifted, and that this disturbance was communicated up­

ward to the then existing surface of the earth, we may properly speak of 

the lifted body of rock as a cylinder pounded on every side by a mono­
clinal flexure. Furthermore, since the monoclinal flexure is the structural 
equivalent of the fault*, we may render our conception still simpler by 

replacing in imagination the encircling flexure by an encircling fault, and 
picturing to ourselves the uplifted rock mass as a simple cylinder, perfectly 
divided from the surrounding rock and slidden upward so as to project 

above the surface an amount. equal to the depth of the laccolite. 
It is possible to give a mathematical expression to the force necessary 

· to produce such a circular fault. Disregarding lithologic differences, the 
resistance to the rupture is measured by the area of the faulted surface, or 
what is the same thing, the area of the convex surface of the cylinder. 
H.epresenting the resistance to be overcome by r, the height of the cylinder 

(equal to the depth of the cover of the laccolite) by d, and its circumference 

by c, we have 

(1 ), 

in which C is a function of the cohesion of the material and is constant. 
The force by which the cylinder is lifted and by which it is assumed 

that the faulting is accomplished, is con1municated through the molten lava 
of the forming laccolite .. Being thus communicated it is applied equally 
to all parts of the base of the cylinder, and its efficient total is measured 

*Exploration of the Colorado, pp. 182-184. Explorations West of the lOOth 
lVIericlian, Vol. III, p. 48. American J·o~rnal of Science, July, 1870, p. 21. 
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by the area of that base. A part of it is devoted to lifting the weight of 
the cylinder, and the remainder is devoted to the making of the fault. 
Each of these parts is proportioned, like the 'vhole, to the area of the base 
of the cylinder, or to the area of the laccolite. Representing the portion 
applied to the faulting by!, and the area of the laccolite by a, we have 

f=a C, 

in which C, is a constant, and a function of the pressure under which the 
lava is injected. 

• • c2 
Substituting for a Its eq1.uvalent, 4 7t 

f - c2 C, 
- 4 7t 

and substituting 0 11 for the constant term 4°~ 
(2) 

Equation 1 gives an expression for the tesistance which cohesion can 
oppose to the uplift of the cylinder. Equation 2 gives an expression for the 
force exerted by the fluid laccolite toward overcon1ing the resistance of co­
hesion. It is evident that for a given value of d it is possible to assign a 
value of 0 so large that f will be greater than r, or so small that f will be 
less than r. That is to say, at a given depth beneath the surface a lacco­
lite of a certain circumference 'vill be able to force upward the superjacent 
cylinder of rock, while a laceolite of a certain smaller circumference will be 
unable to lift its cover. Or in other 'vords, there is a limit in size beneath 
which a lac co lite cannot be formed. 

When a lava forced upward through the strata reaches the level at 
which under the law of hydrostatic equilibrium it must stop, we 1nay con­
ceive that it expands along some plane of bedding in a thin sheet, until its 
horizontal extent becomes so great that it overcomes the resistance offered 
by the rigidity of its cover, and it begins to uplift it. The direction of least 
resistance is now upward, and the reservoir of lava increases in depth instead 
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of width. The area of a laccolite thus tends to remain at its minimun1 limit, 

an~ may be regarded as more or less perfectly an index of that limit. 

or 

Ip equations 1 and 2, iff= r, then 

- c c-a 0 
II 

(3) 

That is to say, if the force exerted by the lava is barely sufficient to 
overcome the resistance to uplift, then the circumference of the laccolite is 
proportional to ·the depth of its cover. Or in other words, the (linear) size 
of a laccolite is proportioned to its depth beneath the surface. 

If now we return from the faulted cylinder which for simplicity's sake 
has been hypothecated, to the actual cylinder which is surrounded by a 
flexure instead of a fault, can we retain our conclusions~ With certain mod­
ifications I think we can. The strains developed in deformation by flexure 
are less easy of analysis than those which arise in faulting, but the two cases 
are in some degree analogous. 

The expression (equation 2) for the force which the lava applies to de­
formation is unaffected by the n1anner in which the strata yield. 

The expression (equation 1) for the resistance to deformation by fault· 
ing involves t'vo terms, each in its simplest relations; the resistance varies 
directly as the circumference of the laccolite, and it varies directly as the 
depth of the co~er. In order to pass to an expression for the resistance to 
deformation by flexure, only one of these terms need be changed. There­
sistance bears the same relation to the circun1ference of the laccolite;. but 
it is no longer simply proportional to the depth of the cover. It varies 

more rapidly. 
If the covering strata were all of a given thickness, were ident~cal. in 

kind, and were free to slide upon each other without friction, their total re­
sistance to deformation would be equal to the resistance of a single stratum 
multiplied by the number of strata.. But since they are not free to slide 
one upon another, they sustain each other, and the resistance offered by the 
co1nbination is greater than that product. ' 
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I am led by the analogy of allied problems in mechanics to assume 

that the resistance of the body of strata varies 'vith some power of its depth, 

but I am unable to say what power. So far as I am aware, neither n1athe­

n1atical analysis nor experimentation has been directed to the problem in 

question. According to Rankine "the resistances of flexure of sin1ilar cross­

sections [of elastic beams J are as their breadths and as the squares of their 

depths" ("Applied lVfechanics", page 316), and it is possible that the same 

la'v applies to the resistances which continuous strata oppose to the uplifts 

of donws. But it appears more probable that the greater complexity of the 

strains developed in the formation of domes causes the depth to enter into 

tho formula 1vith a higher power than the second. 

On the other hand, some allowance should be made for the fact that 

tho elasticity of the resisting strata is imperfect. 

If we call the power with which the depth. enters the formula a, equa­

tion 1 becon1es 

and equation 3 becomes 
- aa t"'t r- c v,/1 (4). 

(5). 

It is probable that the true value of a is not less than 2, nor n1ore than 3. 

Interpreting these equations in the san10 manner as those applying to 
deformation by faulting, we roach the following conclusions: 

1st. At a given depth beneath the surface, lava injected under a given 

pr~ssure cannot form a laccolite of less than a certain area. This may be 

called its limital area. 
2d. The pressure of injection remaining constant, the limital area of a 

laccolite is a direct function of its depth beneath the surface. The limital 
area is greater when the depth is greater, and less when the depth is less. 

3d. A laccolite of small volume will not exceed the limital area, but 

will grow by lifting its cover. If however the volume of intruded lava be 
great, its own weight becomes a factor in the equilibrium of forces and mod­

ifies the distribution of the pressures. As the rock bubble rises, the weight 
of tho contained fluid is progressively subtracted from the pressure against 

it::; top, and this proceeds until tho upward and lateral pressures becon1c 
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proportional to the resist.ances which severally oppose them. Further ex­
pansion is then both upward and outward. 

4th. There is a limit to upward expansion, dependent on the fact that 
the pressure due to the combined weight of the laccolite and cover cannot 
exceed the pressure of the intrusive lava. Regarding the intrusive pressure 
as constant, it is divisible into three parts, of which one sustains the weight 
of the cover, also constant; another sustains the weight of the fluid lacco­
lite, and is measured by its thickness or depth; and the third produces de­
formation. When the sum of the weights of the cover and laccolite equals 
the total pressure of the intrusive lava, uplift ceases, and the maximum depth 
or thickness is attained. We may call this the limital thickness. With re­
gard to simple laccolites the limit is absolute, but it applies only to the dis­
tinct layers of those which are composite; for a composite laccolite, built 
by successive intrusions at wide intervals of time, may be relieved of part 
of its load by the erosion of the mound which its expansion causes at the 

surface of the land. 
A laccolite formed beneath the bottom of a sea has a greater lirnital 

thickness than one formed beneath a land surface; for the supmjacent water 
being displaced and thrust aside, is to that extent subtracted fro~ the load 

to be lifted. 
5th. The laccolite in its formation is constantly solving a problem of 

"least force", and its form is the result. Below, above, and on all sides its 
expansion is resisted, and where the resistance is greatest its contour is 
least convex. The floor of its chamber is unyielding, nnd the bottom of the 
laccolite is flat. The roof and walls alike yield reluctantly to the pressure, 
but the weight of the lava diminishes its pressure on the roof. Hence the 
top of the laccolite becomes broadly convex, and its edges acutely. Local 
accidents excepted, the ·walls oppose an equal resistance on every side; and 

the base of the laccolite is rendered circular. 

The second of the conclusions enunciated above is susceptible of test 
by observation. By selecting those laccolites of which the dimensions are 
known with the best degree of approximation~ the following table has been 
formed: 
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Formations. 
. . Diameters 

Tttle~ of Laccohtes. . .1 Means. m nn es. 

( Blue Gate Shale .... . Sentinel.-------- .7 
Geikie __ - . _ _ _ _ _ _ . 8 

'Tununk Shale ...... . 
A--·--·--·----- .9 
Marvine __ . ___ . __ · 1. 0 
Jukes __ . ___ . _ _ _ _ 1.4 

Upper Zone .. < Peale . _ _ _ _ _ _ _ _ _ _ 1. 8 

Steward ________ . 1. 0 

Flaming Gorge Shale . B - - - - - - - - - - - - - - 1. 1 
New berry _ _ _ _ _ _ _ 1. 8 

0 .. - - - - - -- - - - - - 1. 9 

( ~~=:t~r- i~~~~~s-:: 
'Lesser Holnies ... 

Lower Zone- - - .. - - - - - ... ~ - - - - - - - - - - Ellsworth - - - - - . -

2.0 
2.1 
2.1 
2.3 
2.3 Pulpit _ _ _ _ _ _ _ __ _ 

Maze ___ .. __ . _ _ _ _ 2. 8 

Crescent . _ _ _ _ _ _ _ 3. 6 
Hillers __ . _ _ _ _ _ _ _ 3. 9 

.7 

1.2 

1.4 

i 
)1.2 
I 

- - - . 2. 6 

There is no laccolite of the upper zone so large as the smallest in the 
lower zone; and the mean diameter of those in the lower zone is double the 
mean of those in the upper. The measurements do not give the dian1eters. 
of limital areas, but it is presumable that the actual areas bear substantially 
the satne relation to the limital in the two zones. If we select the smallest 
laccolites in each group as those most likely to express the lilnital areas, the 
result is practically the san1e. 
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Formations. Diameters. Means. 

Tununk Shale .......... ~ 
.8 

! I .9 .9 

Upper Zone __ . ____ .. 
1.0 

Flaming Gorge Shale .... ~ ! ) 1.0 1.0 
1.05 

l.l 

Lower Zone .............................. -l 2.0 ! ........ 2.1 2.1 
2.1 

The mean for the lower zone is still double the mean for the upper. 
The confirmation of the conclusion is as nearly perfect as could have 

been anticipated. There is no roon1 to doubt that a relation exists between 

the diameters of laccolites and the depths of their intrusion. 

Having determined by observation the n1ean size of the laccolites 1n 

the upper and lower zones, as well as the interval which separates the two 

zones, and knowing approximately the law which binds the size of the lac-

colite to its depth of intrusion, ·we can compute the depth of intrusion of 
each zone. Our result will doubtless have a large probable error, but it 
will not be entirely without value. 

Let x represent the thickness in feet of the original cover of the lacco­
lites of the upper zone; and x + 3300 the thickness of the cover of the 
laccolites of the lower zone. The mean circumference in feet of the upper 

laccolites is 1. 2 7l' X 5280 = 6336 71'. The n1ean circumference of the lower 
laccolites is 2. 6 7l' X 5280 = 13 728 71'. Substituting these values in equa­
tion 5, we obtain 

c 
6336 7[' = Xa -Ill 

011 
and 

13728 7l' = (x + 3300) a ~~~ 
II 
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Dividing the second equation by the first and reducing, 

3300 
x= ----

13728 
---1 
6036 

To obtain a minimum result, assume a= 2; then 

x = 3300 = 7000 feet, 

/
13728-1 

~ 6336 

x + 3300 = 1 0300 feet. 

(6). 

The sun1mit of the Masuk sandstone is 3, 500 feet above the mean level 
of the upper laccolites; subtracting this from the value of x gives 3,500 feet 
as the depth of Tertiary strata which overlay the ~iasuk beds during the 
epoch of laccolitic intrusion. 

r.ro obtairt a maximum result, assume a= 3; then 

x = 3300 = 11200 feet, 
/13728-1 
~ 6336 

x + 3300 = 14500 feet, 

and the result for the depth of the Tertiary strata is 7, 700 feet. 

I am far from attaching great weight to this speculation in regard to the 
~riginal depths of the laccolite covers. It is always hazardous to attempt 
the quantitative discussion of geological problems, for the reason that the 
conditions are apt to be both complex and imperfectly known; and in this 
case an uncertainty attaches to the law of relation, as well as to the quanti­
ties to which it is applied. Nevertheless after making every allowance 

there remains a presumption that the cover of the laccolites included some 
thousands of feet of Tertiary sedin1ents. 

What evidence we have then, indicates that the epoch of laccolitic in­
trusion was after the accumulation of deep Tertiary deposits and before the 
subsequent degradation had made great progress-that it was at or near 
the close of the epoch of local Tertiary sedhnentation. 
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If the reader would realize the relation between the eroded material 
and the surviving mountains, let hitn turn to the Frontispiece. A perspect­

ive view is there given .of a tract ten n1iles square, with ]\fount Ellsworth 

in the center. It is represented as cut out from all surroundings by vertical 

planes which descend to the level of the ocean. The southern or nearer 
half of the block shows the present aspect of the country; the remote half 

shows the form it is supposed to have had if the uplift was completed before 
the erosion began, or what is the ·same thing, the form it 'vould have, had 

there been no erosion. The difference between the two represents the total 
amount of the material that has been washed away since the completion 
of the Tertiary Bediments. 

Partly in review, let us now sketch the 

IDSTORY OF '.rHE LACCOLITE. 

When lavas forced upward from lower-lying reservoirs reach the zone 
in which there is the least hydrostatic resistance to their accumulation, 
they cease to rise. If this zone is at the top of the earth's crust they build 

volcanoes; if it is beneath, they build laccolites. Light lavas are more 
apt to produce volcanoes; heavy, laccolites. The porphyritic trachytes of 
the Plateau Province produced laccolites. 

