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PHYSIOGRAPHY AND QUATERNARY GEOLOGY OF THE SAN JUAN
MOUNTAINS, COLORADO

By Warrace W. Arwoop and Kirteey F. Mataer

CuaarTER 1.—INTRODUCTION

GEOLOGIC WORK IN THE SAN JUAN MOUNTAINS

The scenic beauty, rugged contour, and great variety
of geologic phenomena displayed by the San Juan
Mountains of southwestern Colorado have lured to
that region many geologists, both professional and
amateur, as well as countless laymen. Serious geologic
studies in these mountains seem to fall historically into
three periods. The first of these covers the work of
the geologists and topographers of the United States
Geological and Geographical Survey of the Territo-
ries. Tield studies were prosecuted under the general
direction of F. V. Hayden in this region from 1869 to
1876, and the results obtained were published among
the monographs of the Hayden Survey. The second
period of geologic examinations began in 1887, when
Whitman Cross undertook investigations of certain of
the mining districts in the San Juan region, which by
that time had attracted much attention in the mining
world. The results of this second series of studies have
appeared from time to time as folios of the Geologic
Atlas and reports on the economic geology of the min-
ing districts, published by the United States Geological
Survey between 1899 and 1910. Gradually the con-
cept of the geologic problems was changed. Instead
of considering individual mining districts as the units
of investigation it became apparent that the San Juan
region must itself be the unit. In 1908 Mr. Cross
drafted plans for the completion of the San Juan
studies on this enlarged basis. His aim was to arrange
for the publication of papers on different subjects
rather than one huge monograph on the region as a
whole.

As the work progressed it was found necessary to
give more and more time to the study of topographic
forms and the geology of surficial deposits. In a letter
dated June 13, 1908, Mr. Cross wrote:

The physiographic development of the San Juan area, from
the end of the volcanic accumulations in later Tertiary time
to the present, including glaciation during several epochs and
the final production of the present topography, is another
major subject. I wish to see that subject adequately dis-
cussed in a manner comparable with the treatment contem-
plated for the other parts of the geology.

Thus began the third phase of geologic studies.
Each of the great problems, such as the volcanic his-
tory, the stratigraphy, and the physiographic develop-
ment, has been handled as a unit and, so far as possi-
ble, under the direction of a specialist in the particular
subject.

In February, 1909, Wallace W. Atwood agreed to
take the responsibility of the study of the physiog-
raphy and Quaternary geology of the San Juan re-
gion in cooperation with Mr. Cross. Allen D. Hole
had previously made special studies, under the direc-
tion of R. D. Salisbury, of the glacial phenomena of
the western portion of the region. Some of the results
of his work have been published independently. The
unpublished material is incorporated in the present
report. Ernest Howe, who for several years had been
associated with Mr. Cross, had been giving especial
attention to the surficial deposits and glacial features..
As a result of his work two papers have been pub-
lished, one on glaciation and one on landslides. In
addition a large amount of unused information had
been procured, some of which has been incorporated in
this report.

Mr. Atwood joined Mr. Cross in the field for a few
weeks during the summer of 1909, most of which was
spent in the higher mountains of the San Cristobal
quadrangle. Systematic mapping was begun in 1910,
with Kirtley F. Mather as assistant. Mr. Mather has
remained associated with Mr. Atwood throughout the
subsequent work in field and office. Field work was
conducted each summer for several years except in
1912. In 1917 demands upon the Geological Survey
for concentration of all its energies on subjects con-
nected with the World War interrupted the work in
the San Juan region, and it was not resumed until
1920, when Mr. Atwood was again able to continue the
San Juan studies. At this time Mr. Mather was en-
gaged in geologic work in South America; but in the
summer of 1922 both geologists were again in the San
Juan region. Finally, in the summer of 1924, Mr.
Atwood spent a month in revisiting critical localities
and extending the physiographic studies into adjacent

1
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ranges of the southern Rocky Mountain system for
purposes of correlation.

Each winter, following a summer season in the field,
office work was prosecuted as opportunity afforded.
This work involved the compilation of data upon the
maps, the revision of notes, and the preparation of
special reports. The ertmg of the final report was
begun in 1923 and completed in 1925.

At several stages during the progress of work in the
field preliminary statements of results thus far ob-
tained have been made. These statements in a meas-
ure record the growth of the ideas and knowledge of
the authors during the 13 years of field work. They
are listed in the bibliography of North American
geology.?
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METHODS OF WORK

Although this study of the San Juan Mountains
has been essentially physiographic, we have tried, as
far as possible, to keep our field methods funda-
mentally geologic. Throughout much of the area we
have attempted to recognize and map all formations
of Quaternary age. Thus we have kept constantly
in mind the preparation of an areal geologic map on
which all Quaternary formations would be accurately
and adequately portrayed. This aim has involved the
survey of practically every square mile of the San
Juan region, for Quaternary débris is likely to be
present in almost any part of the region.