The station of t~e laccolite being decided, the first step in its forma­
tion is the intrusion along a parting of strata, of a thin sheet of lava, which 
spreads until it has an area adequate, on the principle of the hydrostatic 
_press, to the deforn1ation of the covering strata. The spreading sheet 
always extends itself in the direction of least resistance, and if the resist­
ances are equal on all sides, takes a circular form. So soon as the lava can 
uparch the strata it does so, and the sheet become~ a Iaccolite. With the. 
continued addition of lava the laccolite grows in height and width, until 
finally the supply of material or the propelling force so far diminishes that 
the lava clogs by congelation in its conduit and the inflow. stops. An 
irruption is then complete, and the progress of the laccolite is comparable 
with that of a volcano at the end of its first eruption. During the irrup­
tion and after its con1pletion, there is an interchange of temperatures. 'rhe 



laccolite cools and solidifies; its walls are heated and metamorphosed. At 

the edges, 'vhere the surface of the laccolite is most convex, the heat is 

most rapidly dissipated, and its effect in n1eta1norphism is least. A second 

irrnption may take place either before or after the first is solidified. It may 
intrude above or it may intrude beneath it; and observation has not yet 

distinguished the one case from the other. In any case it carries forward 
the deformation of cover that was begun by the first, and combines with it 
in such way that the compound form is symmetric, and is substantially 
the san1e that would have been produced if the two irruptions were conl­

bined in one .. Thus the laccolite grows by successive accretions until at 
length its cooled mass, heavier and stronger than the surrounding rocks, 
proves a sufficient obstacle to intrusion. The next irruption then avoids it, 
opens a new conduit, and builds a new laccolite at its side. By successive 
shiftings of the conduit a group of laccolites is formed, just as by the shift­

ing of vents eruptive cones are grouped. Each laccolite is a subterranean 
volcano. 

Fig. 53, Diagram t.o illustrate· the relation of Dikes and Sheets to 
the Strains which are developed in the uplifting of laccolitic arches. 

The strata above the laccolite are bent instead of broken, because their 
material is subjected to so great a pressure by superincumbent strata that 
it cannot hold an ope-n fissure and is quasi-plastic. But although quasi­
plastic it is none the less solid, and can be cracked open if the gap is in­
stantaneously filled, the cracking and the filling being one event. This 
happens in the immediate walls of the laccolite, and they are injected by 
dikes and sheets of the lava. 'l.,he directions of the cracks are nonnal to 
the directions of the extensive strains (strains tending to extend) where 
they occur. From the top of the laccolite dikes run upward into the roof, 
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1narking horizontal strains (a a). Fr01n the sides smaller vertical dikes i·un 
outwarJ, marking horizont~l, tangential strains. And parallel to the sides 

near the base of the laccolite, are numerous sheets, marking strains directed 

outward and upward (c c). These last especially serve to show that the 

rigidity of the strata is not abolished, although it is overpowered, by the 
pressure which warps them. 

llere we are brought face to face with a great fact of dynamic geology 
which though well known is too often ignored. The solid crust of the 
earth, and the solid earth if it be solid, are as plastic in great rnasses as wax 
is in small. Solidity is not absolute but relative. It is only a low grade 

of plasticity. The 1:igidity or strength of a body is measured by the square 
of its linear dimensions, while its weight is rneasured by the cube. l-Ienee 

with increase in magnitude, the weight increases mere rapidly than the 
strength; and no very large body is strong enough to withstand the press­
ure of its own weight. However solid it 1nay be, it must succumb and be 

flattened. When 1ve speak of rock masses which are measured by feet, we 
may regard them as solid; but when we consider n1asses 'vhich are meas­

ured by miles, we should regard them as plastic. 
The same principle is illustrated by the lin1ital area of laccolites. A 

sn1alllaccolite cannot lift its small cover, but a large laccolite can lift its 
correspondingly large cover The strength or rigidity which resists do­
formation is overcome by magnitude. 

Laccolites of Other Regions.-.In n1any lands geologists have obscrYcd 
intrusive rocks occurring in great bodies, but I am not aware that such a 
system as that of the Henry 1\Iountains has ever been described. Doubtless 
all such bodies are laccolitic, but the combination of conditions which this 
field presents can rarely be repeated. In the first place the strata which 
here contain the laccolites lay level. rrhey had suffered no displacement 
before the epoch of irruption, and they have suffered none since. The lac­
colitic phenomena stand by themselves, with nothing to mar their sy1n­
n1etry or complicate their study. In the next place the laccolites are here 
assembled in such number and with such variety of size, form, and hori­

zon that there is little danger of mistaking accidental features for essential. 
Again, the region having been recently eleYated is the scene of rapid 

7HM 
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degradation. "\Vaterways are deeply corraded, slopes are steep, and escarp­

InentH uhound. And finally the climate is so arid that vegetation is exceed­
il~gly Heant. The rocks are for the most part bare and their examination 

is unobstructed. 

If the conditions of erosion and clinmte had been unfavorable in the 

Ilenry ~fountains, they could not have yielded the key to the laccolitic 

structure; but the key once found, it is to be ~nticipated that the structure 
will he recognized in other laccolites of ·which the exposures are less per­

fect. 
If the strata had experienced anterior displacements so as to be in­

clined, folded, and faulted, a symmetrical growth of laccolites would have 
been in1possible, and the mountains would not have yielded a knowledge 
of the type form. But the type form being known, it is to be anticipated 

that in disturbed regions aberrant forms will be recognized and referred to 

the type. 

Possible Analogues of the Laccolite.-All the arches of the Ilenry ~fount­

ains have been ascribed to laccolites, whether their nuclei were visible or 

concealed, and the evidence upon which the latter were included appears 

to admit of no controversy. The question arises whether the great flexures 

of the Plateau region nuty not be allied in structure. The volcano having 
its hon1ologue in the laccolite, n1ay not broad lava fields have their homo­

lognes beneath displacen1ents of the l(aibab type~ . 
The idea is naturally attractive to one who has made a special study of 

laccolites, but it is hardly tenable. There are indeed many points of re­
smnblance between such flexures as the \Vaterpocket, and the uplifts of the 
IIenry ~fountains; but the points of contrast are equally conspicuous, and 
seem to mark a radical difference. 

There is a certain sym 1netry of form which is characteristic of the 

laccolitic arches, but which is rarely seen in the great flexures. And there 
is a linear element which is characteristic of the latter, but not of the for­
nler. rrhe great flexures always have direction or trend, and often exhibit 
parallclisrn; the laccolitic arches betray no trend either individually or 

collectively. 
These features are ·well shown in Plate II, where the vVaterpocket 

flcxnrc i~ contra~ted with tho IIenry l\1onntaiu arches. 



CHAPTER V. 

J.JAND SCULPTURE. 

The Basin of the Colorado offers peculiar facilities for the study of the 
origin of topographic forms, and its marvelous sculpture ·has excited the 
interest of every observer. It has already made notable contributions to 
the principles of earth sculpture*, and its resources are far from exhausted. 
The study of the Henry Mountains has not proved entirely unfruitful, and. 
for the sake of showing the bearing of its peculiar features upon the gen­
eral subject, I shall take the liberty to restate certain principJes of erosion 
which have been derived or enforced by the study of the Colorado Pla­
teaus. 

I.-EROSION. 

The sculptu~·e and degradation of the land are performed partly by shore­
waves, partly by glaciers, partly by wind; but chiefly by rain and running 
water. The last mentioned agencies only will be here discussed. 

The ~rosion which they accomplish will be considered (A) as consisting 
of parts, and (B) as modified by conditions. 

A. PROCESSES 01!" EROSION. 

All indurated rocks and most earths are bound together by a f~rce 
of cohesion which must be overcome before they can be divided and re-

*Geology of the" Colorado Exploring Expeditiou ", by J. S .. Newberry, p. 45. 
"Exploration of the Colorado River of the West", bs J. W. Po·well, p. 152. 
''Geology of the Uinta Mountains", by J. W. Powell, p. 181. 
''Explorations West of the lOOth Meridian", Vol. III, Part I, by G. K. Gilbert, pp. 

67 and 554. 
"The Colorado Plateau Region" in American Journal of Science for August, 187G, 

l>y G. K. Gilbert. 
A portion of the last paper is repeated, after modification, in the first section of this 

chapter. 
99 
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moved. The natural processes by which the division and removal are 
accomplished make up erosion. They are called disintegration and trans­
portation. 

Transportation is chiefly performed by running water. 

Disintegration is naturally divided into two parts. So Inuch of it as 
is accomplished by running water is called con·asion, and that which is not, 
is called weathering. 

Stated in their natural order, the -three general divisions of the process 
of erosion are (1) weathering,· (2) transportation, and (3) corrasion. The 
rocks of the general surface of the land are disintegrated by weathering. 
rrhe material thus loosened is transported by streams to the ocean or other 
receptacle. In transit it heliJs to corrade from the channels of the strean1s 
other material, which joins with it to be transported to the same goal. 

Weathering. 

In weathering the chief agents of disintegration are solution, change of 
temperature, the beating of rain, gravity, and vegetation. 

rrhe great solvent of rocks is water, but it receives aid from some other 

substances of which it becon1es the vehicle. These substances are chiefly 
products of the formation and decon1position of vegetable tissues. Some 
rocks are disintegrated by their complete solution, but the great majority 
are divided into grains by the solution of a portion; and fragn1ental rocks 
usually lose by solution the cement n1erely, and are thus reduced to their 
original incoherent condition. 

'.I:'he most rigid rocks are cracked by sudden changes of ten1perature; 
and the crevices thus begun are opened by the freezing of the water within 
them. 'rhe coherence of the more porous rocks is impaired and often de­
stroyed by the same expansive force of freezing ·water. 

The beating of the rain overcomes the feeble coherence of earths, and 
assists solution and frost by detaching the particles which they have par­
tially loosened. 

'Vhen the base of a cliff is eroded so as to remove or diminish the 
support of the upper part, the rock thus deprived of support is broken off 
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in blocks by gravity. The process of which this is a part is called cliff­
erosion or sapping. 

Plants often pry apart rocks by the growth of their roots, but their 

chief aid to erosion is by increasing the sol vent power of percolating 
water. 

In general soft rocks weather more rapidly than hard. 

Transportation. 

A portion of the water of rains flows over the surface and is quickly 
gathered into streams. A second portion is absorbed by the earth or rock 
on which it falls, and after a slow underground circulation reissues in 
springs. Both transport the products of weathering, the latter carrying 
dissolved minerals and the former chiefly undissolved. 

Transportation is also performed by the direct action of gravity. In 
sapping, the blocks which are detached by gravity are by the same agency 
carried to the base of the cliff. 

Corrasion. 

In corrasion the agents of disintegration are solution and mechanical 
wear. Wherever the two a1:e combined, the superior efficiency of the lat­
ter is evident; and in all fields of rapid corrasion the part played by solu­
tion is so small that it may be disregarded. 

The mechanical wear of streams is performed by the aid of hard 
n1ineral fragments which are carried a~ong by the current. The effective 

force is that of the current; the tools are mud, sand, and bowlders. The 
most in1portant of them is sand; it is chiefly by the impact and friction of 
grains of sand that the rocky beds of streams are disintegrated. 

Streams of clear water corrade their beds by solution. Muddy streams 
act partly by solution, but chiefly by attrition. 

Streams transport the con1bined products of corrasion and weathering. 
A part of the debris is carried in ~olution, and a part mechanically. The 
finest of the undissolved detritus is held in suspension; the coarsest is 
rolled along the bottom; and there is a gradation between the two modes. 
There is a constant con1minution of all the material as it moves, and the 
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1vork of transportation is thereby accelerated. Bowlders and pebbles, 
1vhile they 1vear the strean1-bed by pounding and rubbing, are worn still 
n1ore rapidly themselves. Sand grains are worn and broken by the con­

tinued jostling, and their fragments join the suspended mud. Finally the 
detritus is all more or less dissolved by the water, the finest the most 

rapidly. 

In brief, weathering is performed by solution; by change of tempera­
ture, including frost; by rain beating; by gravity; and by vegetation. 
Transportation is performed chiefly by running water. Corrasion is per­

formed by solution, and by mechanical wear. 
Corrasion is distinguished from weathering chiefly by including me­

chanical wear among its agencies, and the in1portance of the distinction will 
be apparent when we come to consider how greatly and peculiarly this 
process is affected by modifying conditions. 

B. CONDITIONS CONTROLLING EROSION. 

The chief conditions which affect the rapidity of erosion are (1) declivity, 
(2) character of rock, and (3) climate. 

Rate of Erosion and Declivity. 

In general erosion is most rapid wltere the slope is steepest; but weather­
ing, transportation, and corrasion are affected in different ways and in differ­
ent degrees. 

With increase of slope goes increase in the velocity of running water, 
and with that goes increase in its power to transport undissolved detritus. 

The ability of a stream to corrade by solution is not notably enhanced 
by great velocity; but its ability to corrade by mechanical wear keeps pace 
1vith its ability to transport, or. may even increase more rapidly. For not 
only does the bottom receive more blows in proportion a~ the quantity of 
transient detritus increases, but the blows acquire greater force from the ac­
celerated current, and from· the greater size of the moving fragn1ents. It is 
necessary however to distinguish the ability to corrade fron1 the rate of 
corrasion, which will be seen further on to depend largely on other condi­
tions. 
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W oathering is not directly influenced by slope, but it is reached incli­
roctl y through transportation. Solution and frost, the chief agents of rock 

decay, are both retarded by the excessive acc1nnulation of disintegrated 
rock. Frost action ceases altogether at a few feet below the surface, and 
solution gradually decreases as the zone of its activity descends and the cir­

culation on which it depends· becomes more sluggish. Hence the rapid re­

moval of the products of weathering stimulates its action, and especially 

that portion of .its action which depends upon frost. If however the power 

of transportation· is, so great as to ren1ove completely the products of weath­
ering, the work of disintegration is thereby checked; for the soil which 
'veathering tends to aecumulate is a reservoir· to catch rain as it reaches the 
earth and store it up for the work of solution and frost, instead of letting it 
run .off at once unused. 

Sapping is directly favored by great declivity. 
In brief, a steep declivity filvors transportation and thereby favors cor­

rasion. The rapid, but partial, transportation of weathered rock accelerates 
weathering; but the complete removal of its products retards weathering. 

Rate of Erosion ancl Rock Texture. 

Other things being equal, erosion is most rapid when the. eroded rock 
off~rs least res~_:stance; but the rocks which are n1ost favorable to one portion 
of the process of erosion do not necessarily stand in the same relation to the 
others. Disintegration by solution depends in· large part on the solubility 
of the rocks, but it proceeds most rapidly with those fragmental rocks of 
which the cement is soluble, and of which the texture is open. Disintegra­
tion by frost is· II10St rapid in rocks which absorb a large percentage of 
·water and are feebly coherent. Disintegration by. mechanical wear is most 
rapid in soft rocks. 
. Transportation is most favored by those rocks which yield by disinte-

gration the most finely comminuted debris. 

Rate of Erosion and Climate. 

'fhe influence of climate upon erosion is less easy to formulate. 
The direct influences of ten1perature and rainfall are c01nparatively simple, 
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but their indirect influence through vegetation is complex, and is in part 
opposed t~ the direct. 

Tem_perature affects erosion chiefly by its changes. Where the range 
of temperature includes the freezing point of water, fi·ost .contributes its 
powerful aid to weathering; and it is only where. changes are great and 
sudden that rocks are cracked by their unequill expansion or contraction. 

All the processes of erosion are affected directly by the amount of 
rainfall, and by its distribution through the year. All are. accelerated by 

its increase and retarded by its diminution_. vVhen i~ is concentrated in 
one part of the year at the expense of the remainder, transportation and 
con·asion are accelerated, and weathering is retarded. 

Weathering is favored by abundance of moisture. Frost accomplishes 
most when the rocks are saturated; and solution when there is the freest 
subterranean circulation. But when the annual rainfall is concentrated 
into a limited season, a larger share of the water fails to penetrate, and the 
gain from temporary flooding does not compensate for the checking of all 
solution by a long dry season. 

'l,ransportation is favored by increasing water supply as greatly as by 
increasing declivity. vVhen the volume of a stream increases, it becomes 
at the sama time 1nore rapid, and its transporting capacity gains by the in­
crement to velocity as well as by the incxement to volume. Hence ~he 
increase in power of transportation is more than proportional to the increase 
of volume. 

It is due to this fact chiefly that the transportation of a stream which 
is subject to floods is greater than it would be if its total water supply were 
evenly distributed in time. 

Tho indirect influence of rainfall and tmnperature, by means of vege­
tation, has different laws. Vegetation is intimately related to water supply. 
There is little or none where the annual precipitation is small, and it is 
profuse where the latter is great-especially where the temperature is at 
the same timo high. In proportion as vegetation is profuse the solvent 
power of percolating water is increased, and on the other hand the ground 
is sheltered from the mechanical action of rains and rills. The removal of 
disintegrated rock is greatly impeded by the conservative power of roots 
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and fallen leaves, and a soil is thus preserved. Transportation is retarded. 
Weathering by solution is accelerated up to a certain point, but in the end 
it suffers by the clogging of transportation. 'rhe work of frost is nearly 
·stopped .as soon as the depth of soil exceeds the limit of frost action. 'rhe 
force of. rain drops is expended on foliage. Moreover a deep soil acts as a 

distributing reservoir for the 'vater of rains, and tends. to equalize the flow 
of streams. 

Hence the general effect of vegetation is to retard erosion; and since 
the direct effect of great rainfall is the acceleration of erosion, it results that 
its direct and indirect tendencies are in opposite directions. 

In arid regions of which the declivities are sufficient' to give thorough 
drainage, the absence of vegetation is accompanied by absence of soil. 
'Vhen a shower falls, nearly all the water runs off from the bare rock, and 
the little that is absorbed is rapidly reduced by evaporation. Solution be­
comes a slow process for lack of a continuous supply of water, and frost 
accomplishes its work only. when it closely follows the infrequent rain. 
Thus weathering is retarded. Transportation has its work so concentra­
ted by the quick gathering of showers into floods, as to compe.nsate, in part 
at least, for the smallness of the total rainfall fron1 which they derive their 
power. 

l-Ienee in regions of small rainfall, surface degradation is usually lim­
ited by the slow rate of disintegration; while in regions of great rainfall it 
is. limited by the rate of transportation. There is probably an intermediate 
condition wi~h moderate rainfall, in which a rate of disintegration greater 
than that of an arid climate is balanced by a more rapid transportation than 
consists with a very moist climate, and in which the rate of degradation at­
tains its maximum. 

Over nearly the whole of the earth's surface.there is a soil, and wher­

ever this exists ·we know that the conditions are more favorable to weather­
ing than to transportation. Hence it is true in general that the conditions 
which limit transportation are those which limit the general degradation of 
the surface. 

To understand the manner in which this lilnit is reached it is necessary 
to look at the process by which the work is accomplished. 
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T1·cmsportation and Comminution. 

A strea~ of water flowing down its hed expends an an1ount of energy 

that is measured by the quantity of water and the vertical distance through 

which it descends. If there were no friction of the water upon its channel 
the velocity of the current would continually increase; but if, as is the 

usual case, there is no increase of velocity, then the whole of the energy is 

consnrnm.l in friction. The friction produces inequalities in the motion of 
the \Vater, and especially induces subsidiary currents 1nore or less oblique 
to the general onward movement. Some of these subsidiary currents have 
an upward tendency, and by them is perfonned the chief work of transpor­
tation. rrhey lift small particles fronl the bottom and hold them in suspen­
sion while they move forward with the general current. The finest particles 
sink 1nost slowly and are carried farthest before they fall. Larger ones are 
barely lifted, and are dropped at once. Still larger are only half lifted; 
that is, they are lifted on the side· of the current and rolled over without 
quitting the bottom. Aud finally there is a limit to the power of e':ery cur­
rent, and the largest fragments of its bed are not moved at all. 

'.rhere is a definite relation between the velocity of a current and the 
size of the largest bowlder it will roll. It has been shown by I-Iopkins that 
the weight of the bowlder is proportioned to the sixth power of the velocity. 
It is easily shown also that the weight of a suspended particle is propor­
tioned to the sixth power of the velocity of the upward current that will pre­
vent its sinking. But it must not be inferred that the total load of detritus 
that a stream will transport bears any such relation to the rapidity of its 
current. 'rhe true inference is, that the velocity determines the size-limit 

of the detritus that a stream can move by rolling, or can hold in suspension. 
Every particle which a stream lifts and sustains is a draft upon it8 

energy, and the measure of the draft is the weight (weighed in water) of the 
particle, rnultiplied by the distanc~ it would sink in still water in the ti1ne 
during which it is suspended. If for the sake of simplicity we suppose th~ 
whole load of a strean1 to be of uniform particles, then the measure of the 
energy consumed in their transportation is their total weight multiplied by 
the distance one of them would sink in the time occupied in their transpoi·-
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tation. Since fine particles sink n1ore slowly than coarse, the same con­

sunlption of energy will convey a greater load of fine tlutn of coarse. 

Again, the energy of a clear strean1 is entirely consumed in the friction 

of flow; and the friction bears a direct relation to its velocity. But if de­

tritus be added to the water, then a portion of its energy is diverted to the 

transportation of the load; and this is done at the expense of the friction of 

flow, and hence at the expense of velocity. As the energy expended in 

transportation increases, the velocity diminishes. If the detritus be coin­

posed of uniform particles, then "v.e may also say that as the load increases 

the velocity diminishes. But the ditninishing velocity will finally reach a 

point at which it can barely transport particles of the given size, and when 
this point is attained, the stream has its maximum load of detritus of the 

given size. But fine detritus requires less velocity for its transportation 

than coarse, and will not so soon reduce the ·current to the liniit of its effi­

c~ency .. A greater ·percentage of the total energy of the stream can hence 

. be employed by fine detritus than by coarse. 
(It should be explained that the friction of flow is in itself a complex 

affair. The water in contact with the bottom and walls of the channel de­
velops friction by flowing past them, and that which is farther away by 

flowing past that which is near. The inequality of n1otion gives rise to cross 
currents and there is a friction of these upon each other. The ratio or co­
efficient of friction of water against the substance of the bed, the coefficient 

of friction of water against water, or the viscosity of water, and the form of 

the bed, all conspire to determine the resistance of flow and together 1nake 
up what n1ay be called the coefficient of the friction of flow. The friction 

depends on its coefficient and on the velocity.) 
Thus the capacity of a stream for transportation is enhanced by coln­

minution in two ways. Fine detritus, on the one hand, consu~es less energy 

for the transportation of the san1e weight, and on the other, it can utilize a 

greater portion of the stream's energy. 

It follows, as a corollary, that the velocity of a fully loaded stream de­
pends (ceteris paribus) on the comminution of the material of the load. 
When a stream has its maximum load of fine detritus, its velocity will be 
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less than when carrying its maximun1 load of coarse detritus; and the greater 
load corresponds to the less velocity. 

It follows also that a stream which is supplied with heterogeneous 

debris will select the finest. If the finest is suft1cient in quantity the cur­
rent will be so checked by it that the coarser cannot be moved. If the 
finest is not sufficient the next grade will be taken, and so on. 

Transportation and Declivity. 

To consider now the relation of declivity to transportation we will as­
sume all other conditions to be constant. Let us suppose that two strean1s 
have the same length, the same quantity of 'vater, flow over beds of the 
same character, and are supplied to their full capacities with detritus of the 
sarne kind; but differ in the total amount of fall. Their declivities or rates 
of fall are proportional to the:fr falls. Since the energy of a strean1 is meas­
ured "by the product of its volume and its fall, the relatiYe energies of the 
two streams are proportional to their falls, and hence proportional to their 

declivities. The velocities of the two streams, depending, as we have seen 
above, on the character of the detritus which loads them, are the same; and 

hence the same amount of energy is consumed by each in the friction of 
:flow. And since the energy which each stream expends in transportation 
is the residual after deducting what it spends in friction from its total energy, 
it is evident that the stream with the greater declivity will not merely 
have the greater energy, but will expend a less percentage of it in friction and 
a greater percentage in transportation. 

lienee declivity favors transportation in a degree that is greater than 
its shnple ratio. 

There are two elements of which no account is taken in the preceding 

discussion, but which need to be mentioned to prevent misapprehension, 
although they detract in no way from the conclusions. 

The first is the addition which the transported detritus makes to the 
energy of the stream. A stream of water charged with detritus is at once 
a compound and an unstable fluid. It has been treated merely as an un­
stable fluid requiring a constant expenditure of energy to nmintain its con-
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stitution; but looking at it as a compound fluid, it is plain that the energy 
it develops by its descent is greater than the energy pertaining to the water 
alone, in the precise ratio of the mass of the mixture to the mass of the sim­

ple water. 
The second element is the addition which the detritus makes to the 

friction of flow. The coefficient of friction of the compound stream upon 
its bottom will always be greater than that of the simple stream of water, 
and the coefficient of internal friction or the viscosity will be· greater than 
that of pure water, and hence for the same velocity a greater amount of 
energy will be consumed. 

It may be noted in passing, that the energy which is consumed in the 
friction of the detritus on the stream bed, accomplishes as part of its work 

the mechanical corrasion of the bed. 

Transportation and Quantity of Water. 

A stream's friction of flow depends mainly on the character of the bed, 
on the area of the surface of contact, and on the velocity of the current. 
vVhen the other elements are constant, the friction varies approximately with 
the area of contact. The area of contact depends on the length and fonn 
of the channel, and on the quantity of water. For streams of the same 
length and same form of cross-section, but differing in size of cross-section, 
the area of contact varies directly ~s the square root of the quantity of water. 
l-Ienee, ceteris paribus, the friction of a stream on it::; bed is proportioned to 
the square root of the quantity of water. But as stated above, the total 
energy of a stream is proportioned directly to the quantity of water; and 
the total energy is equal to the energy spent in friction, plus the energy 
spent in transportation. Whence it follows that if a stream change its quan­
tity of water without changing its velocity or other accidents, the total 
energy will change at the same rate as the quantity of water; the energy 

spent in fri~tion will ehange at a less rate, and the energy remaining for 
transportation will change at a greater rate. 

l-Ienee increase in quantity of water favors transportation in a degree 

that is greater than its simple ratio. 
It follows as a corollary that the running water which carries the debris 
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of a district loses power by subdivision toward its sources; and that, unless 

there is a compensating increment of declivity, the tributaries of a river will 
fail to supply it with the full load it is able to carry. 

It is noteworthy also that the obstruction which vegetation opposes to 
transportation is especially effective in that it is applied at the infinitesimal 
sources of streams, where the force of the running water is_least. 

A stream which can transport debris of a given size, may be said to be 
competent to such debris. Since the maximum particles which streams are 
able to move are proportioned to the sixth powers of their velocities, com­

petence depends on velocity. Velocity, in turn, depends on declivity and 
volume, and (inversely) on load. 

In brief,· the capacity of a stream for transportation is greater for fine 
debris than for coarse. 

Its capacity for the transportation of a given kind of de'bris is enlarged 
in more than simple ratio by increase of declivity; and it is enlarged in 

more than simple ratio by inr.rease of volume. 
The competence of a stream for the transport of debris of a given fine­

ness, is limited by a corresponding velocity. 

The rate of transportation of debris of a given fineness may equal 
the capacity of the transporting stream, or it may be less. When it is less, 
it is always from the insufficiency of supply. The supply furnished by 
'veathering is never available unless the degree of fineness of the debris 
brings it within the competence of the stream at the point of supply. 

The chief point of supply is at the very head of the flowing water. 
'l"he rain which falls on material that has been disintegrated by weathering, 
begins after it has saturated the immediate surface to flo,v off. But it forms 
a very thin sheet; its friction is great; its velocity is small; and it is com­
petent to pick up only paTticles of exceeding fineness. If the material is 
heterogeneous, it discriminates and leaves the coarser particles. As the 
Hheet moves on it becomes deeper and soon begins to gather itself into 
r:l1s. As the deepening and concentration of water progresses, either its 
capacity increases and the load of fine particles is augmented, or, if fine 
particles are not in sufficient fo~ce, its competence increases, and larger 
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ones are lifted. In either case the load is· augmented, and as rill joins rill 

.it steadily grows, until the accumulated water finally passes beyond the 
zone of disintegrated material. 

The particles which the fP,eb~e initial currents are not competent to 
move, have to wait either until they are. subdivided by the agencies of 

weathering, or until the deepening of the channels of ·the rills so far 
increases the . declivities that the currents acquire the · requisite ve­
locity, or until some fiercer storm floods the ground with a deeper sheet of 
water. 

Thus rate of transportation, as 'veil as capacity for transportation, is 
favored by fineness !i debris, by declivity, and by quantity of water. It is 
opposed chiefly by vegetation, which holds together that which is loosened 
by weathering, and shields it from the agent of transportation in the very 
place where that agent is weakest. 

When the current of a stream gradually diminishes in its cours~-as 

for example in approaching the ocean-the capacity for transportation also 
diminishes; and so soon as the capacity becomes less than the load, pre­
cipitation begins-the coarser particles being deposited first. 

Corrasion and Transportation. 

Where a stream has all the load of a given degree of comminution 

which it is capable of carrying, the entire energy of the descending ·water 
and load is consumed in the translation of the water and load and there is 
none applied to corrasion. If it has an excess of load its velocity is thereby 
diminished so as to lessen its competence and a portion is dropped. If it 
has less than a full load it is in condition to receive more and it corrades 
its bottom. 

A fully loaded stream is on the verge between corrasion and deposition. 
As will be explained in another place, it fi!ay wear the walls of its channel, 
but its wear of one wall wiil be accompanied by an addition to the opposite 
wall. 

The work of transportation may thus n1onopolize a stream fo the exclu­
sion of corrasion, or the two works may be carried forward at the same time. 



112 I.JAND SCULPTUHE. 

Corrasion and Declivity. 

The rapidity of mechanical corrasion depends on the hardness, size, and 
number of the transient fragments, on the hardness of the rock-bed, and on 
the velocity of the stream. rrhe blows which the moving fragments deal 
upon the st1·ea1n-·bed are hard in proportion as the fragments are large and the 
current is swift. They are most effective ·when the fragments are hard and 

the bed-rock is soft. They are more nu1nerous and harder upon the bottom 
of the channel than upon the sides because of the constant tendency of the 
particles to sink in water. r~rheir number is increased up to a certain limit 
by the increase of the load of the stream; but when the fragments become 
greatly crowded at the bottom of a stream their force is partially spent 
among themselves, and the bed-rock is in the same degree protected. For 
this reason, and because increase of load causes retardation of current, it is 
probable that the tnaximum work of con·asion is performed when the load 
is far within the transporting capacity. 

The element of velocity is of doub]e itnportance since it determines 
not only the speed, but to a great extent the size of the pestles whieh grind 
the rocks. r~rhe coefficients upon whieh it in turn depends, namely, declivity 
and quantity of water, have the same importance in con·asion that they 
have in transportation. 

Let us suppose that a stream endowed with a constant volume of water, 
is at some point continuously supplied with as great a load as it is capable 
of carrying. For so great a distance as its velocity remains the same, it will 
neither corrade (downward) nor deposit, but will leave the grade of its bed 
unchanged. But if in its progress it reaches a place where a less declivity 
of bod gives a diminished velocity, its capacity for transportation will be­
come less than the load and part of the load will be deposited. Or if in its 

progress it reaches a place where a greater declidty of bed gives an in­
creased velocity, the capacity for· transportation will become greater than 
the load and there will bo con·asion of the bod. In this way a stream which 
has a supply of debris equal to its capacity, tends to build up the gentler 
~;lopes of its bed and cut away the steeper. It tends to establish a single, 
uniform grade. 
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Let us now suppose that the strean1 after having obliterated all the in­
equalities of the grade of its bed loses nearly the whole of its load. Its 
veiocity is at once accelerated and vertical corrasion begins through its 
whole length. Since the stream has the same declivity and consequently 
the same velocity at all points, its capacity for corrasion is everywhere the 
same. Its rate of con·asion however will depend on the character of its bed. 
Where the rock is hard corrasion will be less rapid than where it is soft, 
and there will result inequalities of grade. But so soon as there is inequality 

. of grade there is inequality of velocity, and inequality of ~apacity for con·a­
sion; ·and where hard i·ocks have produced declivities, there the capacity for 

con·asion will be increased. The differentiation will proceed until the ca­
pacity for COlTasion is everywhere proportioned to the resistance, and no 
further,-that is, until there is an equilibrium of action. 

In general, we may say that a stream tends to equalize its work in all 
parts of its course. Its po.wer inheres in its fall, and each foot of fall has 
the same power.. 'Vhen its work is to corrade and the resistance is unequal, 
it concentrates its energy where the resistance is great by crowding many 
feet of descent into a small space, and diffuses it where the resistance is . 
small by using but a small fall in a long distance. When its work is to · 
transport, the resistance is constant and the fall is evenly distributed by a 
uniform grade. 'Vhen its work includes both transportation and corrasion, 
as· in the usual case, its grades are some''' hat unequal; and the inequality is 
greatest when the load is least. 

It is to be remarked that in the case of most streams it is the flood stage 
~hic}1 determines the grades of the channel. The load of detritus is usually 

greatest during the highest floods, and po,ver is conferred so rapidly with 
increase of quantity of water, that in any event the influence of the streatn 
during its high stage will overpower any influence 'vhich may have been 
exerted at a low stage. That relation of transportation to corrasion which 
subsists when the water is high will detern1ine the grades of the water-way. 

Declivity and Quantity of Water. 

The conclusions reached in regard to the relations of corra·sion and de­
clivity depend on the assumption that the volume of the stream is the same 

8HM 
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throughout it~ whole cour~e, aud they coHHequently apply direetly to such 
portions only of streams as are not increased by tributaries. A simple tnod­

ification will include the n1ore general case of branching streams. 
Let us suppose that two equal streams which join, have tho samn de­

clivity, and are hoth fully loaded with detritus of the san1e kind. If tho 
channel down 'vhich they flow after union has also tho same deelivity, then 
the joint stream will have a greater velocity than it~ branches, its capaeity 
for transportation will be more than adequate for the joint load, and it will 
corrade its bottom. By its corrasion it will diminish the declivity of its bed, 
and consequently its velocity and capacity for transportation, until its ca­
pacity is equal to the total capacity of its tributaries. When an equilibrium 
of action is reached, the declivity of the main stream will Le less than the 
declivities of its branches. This result does not depend on the assnnwd 
equality of the branches, nor upon their number. It is equally true that 
in any river system 'vhich is fully supplied with material for transportation 
and which has attained a condition of equal action, the declivity of the 

smaller strean1s is greater than that of the larger. 
Let us further suppose that two equal streams which join, are only par­

tially loaded, and are corrading at a common rate a common rode If the 
channel down which they flow after union is in the same rock and has tho 
san1e declivity, then the joint river will have a greater velocity, and will 
corrade more rapidly than its branches. By its more rapid con·asion it ~vill 
din1inish the declivity of its bed, until as before there is an equilibrinn1 of 

acti.on,-the branch having a greater declivity than the main. 'rhis result 
also is independent of the number and equality of the branches: and it is 

equally true that in any river system which traverses and co.rrad~s rock 
of equal resistance throughout, and which has reached a condition of equal 
action, the declivity of the smaller streams is greater than that of the larger. 

In general we may say that, ceteris paribus, declivity bears an inverse 're­

lation to quantity of water. 
('rlwre is an apparent exception to this law, whieh is spoeially note­

worthy in the sculpture of bau-lauds, and will be described in auoth~1· 

place). 
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II. SCULPTURE. 

Erosion may be regarded from several points of view. It lays bare 

rocks which were before covered and concealed, and is thence called denzt­

dation. It reduces the surfaces of mountains, plateaus, and continents, and 
is thence called degradation. It carves new forms of land from those which 
before existed, and is thence called land sculpture. In the following pages 

it will be considered as land sculpture, and attention will be called to cer­

tain principles of erosion which are concerned in the production of topo­

graphic forrns. 
8cu~Jture and Declivity. 

We have already seen that erosion is favored by declivity. Where the 
declivity is great the agents of erosion are po1verful; where it is small they 
are weak; where there is no declivity they are powerless. 1\-Ioreover it has 

been shown that their power increases with the declivity in more than sim­

ple ratio. 

It is evident that if steep slopes are worn more rapidly than gentle, the 
tendency is to abolish all differences of slope and produce uniformity. The 

law of uniform slope thus opposes diversity of topography, and if not conl­
plemented by other laws, would reduce all drainage basins to plains. But 
in reality it is never free to work out its full results; for H demands a uni­
formity of conditions ·which nowhere exists. Only a water sheet of uniform 
depth, flowing over a su1faceo of homogeneous n1aterial, would suffice; and 
every inequality of water depth or of rock texture produces a correspond­
ing inequality of slope and diversity of form. The reliefs of the landscape 
exemplify other laws, and the law of uniform slopes is merely the conserva­
tive element which limits their results. 

Sculpture and Structure ; the Law of Structure. 

We· have already seen that erosion is influenced by rock character. 
Cert~in rocks, of ·which the hard are n1ost conspicuous, oppose a stubborn 
resistance to erosive agencies; certain others, of which the. soft are most 
conspicuous, oppose a feeble resistance. Erosion is most rapid where 
the resistance is least, and hence as the soft rocks are worn away the 
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hard are left prominent. 'l'he differentiation continues until an equi­

librium is reached through the law of declivities. 'Vhen the ratio of ero­
sive action as dependent on declivities beco1nes equal to the ratio of resist­

ances as dependent on rock charar.ter, there .is equality of action. In the 4o 

structure of the earth's crust hard and soft ro~ks are grouped with infinite 
diversity of arrangement. They are in masses of all forms, and dimensions, 

and positions ; and from these forms are carved an infinite variety 9f topo­
graphic reliefs. 

In so far as the law of structure controls sculpture, hard masses stand 
as en1incn9es and soft are carved in valleys. 

·The Law of Divides. 

W c have seen .that the declivity over which water flows bears an in­
verse relation to the quantity of water. If we follow a stream from- its 
mouth upward and pass successively the mouths of its tributaries, we find 
its volume gradually less and less and its grade steeper and steeper, until 
finally at its head we reach the steepest grade of all. If we draw the pro­
file of the river on paper, we produce a curve concave upward and with the 

greatest curvature at the upper end. 'The same law applies to every tribu­
tary and evQn. to the slopes over which the freshly fallen rain flows in a 
sheet before it is gathered into rills. The nearer the ·water-shed or divide 
the steeper the slope; the farther away the less the slope. 

It is in accordance with this law that ~ountain~ are steepest at their 
crests. The profile of a mountain if taken along drainage lines is concave 
outward as represented in the diagram; and this is purely a matter of sculp·· 
ture," the uplifts fron1 which mountains are carved rarely if ever assuming 
this form. 

FIG. 5t.-Typic::tl profile of the Drainage Slopes of Mountains. 

Under the law of Structure and the law of Divides combined, the fea­
tures of the earth are carved. Declivities are ~teep in proportion as their 
material is hard; and they are steep in proportion as they are near divides. 
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The distribution of hard and soft rocks, or the geological structure. and the 
distribution of drainage lines and water-sheds, are coefficient conditions on 
which depends the sculpture of the land. In the sequel it will be shown 
that the distribution of drainage lines and water-sheds depends in part on 
that of hard and soft rocks .. 

In some places the first ofthe two conditions is the more impot:tant, _in 
others the second. In the bed of a stream without tributaries the grade de­
pends on the structure of the underlying rocks. In rock which is homo­

geneous and stri1cturelesR all slope8 depend on the distribution of divides 
and drainage lines. 

rrhe relative importance of the two conditions is especially affected by 
climate, and the influence of this factor is so great that it may claim rank 
as a third condition of sculpture. 

Sculpt~tre and Climate. 

The Henry Mountains. consist topographically of five individuals, 
separated by low pas~es, and practically independent in climate. At 

the same time they are all of one type of structure, being constituted by 

similar aggregatio.n of hard and soft rocks. Their altitudes appear in the 
following table. 

Altitude above the sea. 

Mount Ellen - ______ . ________ ..... __ .... __ . _ - - _ - - - _ _ _ _ 11, 250 feet. 
. . 

1\Iount Pennell _________ . ____ . _____ .. _____ .. ___ . __ . __ . 

1\Iount Hillers __ .. __ .. _ ... _ ... __ ....... _ ... _ . _ ..... __ _ 
~fount Ellsworth. _ ... _ ... _ .. ______ ... ___ .. ___ ........ . 
Mount Holmes ... __ .... __ ...... _ .... __ ... _ .. _ . __ . __ . _ 

11, 150 feet. 
10, 500 feet. 

8, 000 feet. 
7, 775 feet. 

The plain on which they stand has a mean altitude of 5,500 feet, and 
is a desert. A large proportion of the rain which falls in the region is caught 
by the mountains, and especially by the higher mountains. Of this there 
is abundant proof in the distribution of vegetation and of springs. 

'l"~he vegetation of the plain is exceedingly meager, comprising only 
sparsely set grasses and shrubs, and in favored spots the dwarf cedar of 
the West (Juniperus occ}dentalis ). 
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~fount Ellen, which hus a continuous ridge two miles long and more 
than 11,000 feet high, bears cedar about its base, mingled higher up with 
pinon (Pinus edulis ), and succeeded above by the yellow pine ( P. pon­
derosa), spruce (Abies Douglasii), fir (A, Engelmanni), and aspen (Populus 
tremuloides ). 'The pines are scattering, but the cedars are close set, and the 
firs are in dense groves. The upper slopes where not timbered are matted 
with luxuriant grasses and herbs. 'rhe summits are naked. 

1\Iount Pennell sends a single peak only to the height of the Ellen 
ridge. Its vegetation is nearly the same, but the tin1ber extends almost to 
the sumn1it. 

l\fount llillers is G50 feet lower. Its tilnber reaches to the principal 
summit, but is less dense than on the higher mountains. The range of 
trees is the same. 

1\lount Ellsworth, 2,500 feet lower than ~fount Hillers, bears neither 
fir, spruce, pine nor aspen. Cedar and pinon climb to the sun1mit, but are 
not so thickly set as on the lower slopes of the larger mountains. 'rhe 
grasses are less rank and grow in scattered bunches. 

1\fount llolmes, a few feet lower, has the same flora, with the addition 
of a score of spruce trees, high up on the northern flank. Its sutnmits are 
bare. 

In a word, the luxuriance of vegetation, and the annual rainfall, of 
which it is the index, ar~ proportion~d to the altitude. 

Consider now the forms of the n1ountain tops. 
In Figure 55 are pictured the summit forms of l\:fount Ellen. The 

crests are rounded; the slopes are uniform and ~n1ooth. Examination has 
shown that the constituent rocks are of varying degrees of hardness, 
trachyte dikes alternating with sandstones and shales; but these variations 
rarely find expression in the sculptured forms. 

In Figure 56 are the summit crags of Mount Holmes. rrhey are dikes 
of trachyte denuded by a discrilninating erosion of their encasements of 
sandstone, and carved in bold relief. In virtue of their superior hardness 
they survive the general degradation. 

The other mountains are intermediate in the character of their sculpture .. 
1\iount Pennell is nearly as smooth as 1\Iount Ellen. l\Iount Ellsworth is 



FIG. 55.-The Crest of Mount Ellen, as seen from Ellen Peak 

FIG. f6.-The Crest of Mount Holmes. 



Tll:M INFLUENUB O.F OLC\iATE. 11D 

nearly as rugged as 1\fount Jioln1es. One may ride to the cres~ ·of 1\Iount 

Ellen and to the sumn1it of ~Iount Pennell; he may lead his sure-footed 
cayuse to the top of Mount Hillers; but 1\:founts i~llsworth and IIolmes are 
not to he scaled.by horses. The mountaineer must cli1nb to reach their 
sumn1its, and for part of the way use hands as well as feet. 

In a word, the ruggedness of the summits or the differentiation of 
lutr[1 and soft by sculpture, is proportioned inversely to the altitude. And 
rainfall, ·which in these tnountaius depends ~lirectly on altitude, is propor­
tio11ed inversely to ruggedness. 

'fhe explanation of this coincidence depends on the general relations 
of vegetation to erosion. · 

vV e have seen that vegetation favors the disintegration of rocks and 
retards the transportation of the disintegrated 1naterial. Where vegetation 
is profuse there is always an excess of .material awaiting transportation, 
and othe limit to the rate of erosion comes to be merely the lin1it to the rate 
of transportation. And since the diversities of rock texture, such as hard­
ness and softness, affect only the rate of disintegration (weathering and 
corrasion) and not the rate of transportation, these diversities do not affect 
the rate of erosion in regions of profuse vegetation, and do not produce 
corresponding diversities of form. 

On the other hand, where vegetation is scant or absent, transportation 
a.nd corrasion are favored, while weathering is retarded. There is no accumu­
lation of disintegrated material. The rate of erosion is limited by the rate 
of weathering, and that varies with the diversity of rock texture. The soft 
are eaten away faster than the hard; and the structure is embodied in the 
topographic forms. 

'rhus a moist climate by stimulating vegetation produces a sculptu1:e 
independent of diversities of rock texture, and a dry climate by repressing 
vegetation produces a sculpture dependent on those diversities. With 
great moisture the law of divides is suprmne; with aridity, the law of struc­
ture. 

Hence it is that the upper slopes of the loftier of the Henry ~Iounta.ins 
are so carved as to conceal the structure, ·while the lower slopes of the same 
mountains and the entire forTI?-s of the less lofty mountains are so carved 



120 LAND SCULPTUHE. 

as to reveal the structure; and hence too it is that the arid plateaus of the 

Colorado Basin abound in cliffs and canons, and offer facilities to the student 

of geological structure which no humid region cart afford. 

Ilere too is the answer to the question so often ask~d, ''whether the 

rains and rivers which excavated the canons and carved the cliffs were not 

mightier than the rains and rivers of to-day." Aridity being an essential 

eondition of this peculiar type of sculpture, we may be sure that through 

long ages it has characterized the climate of the Colorado Basin. A clim~te 

of great rainfall, as Professor Powell has already pointed out in his "Ex­
ploration of the Colqrado," would have produeed curves and gentle. slopes 

in place of the actual angles and cliffs. 

Bad-lands. 

lVIountain forms in general depend more on the law of divides th.an on 

the law of structure, but their independence of structure is rarely perfect, 

and it is <1ifficult to discriminate the results of the two principles. For the 

investigation of the workings of the law of divides it is better to select 

examples from regions which afford no Vfl,riety of rock texture and are 

hence unaffected in their erosion by the law of structure. Such examples 

are found in bad-lands. 

Where a hon1ogeneous, soft rock is subjected to rapid degrad2.tion in an 
arid climate, its surface becomes absolutely bare of vegetation and is carved 

into forms of great regularity and beauty. In the neighboihood of the 

llenry Mountains, the Blue Gate and Tununk shales are of this character, 

and their exposures afford n1any opportunities for the study of the principles 

of sculpture. I ·was able to devote no time to them, but in riding across 

them my attention was attracted by some of the more striking features, and 
these I will venture to j_)resent, although I am conscious that they form but 

a small part of the whole material which the bad-lands may be made to 
yield. 

If we examine a bad-land ridge, separating two . drainage lines and 

f<?rming a divide between them, we find an arrangement of secondary ridges 
n:nd secondary drainage lines, simil~r to that represented in the diagra1n, 
(Figure 5~.) 



FIG. f>i.-General view of the Plateaus lying- East of the Henry Mountains. 
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The general course of the main ridge being straight, its course in detail 
is found to bear a simple relation to the secondary ridges. Wherever a sec­
ondary joins, the main ridge turns, its angle being directly toward the second­
ary. The divide thus follows a zigzag course, being deflected to the right 
or left by each lateral spur. 

The altitude of the rnain ridge is correspondingly related to the sec­
ondary ridges. At every point of union there is a maxi1num, and in ·the 

intervals are saddles. T~e maxima are not all equal, but bear some relation 
to the 1nagnitudes of the corresponding secondary ridges, and are especially 
accented where two or more secondaries join at the same point. (See profile 
in Figure 59.) . 

I conceive that the explanation of these phenomena is as follows: The 
heads of the secondary drainage lines laid down in the diagram are in nature 
tolerably definite points. The water which during rain converges at one 
of these points is there abruptly concentrated in volume. Above the point 
it is a sheet, or at least is divided into n1any rills. Below it, it is a single 
strearn with greatly increased power of transportation and corrasion. The 
principle of equal action gives to the concentrated strean1 a l~s declivity 
than to the diffused sheet, and-what is espeeially important-it tends to pro­
duce an equal grade in all directions upward from the point of convergence. 
The converging surface becomes hopper-shaped or funnel-shaped; and as 
the point of convergence is lowered by corrasion, the walls of the funnel 
are eaten back equally in all directions-except of course the direction of 
the strean1. The influenee of the stream in sti1nulating erosion above its 
h~ad is thus extended radially and equally through an arc of 180°, of which 
the center is at the point of convergence. 

Where two streams head near each· other, the influence of each tends 
to pare away the divide between then1, and by paring to carry it farther . 
back. The position of the divide is determined by the two influences com­
bined and represents the line of equilibrium between them. The influences 
being radial from the points of convergence, the line of equilibrium is 
tangential, and is consequently at right angles to a line connecting the two 
points. Thus, for example, if a, b, and c (Figure 58) are the points of con­
vergence at the ·heads of three drainage lines, the divide line eel is at right 
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angles to a line connecting a and b, and the divides fd and gd are simi­
lady detern1ined. The point d is sitnnlta­
taneously determined by the intersection of tho 
three divide lines. 

Furthermore, since that point of the line 
ed ·which lies directly between a and b is near­
est to those points, it is the point of the divide 
most subject to tho _erosive influences which 
radiate fron1 a and b, and it is consequently 
degraded lower than the contiguous portious 
of the divide. The points d and e are less re­
duced; and a, which can be shown by similar 
reasoning to stand higher than the adjacent 

portion of either of tho three ridges ·which 
there unite, is a local maximum. 

There is one other peculiarity of bad-land 
FIG. 5!-3.-Ground-plan of a Ba!l-laml 

Ridge, showing its relation to Water- forms which is of great significance, but which 
ways. Tho smooth lines 1epr~s~nt I h 11 1 1 d k 1 · 
Divides. s a nevert 1e ess not un erta e to exp mn. 

lTIG. 59.-Profile of the same ridge. According to tho la'v of diYides, as stated in 

a previous paragraph, the profile of any slope in bad-lands should be con­
cave upward, and the slope should be steepest at tho divide. The union 
or intersection of two slopes on a divide should produce an angle. But in 
point of fact the slopes do not unite in an angle. They unite in a curve, 
and the profile of a drainage slope instead of being concave all the way 
to its summit, changes its curvature and becon1es convex. Figure GO rep­
resents a profile from a to b of Figure 58. From a to m and fron1 b to n 

the slopes are concave, but from m to n there is a convex curvature. Where 
the flanking slopes are as steep as represented in the diagram, the con­

vexity on the crest of a ridge has a breadth of only two or three yards, 
but where the flanking slopes are gentle, its breadth is several times as great. 
It is never absent. 

Thus in the sculpture of the bad-lands there is revealed an exception 
to the law· of divides,-an exception which cannot be referred to accidents 
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of structure, and which is as persistent in its recurrence as are the features 
which confornl to the law,-an exception which in some unexplained way 
is part of the law. Our analysis of the agencies and conditions of erosion, 
on the one hand, has led to the conclusion that (where structure does not pre·-

FIG. 60.-Cross-profile of a Bad-land Divide. 

vent) the declivities of a continuous drainage slope increase as the quantities 
of water flowing over thmn .decrease ; and that they are great in proportion 
as ~hey are near divides. Our observation,.on the other hand, shows that the 
declivities increase as the quantities of water diminish, up to a certain point 
where the quantity is very small, and then decrease; and that declivities 
are great in proportion as they are near divides, unless they are very near 
divides. Evidently some factor has been overlooked in the analysis,-a 
factor which in the main is less important than the flow of water, but which 
asserts its existence at those points where the flow of water is exceedingly 
small, and is there supreme. 

Equal .Action and Interdependence. 

The tendency to equality of action, or to the establishment of a dy­
namic equilibrium, has already been pointed out in the discussion of the 
principles of erosion and of sculpture, but one of its most important results 
has not been noticed. 

Of the main conditions which determineo the rate of erosion, namely, 

quantity of running water, veget~tion, texture of rock, and declivity, only 
the last is reciprocally determined by rate of erosion. De eli vity originates in 
upheaval, or in the displacements of the earth's crust by which mountains.and 
continents are formed; but it receives its distribution in detail in accordance 
with the laws of erosion. Wherever by reason of change in any of the condi­
tions the erosive agents conw to have locally exceptional power, that power is 
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steadily diJninished by the reaction of rate of erosion upon declivity. Every 
slope is a member of a series, receiving the water and the waste of the 
slope above it, and discharging its own water and waste upon the slope 

below. If one member of the series is eroded with exceptional rapidity, two 
things immediately result: first, the member above has its level of discharge 
lowered, and its rate of erosion i~ thereby increased ; and second, the mem­

ber below, being clogged by an exceptional load of detritus, has its rate of 

erosion diininished. rrhe acceleration above and the retardation below, 

diminish the declivity of the member in w~1ich the disturbance originated; 

and as the de9livity is reduced the rate of erosion is likewise reduced. 

But the effect does not stop here. The disturbance which has been 

transferred from one men1ber of the series to the two which adjoin it, is by 

the~ transmitted to others, and does not cease until it has reached the con­

fines of the drainage basin. For in each basin all lines of drainage unite 
in a main line, and a disturbance upon any line is cornmunicated through it 
to the main line ~nd thence to every tributary .. And as any n1ember of 

the system may influence all the others, so each member is influenced by 
every other. There is au i~terdependence throughout the system. 

IlL-SYSTEMS OF DRAINAGE. 

To know well the drainage of a region two systems of lines n1ust be 

ascertained-the drainage lines and the divides. The maxima of surface 
on which waters part, and the minima of surface in which waters join, are 
alike intin1ately associated with the sculpture of the earth and with the his­
tory of the earth's structure; and the student of either sculpture or history 
can well afford to study them. In the following pages certain conditions 
which affect their p~rmanence and transformations are discussed. 

THE STABILITY OF DRAINAGE LINES. 

In corrasion the chief work is performed by the impact and friction 
of hard and heavy particles moved forward by running water. They 
are driven against all sides of the channel, but their tendency to sink 
in water brings them against the bottom with greater frequency and 
force than against the walls. If tho rate of wear be rapid, by far 
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the greater part of it is applied to the ·bottom, ~nd the downward con·a­
sion is so much more powerful than the lateral that the effect of the latter 
is practically lost, and the channel of the stream, ·without varying the posi­
tion of its banks, carves its way vertically into the rock beneath. It is 
only when corrasion is exceedingly slow that the lateral wear becomes of 

importance ; and hence as a rule the position of a strean1 bed is permanent. 

The stability of drainage lines is especially illustrated in regions of 
displacement. If a mountain is slowly lifted athwart the course of a stream, 
the corrasion of the latter is accelerated by the increase of declivity; and 
instead of being turned aside by the uplift, it·. persistently holds its place 
and carves a channel into the mountain as the mountain rises. For exam­
ple· the ~eep clefts which intersect the Wasatch range owe their existence 
to the fact that at the tin1e of the beginning of the uplift which bas made 
the range, there were streams flowing across the line of its trend which 

were too powerful to be turned back by the growing ridge. The same 
relation has been shown by Professor Powell where the Green River crosses 
the uplift of the Uinta J\.Iountains, and in many instances throughout the 

Rocky l\Iountain region it may be said that rivers have cut their way 
through mountains merely because they had established their courses 
before the inception of the displacement, and could not be diverted by an 
ob~truction which was thrown up with the slowness of mountain uplift. 

THE INSTABILITY OF DRAINAGE LINES. 

The stability of waterways being ~he rule, every case of instability 
requires an explanation; and in the study of such exceptional cases there 
have been found a number of different methods by which the courses of 
streams are shifted. The more important will be noted. 

Pondin[J. 

When a mountain uplift crosses the course of a strean1, it often hap­
pens that the rate of uplift is too rapid to be equaled by the corrasion of 
the stream, and the uprising rock becomes a dam over w·hich the 
water still. runs, but above which t.h•ere is accumulated a pond or lake. 
Whenever this takes place, the pond catches all the ·qebris of the upper 
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course of the strean1, and the water 'vhich overflows at the outlet having 
been relieved of its load is almost powerless for con·asion, and cannot con­

tinue its contest with the uplift unl~ss the pond is silted up with detritus. 
As the uplift progresses the level of the pond is raised higher and higher, 

until finally it finds a new outlet at some other point. The original outlet 
is at once abandoned, and the new one becomes a permanent part of the 
course of the stream. As a rule it is only large streams which hold their 
courses while mountains rise; the smaller_ are turned back by ponding, and 
are usually diverted so as to join the larger. 

The disturbances which divert drainage lines are. not always of the 

sort which produce rnountains. The same results may follow the most 
gentle undulations of plains. It required a movement of a fe·w feet only to 
change the outlet of Lakes 1\Echigan, I-Iuron, and Superior from the Illinois 
River to the St. Clair; and in the tilting ·which turned Lake Winipeg from 
the Mississippi to the Nelson no abrupt slopes were produced. If the 
entire history of the latter case were worked out, it would probably appear 
that the Saskatchewan River which rises in the Rocky }fountains beyond 
our northern boundary, was forme!ly the upper course of the Mississippi, 
and that when, by the rising of land in 1\1innesota or its sinking at the 

north, a barrier was forrned, the 'vater was ponded and Lake Winipeg can1e 
·into existence. By the continuance of the n1ovement of the land the lake 
·was increased until it overflowed into Hudson's Bay; and by its further 
continuance, combined with the corrasion of the outlet, the lake has been 
again diminished. When eventually the lake disappears the revolution 
will be co1nplete, and the Saskatchewan will flo'v directly to Hudson's Bay, 
as it once flowed directly to the Gulf of l\Iexico. (See the "Physical Fea­
tures of the Valley of the Minnesota River," by General G. 1{. Warren.) 

Planation. 

It has been shown in the discussion of the relations of transporta­
tion and con·asion that downward wear ceases 'vhen the load equals the 
capacity for transportation. Whenever the load reduces the downward 
corrasion to little or nothing, lateral corrasion becomes relatively and actu­
ally of importance._ The first result of the wearing of the walls of a stream's 
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channel is the formation of a Hood-plain. As an effect of momentum the 

current is always swiftest along the outside of a curve of the channel, and 
it is there that the wearing is performed; while at the inner side of the 
curve the current is so slow that part of the load is deposited. In this way 

the width of the channel remains the same while its position is shifted, and 

every part of the valley which it has crossed in its shiftings eomes to be 

covered by a deposit which does not rise above the highest level of the water. 
'I'he surface of this deposit is hence appropriately called the flood-plain 

of the stream. The deposit is of nearly uniform depth, descending no lower 
than the bottom of the water-channel, and it rests upon a tolerably even 
surface of the rock or other material which is_ corraded by the stream. The 
process of carving aw·ay the rock so as to produce an even surface, and 

at the same time covering it with an alluvial deposit, is the process of plana­

tion. 

It sometimes happens that two adjacent streams by extending their 

areas of planation eat through the dividing ridge and join their channels. 
The stream· which has the higher surface. at the point of contact, quickly 

abandons the lower part of its channel and becomes a branch of the other, 
having shifted its course by planation. 

The slopes of the I-Ienry Mountains illustrate the process in a pecu­
liarly striking manner. The streams which flow down them are limited in 
their rate of degradation at both ends. At their sources, erooion is opposed 
by the hardness of the rocks; the trachytes and metarnorphics of the 
mountain tops are carved very slowly. At their 1nonths, they discharge 

into the Colorado and the Dirty Devil, and cannot sink their channels more 
rapidly than do those rivers. Between the rnountains and the rivers, they 
cross rocks which are soft in comparison with the trachyte, but they can 
deepen their channels with no greater rapidity than at their end~. The 
grades have adjusted themselves accordingly. Among the hard rocks of 
the mountains the declivities are great, so as to gi~e efficiency to the eroding 
·water. Among the sedimentary rocks of the base they are small in conl­
parison, the chief 'vork of the streams being the transp.ortation of the tra­
chyte debris. So greatly are the streams concerned in transportati"on, and 
so little in downward corrasion (outside the trachyte region), that their 
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grnuo~ are almost unaffected by the differences of rock texture, and they 
pass through sandstone and shale with nearly the sa1no declivity. 

Tho rate of downward corrasion being thus li1nitod by extraneous con-

. ditions, and the instrun1ont of corrasion-the debris of the hard trachyte­

being efficient, lateral con·asion is limited only by the resistance which the 

banks of the streams oppose. Where the material of the banks is a :fi.rrn sand­

stone, narrow flood-plains are formed; and where it is a shale, broad ones. 
In the Gray Oliff and Vermilion Oliff sandstones flat-botton1ed canons are 
excavated; but in the great shale beds broad valleys are opened, and the 
flood-plaius of adjacent strean1s coalesce to form continuous plains. The 

broadest plains are as a rule carved from the thickest beds of shale, and 
these are found at the top of the Jura-Trias and near the base of the Cre­

taceous. Where the streams from the mountains cross the Blue Gate, the 
Tununk, or the Flaming Gorge shale at a favorable angle, a plain is the 
result. 

The plain which lies at the southern and western bases of l\1ount I-Iil­
lers is carved chiefly fron1 the Tununk shale (see Figure 27): The plain 

sloping eastward from l\Iount Pennell (Figure 36) is carved from the Blue 
Gate and Tununk shales. The Lewis Creek plain, which lies at the west­
ern base of l\:Iount Ellen, is formed from the.Blue Gate, Tununk, and l\fasuk 

shales, and the planation which produced it has so perfectly truncated the 
Tununk and Blue Gate sandstones that their outcrops cannot be traced 
(Figures 61, 39, and 42). The plain which truncates the Crescent arch 
(Figure 49) is carved in chief part from the Flan1ing Gorge shale. Toward 
the east it is limited by the outcrops of the llenry's Fork conglomerate, but 
toward the mountain it cuts across the edge of the same conglomerate and 
extends over Tununk shale to the margin of the trachyte . 

. FIG. 61.- Cross-section of the LewiA Creek Plain. M, Masuk Shale. BG, Blue-Gate Group. T, Tununk 
Group. HI!', Hcnxy's Fork conglomerate. Scale, 1 inch= 4,000 feet. 
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r_I'he streams which 1nade these plains and which maintain them, accom­

plish their 'vork by a continual shifting of their channels; ar1d where the 
plains are best developed they employ another method of shifting-a method 
which in its proper logical order 1nust be treated in the discu~sion of allu­

vial cones, but which is practically combined in the Ilenry 1\;Iountains 

with the rnethod of planation. ,..rhe supply of detritus derived fron1 

the erosion of the trachyte is not entirely constant. Not only is more 

carried out in one season than another and in one year than another, but 

the work is accomplished in part by sudden storms which create great 
floods and as suddenly cease. It results from this irregularity that the chan­

nels are sometin1es choked by debris, and that by the choking of the chan­
nels the streams are turned aside to seek ne·w courses upon the general 
plain. The abandoned courses remain plainly rnarked, and one who looks 
down on them from some comn1anding eminence can often trace out many 

stages in the history of the drainage. Where a series of streams emerge 
from adjacent mountain gorges upon a common plain, their shiftings bring 
about frequent unions and separations, and produce a variety of combina­
tions. 

FIG. 62.-ldeal sketch to illustrate the Shifting of waterways on a slope of Planation. 

9HM 



130 LA.ND SCULPTURE. 

The accompanying sketch, Figure G2, is not from nature, but it serves to 
illustrate the character of the changes. The streams which i~sue from the 
mountain gorg·es a and b join and fl1.nv to z; while that which issues at c 
flows alone to x. An abandoned channel, n, shows that the stream from b 

was formerly united with that from c, and flowed to x; and a~other channel, 

m, shows that it has at some time maintained an independent course to y. 

By such shiftings streams are sometimes changed fron1 one drainage systen1 
to another; the hypothetical courses, x, y, and z, n1ay lead to different riv­
ers, and to different oceans. 

An instance occurs on the western flank of the mountains. One of the 
principal heads of Pine Alcove Creek rises on the south slope of Mount 
Ellen and another on the northwest slope of :!\fount Pennell. The two unite 
and flow southward to the Colorado River. They do not now cross an area 
of planation, but at an earlier stage of the degradation they did ; and the 
portions of that plain which survive, indicate by the direction of their slopes 
that one or both of the streams may have then discharged its water into 
Lewis Creek, which runs northward to the Dirty Devil River. . 

As the general degradation of the region progresses the streams and 
their plains sink lower, and eventually each plain is sunk completely through 
the shale whose softness made it possible. So soon as the streams reach 
haruer rock their lateral corrasion is checked, and they are no longer free 
to change their ways. "\Vherever they chance to run at that time, there they 
stay anu carve for themselves canons. Portions of the deserted plains 
remain bet,veen the canons, and having a durable capping of trachyte 
gravel are long preserved. Such stranded fragments abound on the slopes 
of the 1nountains, and in them one may_ read many pages of the history of 
the uegradation. They form tabular hills ·with f\loping tops and even pro­
files. The top of each hill is covered with a uniform layer of gravel, be-
neath which the solid ro~k is smoothly truncated. The slope of the hill 
depends on the grade of the ancient stream, and is independent of the hard­
ness and dip of the strata. 

The illustration represents a hill of planation on the north slope of 
l\fount Ellsworth. It is built of the Gray Cliff. sandstone and Flaming 
Gorge shale, inclined at angles varying fron1 25° to 45°; but notwith-
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standing their variety of texture and dip the edges of the strata are evenly 

cut away, so that their upper surface constitut~s a plane. The stream 
which performed this trnncation afterward cut deeper into the strata and 
carved the lower table which forms the foreground of the sketch. It has 
now abandoned this plain also and flows through a still deeper channel on 

the opposite side of the hill. 

FIG. 63.-A Hill of Planation. 

The phenomena of planation are further illustr~ted in the region which 
lies to the northwest of the Henry Mountains. Tantalus and Temple 
Creeks, rising under the edge of the Aquarius Plateau, transport the trachyte 
of the plateau across the region of the Waterpocket flexure to the Dirty 
Devil River. Their flood-plains are not no'v of great extent, but when their 
drainage lines ran a few hundred feet higher they appear to have carved 
into a single plain a broad exposure of the Flaming Gorge shale, which 
then lay between the W aterpocket and Blue Gate flexures. 

At the Red Gate where the Dirty Devil River passes from a district of 
trachyte plateaus to the district of the Great Flexures, it follows for a few 
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1niles the outerop of tho Shinartunp shale, and tho ren1uauts of its aban­

doned flood-plains form a series of terraces upon each bank. Small streams 
frotn the sideH have cut across the benches and displayed their strueture. 

Each one is carved fron1 the rock in situ, but each is covered by a layer of 

the ronndcd river gravel. 'I,he whole "are results of planation; and they 

serve to connect the somewhat peculiar features of the mountain slopes with 

the ordinary terraces of rivers. 

Hi ver terraces as a rule are 

I•'IG. G4.-I<leal cross-section of a Terraced River Valley, after Hitchcock. A, B, C, D, E, and F, Alln­
vial deposits. G, Incluratecl rock, in situ. 

level pennitted them to cut their channels deeper; and these instances, con­
spiring ·with the fact that the surfaces of flood-plains are alluvial, and with 
the fact that many terraces in glacial regions are carved from unconsoli­
dated drift, have led so1ne American geologists into the error of supposing 
that river terraces in general are the records of sedimentation, when in ±~tct 

they record the stages of a progressive corrasion. The ideal section of a 
terraced river valley which I reproduce from Ilitchcock (Surface Geology, 

Plate XII, figure 1) regards each terrace as the re1nnant of a separate 
deposit, built up fro1n the bottom of the valley. To illustrate my o1vn idea 
I have eopied his profile (Figure 65) and interpreted its features as the 
results of lateral corrasion or planation, giving each bench a capping of 
alluvium, but constituting it otherwise of the preexistent material of the 
valley. The preexistent 1naterial in the region of the Henry Mountains 
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is always rock in sit,u, but in the Northern States it often includes glacial 
drift, modified or unn1odified. 

There is a kindred error, as I conceive, involved in the assumption 
that the streams which occupied the upper and broader flood-plains of a 
valley were greater than those which have succeeded them. They nuty 

have been, or they n1ay not. In the process of lateral corrasion all the 

material that is worn from the bank has to be transported by the water, 
and where the bank is high the work proceeds less rapidly than where it is 
low. A stream which degrades its imn1ediate valley tnore rapidly than the 

surrounding country is degraded (and the strean1s which abound in terraces 
are of this character) steadily i?creases the height of the banks which must 
be excavated in planation and diminishes the extent of its flood-plain; and 

FIG. 65.-Ideal cross-section of a Terraced River Valley, regarded as a result of Planation. A, B, C, 
&c., Alluvial deposits. G, Preexistent material from which the valley was excavated. 

this might occur even if the volume of the stream was progressively 
increasing inst.ead of diminishing. 

Of the same order also is the mistake, occasionally made of ignor­
ing the excavation which a stream has performed, and assuming that when 
the upper terraces were made the valley was as open as at present, and 
the volume of flowing water was great enough to fill it. 

Alluvial Cones. 

vVherever a stream is engaged in deposition instead of corrasion­
wherever it rleposits its load-there is a shifting of channel by a third pro­
cess. The deposition of sediment takes place upon the bottom of the chan­
nel and upon its immediate banks, and this continues until the channel 
bottom is higher than the adjacent country. The wall of the channel is 
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then broken through at sorne point, and the water abandons its old bed for 
one which is lower. Such occurrences belong to the histories of all river 
deltas, and the devastation they have wrought at the mouths of large rivers 
has enforced attention to their phenomena and stimulated a study of their 
causes. 

The same thing happens among the n1ountains. Wherever, as in 
Nevada and Western Utah, the valleys are the receptacles of the detritus 
washed out fro1n the mountains, the foot-slopes of the mountains consist of 
a series of alluvial cones. From each mountain gorge the prod11:pts of its 
erosion are discharged into the valley. The stream which bears the debris 
builds up the bed of its channel until it is higher than the adjacent land 
and then abandons it, and by the repetition of this process accumulates a 
conical hill of detritus which slopes equally in all directions from the 
mouth of the mountain gorge. At one time or another the water runs 
over every part of the cone and leaves it by every part of its base; and it 
sometimes happens that the opposite slopes of the cone lead to different 
drainage systems. 

An illustration may be seen in Red Rock Pass at the north end of 
Cache Valley, Idaho. Lake Bonneville, the ancient expansion of Great 
Salt Lake,* here found outlet to the basin of the Columbia, and the chan­
nel carved by its water is plainly marked. For a distance of tw~lve miles 
the bed of the channel is nearly level, with a width of a thousand feet. 
Midway, Marsh Creek enters it from the east, and has built an alluvial 
cone which extends to the opposite bank and divides it into two parts. In 
the construction of the cone Marsh Creek has . flowed alternately to the 
north and to the south, being in one case a tributary to the Snake and 
Columbia Rivers a,nd to the Pacific Ocean, and in the other to the Bear 
Hiver and Great Salt Lake. So far as the creek is known to white men 

it is a tributary of the Snake, but an iiTigating ditch that has been dug 
upon its cone carries part of its water to the Bear. 

Another Hlustration exists at the 1nonth of the Colorado River. As 

*Lake Bonneville is described in volume III (Geology) of the "U. S. Geog. Sur­
veys West of the lOOth 1\feridian," pp. 88-104; and less fully in the American Natu­
raJist for November, 1876, and the American Journal of Science for March, 1876, p. 
228. See also Johnson's Cyclopedia, article '' Se\~ier Lake." 
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has been shown by Blake in the fifth volume of the Pacific Railroad Reports 
(p. 236), the delta of the Colorado-or in other ·words the alluvial cone 
which is built at its mouth-has extended itself completely across the Gulf 
of California, severing the upper end from the lower and fro1n the ocean, 
and converting it into a lake. In continuing the upbuilding of the delta 
the river has flowed alternately into tho lower gulf and into its severed 
segment. At the present day its mouth opens to tho lower gulf; but at 
rare interv~ls a portion of its water runs by tho channel known as "New 
River" to the opposite side of the delta. While it is abandoned by the 
river the lake basin is dry, and it is known to human history only as the 
Colorado Desert. Its bottom, which is lower than the surface of the ocean, 
is strewn with the remains of the life its waters sustained, and its beaches 

· are patiently awaiting the cycle of change which is slowly but surely pre­
paring to restore to them their parent waves. 

FIG. 66.-Cross-section of inclined strata, to illustrate Monoclinal Shifting of waterways. 

Monoclinal Shifting. 

In a fourth manner drainage lines are unstable. 
In a region of .inclined strata there is a tendency on the part of streams 

'vhich traverse soft beds to continue therein, and there is a tendency to 
eliminate drainage lines from hard beds. In Figure 66, S represents a 
homogeneous soft bed, and H and J(, homogeneous hard beds. .A and B 
are streams flowing through channels opened in the soft rock, and in the 
hard. As the general degradation progresses the stream at a abrades both 
sides of its channel with equal force; but it fails to corrade them at equal 
rates because of the inequality of the resistanee. It results that the chan­
nel does not cut its way vertically into the hard rock, but works obliquely 
~own ward without changing its relation to the two beds; so that when the 
degradation has reached the stage indicated by the dotted line, the stream 
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flows at a, having been shifted horizontally by circumstances dependent on 

the dip and order of the strata . 

. A.t the same time the stream at B, encountering homogeneous nutterial, 

cuts its way vertically down,vard to b j and a continuanco of the process 

carries it eompletely through the hard rock and into the soft. Once in the 

soft it tends like the other strearns to remain there; and in the course of· 

tin1e it finds its way to the lower edge and establishes a channel like that 

at A. 
The effect of this process on the course of a stream which runs 

obliquely across inclined beds is shown in Figure 67. The outcrops of ~~ 

~(;~L~ •. G~~ a '·.~·.: series of hard and soft strata, H, II, HandS, S, are repre-

J : .. ·.f·"·~.~ ... f.~"\~.-.{~.;;J_i.' [i,.: .. :.::·:.· ~en~ed in ground plan, and the d~rection of their dip ~s 
_,ft;t\ lf!)l [;,_:(~i IndiCated by the arrow. Suppos1ng that a strean1 1s 

~;;: \i· \tl;;; ___ ,,,M?ti tlu·own across them in the direction of the dotted lines 

w~~ :~~~-~ ~;f~: and that the land is then degraded, the follo,ving changes 

.g:;; ~<J~~\J 'r?:i?t will take place. The portion of the stream from c to d 

~~~l ~~;f{l \~~.}$~~ will sink through the soft rock down to the surface of the 

f-~~~~1 i:i~~ e\\~ hard, and then follow down the slope of the hard, until 
r.~r ::;:~·.) ·.,:c l~~;~t~ at last its wl1ole course will be transferred to the line of 

Fief •. (i7t.--Grouf1~u l~•la~ ser)anttion between the two, and its position (with refer-
o ou crops o me weu 

strata, to illnstr-ttethe ence to the outcrops \vhieh \vill then have succeeded the 
results of Monoclinal 
Shifting. original) will be represented by the line g c. The por-

tion fron1 e to d Hinking first through the hard. bed and then through tho 

Hoft, will he deflected in tho s~une manner to the position e h g. The po:nts 

e aud c will retain their original relations to the strata. The same changes 

1vill affect the portion from e to/; and the original oblique course 'vill be 

converted into two sets of courses, of wh1ch one will follow the strike of 
the strata and the other will cross the strike at right angles. 

The character of these changes is independent of the direction of the 
current. They are not individually of great amount, and they do not often 

divert strean1s fron1 one drainage system to another nor change their 
general directions. 'l'heir chief effects are seen in the details of drainage 

Rystems and in the production of topographic forms. The tendency of 
hard Htratn to rid tlwnu;el vc~ of waterways and of soft strata to accumulate 
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them, is a prime element of the process which carves hills fron1 tho hard 

and valleys fron1 the soft.. Where hard rocks are crossed by waterways 

they cannot stand higher than the adjacent parts of the waterways; but 

·where they are not so crossed they become divides, and the "law of 

divides" conspires with the "law of structure" to carve eminences fro1n 
them. 

The tendency of waterways to escape fro1n hard strata and to abide in 

soft, and their tendency to follow the strike of soft strata and to cross hard 
at right angles, are tendencies only and do not always prevail. They are 
opposed by the tendency of drainage lines to stability. If the dip of the 
strata is small, or if the differences of hardness are slight, or if the changes 

of texture are gradual instead of abrupt, monoclinal shifting is greatly 
reduced. 

vVaterpocket Canon is one of the most remarkable of monoclinal val­
leys; and it serves to illustrate both the rule of monoclinal shifting and its 
exception. The principal bed of soft rock which outcrops along the line of 
the Waterpocket flexure is the Flaming Gorge shale, having a thickness of 

more than one thousand feet. Through nearly the whole extent of the out­
crop a valley is carved from it, but the valley is not a unit in drainage. At 
the north it is crossed by the Dirty Devil River and by Temple and Tan­
talus Creeks, and the adjacent portions slope toward those streams. At the 
south it is occupied for thirty n1iles by a single waterway-the longest 
1nonoclinal drainage line with which I am acquainted. The valley here 
bears the name of W aterpocket Caiion, and descends all the .'vay fron1 the 
l\1asuk Plateau to the Colorado River. The upper part of the canon is dry 
except in time of rain, but the lower carries a perpetual stream known as 

Iloxie Creek. vVhatever rnay have been the original meanderings of the lat­
ter they are now restrained, and it is limited to the narrow belt in which the 
shale outc~·ops. As the cafion is worn deeper the channel steadily shifts 
its position down the slope of the underlying Gray Cliff sandstone, and 
carves a·way the shale. But there is one exceptional point where it has not 
done this. When the bottom of the canon was a thousand feet higher the 
creek failed, at a place where the dip of the strata 'vas comparatively small, 
to ::;hift its channel as it deepened it, and began to cut its way into the 
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nutssivo sandstone. !laving once ent~red tho hard rock it could not retreat 
but sank deeper and deeper, carving a narrow gorge through which it still 
runs making a detour from the main valley. The traveler who follo,vs 
down W aterpockct Uanon now comes to a place where tho creek turns from 

·-

FIG. 68.-Waterpockct Cufwu and tlw Horseshoe Bend of Hoxie Creek. 

the open canon of the shale and enters a dark cleft in the sandstone. lie 
can follow the course of the water (on foot), and will be repaid for the wet­
ting of his feet by the strange beauty of the defile. For nearly three miles 
he will thread his way through a g·orge walled in by the smooth, curved faces 
of tho massive sandstone, and so narrow and devious that it is gloomy for laek 
of sunlight; and then he will emerge once more into the open canon. Or 
if he prefer he can keep to his saddle, to the open daylight, and to the out­
crop of the shale, and riding over a low divide can reach the mouth of 
the gorge in half the distance. 

TllE STADILITY OF DIVIDRS. 

The rain drops which fall upon the two sides of a divide flow jn oppo­
site directions. I-Iowevor near to the dividing line they reach tho earth the 
work of each h; apportioned to its own slope. It disintegrates and trans-
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ports the material of its own drainage slope only. The divide is the line 
across which no water flows-across which there is no transportation. It 
receives the minimum of water, for it has only that \vhich falls directly 
upon it, and every other point receives in addition that which flows fro1n 
higher points. It is higher than the surfaces which adjoin it, and since less 
water is applied to its degradation it tends to remain higher. It tends to 
n1aintain its position. 

Opposed to this tendency there are others which lead to 

'THE INSTABILITY OF DIVIDES, 

and which will now be considered. 

Ponding, Planation, and .Alluviation. 

Whenever by ponding, a stream or a systen1 of strea1ns which have 
belonged to one drainage system are diverted so as to join another there 
is coincidently a change of divides. The general divide between the two 
systems is shifted from one side to the other of the area which changes its 
allegiance. The line which was formerly the main divide becomes instead 
a subordinate divide separating portions of the drainage system which has 
increased its area; and on the other hand a line which had been a subor­
dinate divide is promoted to the rank of a n1ain ·divide. In like manner 
the shifting of streams from one system of drainage to another by the exten­
sion of flood-plains, or by the building of alluvial cones or deltas, involves 
a simultaneous shifting of the divides which bound the drainage systems. 

The changes which are produced by these methods ~re per saltum. 

When a pond or lake opens a new outlet and abandons its old one there is 
a short interregnum during which the drainage is divided between the two 
outlets, and the watershed separating the drainage systems is double. But 
in no other sense is the· change gradual. The divide occupies no interme­
diate positions between its original and its final. And the same may be 
said of the changes by planation and alluviation. In each case a tract of 
country is transferred bodily from one river system to another, and in each 
case the watershed makes a leap. 

But there are other n1ethods of change, by which dividing lines move 
slowly across the land; and to these we will proceed. 
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JJ[onoclinal Shifting. 

In regions of inclined strata, the smno process which gathers the 
waterways into the outcrops of the softer beds converts the outcrops 
of the harder into divides. As the degradation progresses the water­
ways and divides desccnu obliquely anu retain the same relations to 
the beds. The waterways continuously select the soft because they resist 
erosion feebly, and the 1vatersheds as continuously select the hard because 
they resist erosion strongly. If the inclination of the strata is gentle, each 
hard bed becou1es the cap of a sloping table bounlled by a eliff, and the 
ero::;ion of the cliff is by snpping. The divide is at the brow of the eli:ff, and 
as successive fragments of the hard rock break away and roll down the 

~B:~~z~~@irif!i5~:~tif?,~£~:,!::·l 
}"'IG. 69.-Ideal cross-section of inclined strata, to show tho Shifting of Divides in Cliff Erosion. Suc­

cessive. positions of a divide are indicated at a, b, am] c. 

slope the clivide is shifted. ':rhe process is illw:;trated in the Pink Cliffs of 
Southern Utah. They face to the south, and their escarpment is drained 
by streams flowing to the Colorado. The table which they lin1it inelines 
to the north and bears the head-waters of the Sevier. As the erosion of 
the cliffs steadily carries them back and restricts the table, the drainage area 
of the Colorado is increased nnd that of the "Great Basin", to which the 
Sevier IUver is tributary, is din1inished. 

Unequal and Equal Declivities. 

In homogeneous material, and with equal quantities of water, the rate 
of erosion of two slopes depends upon their declivities. The steeper is 

degraded the faster. It is evident that 

/

:::=------------------........._ when the two slopes are upon opposite 
"! ~ides of n divide the more rapid wearing 
-....__ I of the steeper carries the divide toward 

!________ the side of the gentler. The action ceases 
Fm. 70.-Cross·profile of n. l>ad-lanll divide and the divide becon1es stationary only 

sepamting slopes of Unequal Declivity. • • 
Two stages of erosion are indicated, to ill us- when the profile of the d1v1de has been 
tmto tho horizontal shifting of tho divide. rendered symnlCtric. 
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It is to this law that bad-lands owe much of their beauty. They acquire 
their smooth curves under what I have called the "law of divides", but the 

symmetry of each ridge and each spur is due to the lavv of equal declivities. 

By the ]a,v of divides all the slop€s upon one side of a ridge are made interde­

pendent. By the law of equal declivities a relation is established between 

the slopes which adjoin the crest on opposite sides, and by this means the 

slopes of the ·whole riuge, from base to base, are rendeted interdependent. 
One result of the interdependence of slopes is that a bad-land ridge 

separating two 'vaterways which have the same level, stands midway 

between them; while a ridge separating two waterways which have differ­
ent levels, stands nearer to the one which is higher. 

It results also that if one of the waterways is corraded more rapidly 
than the other the divide moves steadily toward the latter, and eventually, 
if the process continues, reaches it. When this occurs, the stream ·with the 

higher valley abandons the lower part of its course and joins its 'vater to 

that of the lower stream. Thus from the shifting of divides there arises yet 
another method of the shifting of waterways, a method ·which it will be con­
venient to characterize as that of abstraction. A stream which for any reason 
is able to corrade its bottom more rapidly than do its neighbors, expands its 
valley at their expense, and eventually " abstracts" them. And con­
versely, a stream which for any reason is able to corrade its bottom less 

rapidly than its neighbors, has its valley contracted by their encroachments 
and is eventually "abstracted" by one or the other. 

The diverse circumstances which 1nay lead to these results need not be 

enumerated, but there is one case 'vhich is specially noteworthy on account 
of its relation to the principles of sculpture. Suppose that two streams 
which run parallel and near to each other corrade the same material and 
degrade their channels at the sarne rate. Their divide will run rnidway. 
But if in the course of time one of the streams encounters a peculiarly hard 
mass of rock while the other does not, its rate of corrasion above the ob­

struction will be checked. 'I'he unobstructed stream will outstrip it, will 
encroach upon its valley, and will at last abstract it; and the incipient cor­
rasion of the hard mass 'vill be stopped. Thus by abstraction as well as by 
monoclinal shifting, streams are eliminated from hard rocks. 
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Resume.-There is a tendency to permanence on the part of drainage 

lines and divides, and they are not displaced without adequate cause. 
lienee every change which is known to occur demands and admits of an 

explanation. 
(a) There are four ways in which abrupt changes are made. Streams 

are diverted from one drainage system to another, and the watersheds which 
separate the systems are rearranged, 

( 1) by ponding, due to the elevation or depression of portions of 

the land; 
(2) by planation, or the extension of flood-plains by lateral con·a­

sion; 
(3) by alluviation, or. in the process of building alluvial cones and 

deltas; and 

( 4) by abst·raction. 

(b) There are two ways in which gradual changes are effected: 

(1) When the rock texture is variable, it n1odifies and controls hy 
monoclinal shifting the distribution in detail of divides and 

waterways. 
(2) When the rock texture is uniform, the positions of divides are 

adjusted in accordance with the principle of equal declivities. 

The abrupt changes are of geographic import; the gradual, of topo­
graphic.· 

The methods which have been enumerated are not the only ones by 

which drainage systems are modified,. but they are the chief. Very rarely 
streams are "ponded" and diverted to new courses through the damming 
of ·their valleys by glaciers or by volcanic e}ecta or by land-slips. More 
frequently they are obstructed by the growing alluvial cones of stronger 
streams, but only the smallest streams will yield their "right of way" for 
such cause, and the results are insignificant. 

The rotation of the earth, just as it gives direction to the trade-winds 
ancl to ocean currents, tends to deflect rivers. In the southern hemisphere 
streams are crowded against their left banks and in northern against the 
right. But this influence is exceedingly small. Mr. Ferrel's investigations 
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show that in latitude 45 ° and for a current velocity of ten miles an hour, 
it is measured by less than one twenty-thousandth part of the weight of the 
water (American Journal of Science, January, 1861). If its effects are ever 
appreciable it must be where lateral corrasion is rapid; and even there it is 
probable that the chief result is an inclination of the flood-plain toward one 

bank or the other, amounting at most to two or three minutes. 

CONSEQUENT AND INCONS~EQUENT DRAIN AGE. 

If a series of sediments accun1ulated in an ocean or lake be subjected 
to a system of displacements while still under ·water, and then be converted 
to dry land by elevation en masse or by the retirement of the water, the 
rains which fall on them will inaugurate a drainage system perfectly con­

formable with the system of displacements. Streams will rise .along the 

crest of each anticlinal, will flow from it in the direction of the steepest dip, 

will unite in the synclinals, and will follow them lengthwise. The axis of 
each synclinal will be marked by a watercourse; the axis of each anticlinal 

. by a watershed. Such a system is said to be consequent on the structure. 
If ho·wever a rock series is aifected by a systen1 of displacen1ents after 

the series has become continental, it will have already acquired a system of 
waterways, and provided the displacements are produced slowly the waters will 
not be diverted from their accustomed ways. The effect of local elevation 
will be to stimulate local corrasion, and each river that crosses a line of up­
lift will inch by inch as the land rises deepen its channel and valorously 
maintain its original course. It will result that the directions of the drain­
age lines will be independent of the displacements. Such a drainage sys­
tem is said to be antecedent to the structure. 

But if in the latter case the displacements are produced rapidly the 
drainage system will be rearranged and will become consequent to the 
structure. !t has frequently happened that displacements formed with mod­
erate rapidity have given rise to a drainage system of mixed character in 
which the courses of the larger strean1s are antecedent and those of the 
smaller are consequent. 

There is a fourth case. Suppose a rock series that has been folded and 
eroded to be again submerged, and to receive a new accumulation of un-
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confonniug ~ediments. Suppose further that it once more emerges and 
that the new sedin1ents arc eroded from its surface. Then the drainage 
systen1 will have been given by the fonn of the upper surface of the supe­
rior strata, but will be independent of the structure of the inferior serie;.;, 

into which it will descend. vertically as the degradation progresses. Such a 
drainage system is said to be superimposed by sedimentation upon the struct­
ure of the older series of strata. 

Fifth. The drainage of an alluvial cone or of a delta is independent of 
the structure of the bed-rock beneath; and if in the course of time erosion 
takes the place of deposition and the alluv.ial formation iR cut through, the 
drainage system which is acquired by the rocks beneath is not consequent 
upon their structure but is superimposed by alluviation. 

Sixth. The drainage of a district of planation is independent of the 
structure of the rock from which it is carved; and when in the progress of 
degradation the beds favorable to lateral con·asion are destroyed and the 
'vaterways become permanent, their system may be said to be sttperimJJOsed 
by planation. 

In brief, systmns of drainage, in their relation to structure, are 

(A) consequent 

(a) by emergence, when the displacen1ents are subaqueous, and 
(b) by sudden displacement; 

(B) antecedent; and 
( 0) superimposed 

(a) by sedimentation, or subaqueous deposition, 
(b) by alluviation, or subaerial deposition, and 
(c) by planation. 

THE DRAINAGE OF TilE HENRY l\IOUNTAINS 

is consequent on the laccolitic displacements. The uplifting of a laccolite, 
like the up building of a volcanic cone, is an event of so rapid progress that 
the corrasio~ of a stream bed cannot keep pace with it. vV e do not know 
that the site of the mountains was dry land at the time of their elevation; 
but if it was, then whatever streams crossed it were obstructed and turned 
from their courses. If it was not, there were no preexistent waterways, and 
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the new ones, for1ned by the first rain which fell upon the don1es of strata, 
radiated from the crests in all directions. The result in either case would 
he the same, and we cannot ·determine from the present drainage systerri 
,vltether the domes were lifted from the bed of the Tertiary lake or arose 
after its subsidence. 

But while the drainage of the Henry Mountains is consequent as a 
whole, it is not consequent in all its details, and the character of its partial 
inconsequence is worthy of examination. 

Let us begin with the simplest case. The drainage system of Mount 
Ellsworth is more purely. consequent than any other with which I am ac­
quainted. In the accompanying chart the point c marks the crest of the 
Ellsworth dome; the inner circle represents the line of n1aximum dip of the 

FIG. 71.-Drainage system of the Ellsworth Arch. 

arching strata and the outer circle the limit of the distu:rbance. It will be 
seen that all the waterways radiate from the crest and follow Closely the 
directions in which the strata incline. At a the Ellsworth arch touches that 
of Mount Holmes· and at b that of Mount Hillers; and the effect of the conl­
pound inclination is to modify the directions of a few of the waterways. 

10 H M 
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rrurning now to niount Ilolmes, we find that its two dornes are not 

equally respected by the drainage lines. The crest of the Greater arch (see 
Figure 72) is the center of a radiating system, but the crest of the Les8er 

FIG. 72.-Drainage system of the Holmes Arches. 

arch is not; and waterways arising on the Greater traverse the Lesser from 
side to side. }lore than this, a waterway after following the margin of the 
Lesser arch turns toward it and penetrates the flank of the arch for some 
distance. In a word, the drainage of the Greater arch is consequent on the 
structure, while the drainage of the Lesser arch is inconsequent. 

rrhere are at least two ways in which this state of affairs n1ay have 
arisen. 
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First, the Greater arch tnay have been lifted so long before the Lesser 
that its waterways were carved too deeply to be diverted by the gentle flex­

ure of the latter. The drainage of the Lesser would in that case be classed 

as antecedent. If the Lesser arch were first forn1ed and carved, the lift­
ing of the Greater n1ight throw a stream across its summit; hut it could 
not initiate the 'vaterways which skirt the slopes of the Lesser, especially 
if those slopes were already furrowed by stremns which descended them. 

If the establishn1ent of the drainage systetn depended on the order of up-
lift, the Greater arch is surely the older. · 

Second, the drainage of the Lesser arch may have been i1nposed upon 
it by planation at a very late stage of the degradation. Whatever was the 
origin of the arches, and whatever was the depth of cover which they sus­
tained, the Greater is certain to have been a center of drainage fi·om the 

time of its formation. vVhen it was first lifted it became a drainage center 
because it was an en1inence; and afterward it remained an eminence because 
it 'vas a drainage center. When in the progress of the denudation its dikes 
were exposed, their hardness checked the wear of the summit and its mni­
nence became more pronounced. It was perhaps at about this time that the 
last of the Cretaceous rocks were removed from the summits and slopes of 
the two arches and the Flan1ing Gorge shale was laid bare, and so soon as 
this occurred the conditions for lateral corrasion were complete. vVith. 
trachyte in the peaks and shale upon the slopes planation would naturally 

result, and a drainage system would be arranged about the dikes as a center 
without regard to the curves of the strata. r_rhe subsequent removal of the 
shale ·would impart its drainage to the underlying sandstones. 

Either hypothesis is competent to explain the facts, but the data do not 
warrant the adoption of one to the exclusion of the other. The waterways 
of the Lesser arch may be ·either antecederit, or superin1posed by plana­
tion. The Greater arch may have been the first to rise or the last. 

rrhe drainage of Mount Hillers is consequent to the n1ain uplift and 
to the majority of the minor, but to the Pulpit arch it is inconsequent. In 
this case there is no question that the arch has been truncated by planation. 
(Figure 73.) The IIillers dome, rising five times as high as the Pulpit, 
became the center of drainage for the cluster, and the trachyte-laden 
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Rtrcan1s 'vhich it sent forth were ?-ble to pare away co1npletely the lower 
arch while it was still unprotected by the hardness of its nucleus. The 

foot-plain of l\[ount IIillcrs, which extends unbroken to the outcrop of the 

Ilenry's Fork conglonwrate, is continued on several lines across the Pulpit 

arch, although in the intervals the central area is deeply excavated. The 

planation stage is just completed, and an epoch of fixed waterways is 

:/:<i;-'/: ·:···:: 
:::·:::-r:_::-· . .-::::.:: .. :·· 

FIG. 73.-Cross-sLctwn of t!Je Pulpit Arch, ~;Lowing its truncation. 

'.rhe drainage of l\Iount Pennell is consequent in regard to the main 
uplift, but inconsequent to some of the minor. A strean1 which rises on the 

north flank not merely runs across one of the upper series of laccolites,-a 
cornpanion to the Sentinel,-but has cut into it and divided it nearly to the 

base. It is probable that the position of the 'vaterway was fixed by plana­
tion, but no ren1nant of the pl~in was seen. 

Too little is kno,vn of the structure of the central area of l\Iount Ellen 
to assert its relation to the drainage. About its base there are five lacco­
litc~ which have lost all or nearly all their cover, and each of these is a 

local center of drainage, avoided by the strean1s 'vhich head in the mount­

ain crest. Four others have been laid bare at a few points only, and these 
are each crossed by one or two streams from higher levels. The rernainder 
are not exposed at all, and their arches are crossed by numerous parallel 

Rtreams. The Crescent arch is freshly truncated by planation, and the 
Dana and lVIaze bear proof that they have at some time been truncated. 
rrhe laccolites which stand highest with reference to the general surface are 
exempt front cross-drainage, nnd the arches ·which lie low are completely 

overrun. 
If 've go pack in in1agination to a time when the erosion of the mount-
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ain was so little advanced that the strea1n-beds were three thousand feet 
higher than they now are, we may suppose that very little trachyte was 
laid bare. As the surface was degraded and a few laccolites were exposed, 
it would probably happen that some of the then-existing streams would be 

so placed as to run across the trachyte. But being unarmed as yet by the 
debris of similar material they would corrade it very slowly; and the 

adjoining strean1s having only shale to encounter, would so far outstrip 

them as eventually to divert thmn by the process of "abstraction". In this 

way the first-bared laccolites might be freed from cross-drainage and per­
nlitted to acquire such radiating systems of waterways as ·we find then1 to 
possess. At a later stage when trachyte was exposed at many points and 
all streams were loaded with its waste, the power to corrade was increased, 
and the lower-lying laccolites could not turn aside the streams which over­
ran thmn. 

The work of planation is so frequently seen about the flanks of the 
llenry Mountains that there seems no violence in referring all the cross­
drainage of lateral arches to its action; and if that is done the history of 
the erosion of the mountains takes the following form : 

When the laccolites were intruded, the mounds which they u pHfted 
either· rose from the bed of a lake or else turned back all streams which 
crossed their sites; and in either case they established upon their jlanks a 
new and "consequent" set of waterways. The high~st mounds became 
centers of drainage, and sent their streams either across or between the 
lower. All the streams of the disturbed region rose within it and flowed 
outward. The degradation of the mounds probably began before the 
uplift was con1plete, but of this there is no evidence. As it proceeded the 
convex forms of 'the mounds were quickly obliterated and concave profiles 
were substituted. The rocks which were first excavated were not uniform 
in texture, but they were all sedimentary and were soft as compared to the 
trachyte. 'l'he Tertiary and probably the Upper Qretaceous were removed 
from the summits before any of the igneous rocks were brought to light, 
and during their retnoval the tendency of· divides to permanence kept the 
drainage centers or maxirna of surface at ·substantially the same points. 
When at length the trachyte was reached its hardness introduced a ne'v 
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factor. The eminences which contained it were established 111ore finnly clS 

maxima, and their rate of degradation was checked. vVith the checking of 

summit degradation and the addition of trachyte to the transported material, 
planation began upon the flanks, and by its action the whole drainage has 
been reformed. One by one the lower laccolites are unearthed, and each 

one adds to the complexity and to the permanence of the drainage. 

If the displacements were completed before the erosion began, the 

n10~1ntains were then of greater magnitude than at any later date. Before 

the igneous nuclei were laid bare and while sedimentary rocks only were 

subject to erosion, the rate of degradation was more rapid than it has 
been since the hardness and toughness of the traehyte have opposed it. 

If the surrounding plain has been worn away at a uniform rate, the 
height of the mountains (above the plain) must have first dirninished to a 
n1inimum and afterward increased. 'rhe n1inin1un1 occurred at the begin­
ning· of the m·ofllion of the trachyte, and at that time the mountains 1nay 

even have been reduced to the rank of hills. They owe their present mag­
nitude, not to the uplifting of the land in ~Iiddle Tertiary time, but to the 
contrast between the incoherence of the sandstones and shales of the 1\feso­

zoic series and the extreme durability of the laccolites which their destruc­

tion has laid bare. And if the waste of the plain shall continue at a like 
uniform rate in the future, it is safe to prophesy that the mountains will 
for a while continue to increase in relative altitude. The phase which will 
give the maxim urn resistance to degradation has been reached in none of 
the n1ountains, except perhaps ]\fount I-Iillers. In Mount Ellen the lacco­
lites of the upper zone only have been denuded; the greater n1asses whieh 
underlie thmn will hold their place more stubbornly. The n1ain bodies of 
l\founts Elh;worth, Iloln1es, and Pennell are unassailed, and the present 
prominence of their fonns has been accomplished simply by the valor of 

their skirn1ish lines of dikes and spurs. In attaching to the least of the 
peaks the name of my friend Mr. Holmes, I an1 confident that I commemo­
rate his attainments by a monument which ·will be more conspicuous to 
future generations and races than it is to the present. 



CHAPTElt VI. 

ECONOMIC. 

There is little to add to what has already been said of the economic 
value of the mountains, and this chapter is hardly more than a regrouping 

of facts scattered through those that precede. 
Coal.-Possibly son1e valuable though restricted deposit was over­

looked; but it is safe to say that no thick and continuous bed will be 
found. The Cretaceous sandstones all contain thin and local beds-enough 
to mark thmn as coal-bearing i·ocks-but there are no seams of value. 
The best outcrop was seen in the bank of the south branch of Lewis Creek 
where it crosses the upturned edge of the Blue Gate sandstone. rrhe sean1 
has a thickness of four feet only, and is not well disposed for mining. 

But if the Cretaceous coals were well developed it is to be doubted if 
they would ever be used. They could have no local market. They could 
not be ca:rried to the east or south on account of the cafions. If taken 
nortlnvard they wo11ld have to compete with the coal of Castle Valley, 
which is more convenient and very abundant. If taken westward to the 
metal mines of Nevada and Western Utah they would be undersold by the 
more accessible coals found on the headwaters of the Virgin River and 
l(anab Creek, and even by those of the Kaiparowits Plateau. 

The Gypsum and Building Stones of the region need not be described. 

They are plentiful in many parts of Utah, and however abundant in this 
remote place can never be in demand. 

Gold, Silver, etc.-Three parties of ''prospectors" have at different , 
times made unsuccessful search for metalliferous veins. In the course of my 

survey I spent more than a month's tirne among the crystalline and meta­
morphic formations of the mountain tops, and although directing my atten­
tion constantly to the rocks, did not discover a fissure vein. Combining 

these negative data with certain theoretic considerations which are set 
forth in the fourth chapter, I am led to the very confident opinion that the 
essential conditions for the production of fissure veins have not existed in 

151 
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the Ilenry 1\.fountains, and hence that there are no valuable deposits of the 
precious metals. 'l.,he same theoretic considerations apply to other mount­

ains of the san1e character, and I venture to predict that gold and silver 

will not be found in paying quantity in Navajo Mountain, the Sierra la Sal, 

the Sierra Abajo, the Sierra ~arisso, or the Sierra La Lata. 
Agricultural Land.--Bow l Creek, both branches of Lewis Creek, and 

the south branch of Trachyte Creek can readily be led to tracts of land suf­

ficiently level for farn1ing, and each furnishes enough water to irrigate sev­
eral hundred acres. It is possible that these 1racts will prove useful for 
farming, but they lie a little too high to be assured of a favorable clinw,te. 

The lowest has an altitude of G,OOO, and the highest of 6,800 feet. 
Grasing Land.-Above the altitude of 7,500 feet there are many tracts 

of good grass, available for grazing through the greater part of the year 
but covered by snow in the winter. Below that level there is a greater 
area of inferior grass, available through the whole year. By using one 
portion in summer and the other in winter the mountains could be n1ade 

to give permanent support to a herd of 3,000 or 4,000 cattle. vVith such 

overstocking as is often practiced in Utah they may subsist 10,000 animals 

for o~e or two years. 

Timber.-The trees worthy to be classed as timber are of three species­
fir (Abies Engelmanni), Douglass spruce (A. Dmtglasii), and yellow pine 

(Pinus ponderosa). The pine is the n1ost. valuable and the fir the n1ost 
abundant. The fir grows upon the mountain slopes, above the level of 
7,500 feet and forms thick-set forests. 'The total area which it covers is 
not far fr~m twenty-five square miles. The spruce mingles 'vith the fir at 
the lower edges of the forests; and the pine forms a few open groves a little 
lower down the slopes. 

It is to be doubted if tho trees will ever be cut. Other timber of the 

san1e quality and superior in quantity lies between it and the settlements, 
and neither railroad nor 1nine nor town is likely to create a local den1and. 

Conl, building stone, gypslun, and timber have no v:alue for lack of a 
1narket, either present or prospective ; gold and silver are not found ; and 
there i~ little or no land that can be succo~sfully fanned. Only for grazing 
have the nlouutains a nwney value. 
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