The mapping of the Quaternary formations has
been paralleled by the mapping of physiographic sur-
faces. The physiographer must analyze all surfaces
in a region under survey, classifying them so far as
possible genetically. A peneplain, for example, is a
definite though not necessarily a horizontal surface,
comparable to the surface of a bed of rock. Rock
strata may be folded or faulted; similarly a peneplain
may be deformed and thus rendered difficult to trace.
At places it may be buried beneath younger deposits.
With this idea in mind, the remnants of peneplains
or other graded erosion surfaces recognized in the field
were mapped as such wherever they form the surface
of the country.

In many places between the remnants of a highly
elevated peneplain and the beds of the master streams
may be found intermediate graded surfaces which rep-
resent the floors of valleys during cycles of erosion
that were interrupted before completion. These sur-
faces may be considered to mark definite physio-
graphic horizons. They are best developed in the
larger valleys and may be entirely lacking in the val-
lays of smaller tributaries. As a rule, the remnants
of these intermediate surfaces have a somewhat den-
dritic form as they follow the valleys. Although
they are not so continuous nor generally so extensive
as a peneplain or a rock stratum, these intermediate
levels should be recognized by the physiographer in
the field and may, if care is used, be denoted on his
map. Between the peneplain remnants and the inter-
mediate levels there are slopes that were being de-
veloped while the streams were working to the suc-
cessive base levels of erosion. These slopes are sig-
nificant physiographic surfaces; they should be recog-
nized in the field, and they may also be indicated on °
a good topographic map. Below the most recent sur-
faces which have been brought to grade the slopes as
a rule are being sculptured in the process of develop-
ment of the modern flood plains and drainage chan-
nels. These slopes are related to the modern valley
bottoms in much the same way as the upper slopes are
related to the abandoned levels. At many localities
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the intermediate valley floors of earlier cycles have
been entirely obliterated, and the younger slopes ex-
tend up the hill to blend into the higher slopes of the
ancient peneplain surface. Here there is physio-
graphic unconformity. Two physiographic surfaces,
separated in origin by an interval of time and by the
development of another physiographic surface, thus
come into contact with each other. Such physio-
graphic unconformity may be clearly appreciated in
the field and may be represented on an areal physio-
graphic map.

The physiographer who has this conception of his
task will classify all surfaces of the land, and with
care may represent on a map the remnants of each
surface, whether it is flat or inclined. The making of
the map certainly adds definiteness to the field work,
and when it is completed the graphic form of repre-
sentation is of great value in making clear the several
stages of erosion that have marked the history of the
region studied. With this in mind, our field work
included the drafting of a physiographic areal map
more or less similar to the geologic areal map showing
Quaternary formations. Thus, at all times our atten-
tion was focused upon the necessity of explaining the
origin of each of the land forms observed and of dis-
covering the sequence of events in the physiographic
history of the region. The second half of this task
obviously involved a careful examination of the rela-
tions between the physiographic surfaces and the geo-
logic structure of the underlying rocks. It was early
discovered that certain geologic formations had each
its own individual and characteristic topographic ex-
pression. It therefore became necessary for us to
know in considerable detail the bedrock geology of the
areas surveyed. It was in this phase of our work that
the close cooperation and frequent conferences with
Mr. Cross and his associates proved to be of the
greatest value.

The constant application of geologic methods to the
physiographic studies helped greatly in the interpre-
tation of the varied features of the landscape. Day
by day we consciously strove to interpret each in-

67663—32——2

dividual feature. A mountain peak would be satis-
factorily interpreted only when the relative importance
of various agents of erosion—atmospheric, fluviatile,
glacial, etc.—had been estimated; at the same time
knowledge of its relations to graded surfaces, pene-
plains, mature valleys, or modern canyons was ob-
viously essential to an adequate statement of its origin.
Each mountain canyon presented an individual prob-
lem, involving the presence or absence of glaciers and
the relations between its erosion and the development
of quondam graded surfaces. As a rule, the foothills
presented problems in the relations between erosion
and structure, with the omnipresent question of ero-
sion cycles constantly before us. A bench or shoulder
on a hillside or terraces within the valleys were
eagerly sought as clues to the solution of the many
problems of mountain history. Each such surface
must be explained before one could be satisfied with
his work. Undrained depressions, because obviously
not the result of normal stream erosion, were likewise
considered hints toward the solving of problems, as
well as challenges to our intelligence.

All these phases of our work dealt solely with in-
animate nature. The true physiographer has learned,
of recent years especially, to look upon his science as
having most intimate connection with man and his
activities. Thus we welcomed the opportunity of ob-
serving at first hand the relations between the physi-
ography of mountain, plateau, or valley and the
human settlement and life in the region. The chang-
ing trend of human interest in this vast area, with its
varied resources and climate, was indicated by aban-
doned mining camps near timber line or by busy
ditching machines engaged in the extension of the
net work of irrigation canals in the valleys among
the foothills. Nearly every day’s work had its reward
in some new discovery concerning the geographic
factor in human life or some added bit of information
to strengthen a previously established principle. Thus
the physiographer retains fully as much of human
interest in his work as the mining geologist with his
constant emphasis upon economic resources.



Cusrrr 2—GENERAL GEOGRAPHY

LOCATION AND EXTENT OF THE REGION

The area under consideration in this report includes
the San Juan Mountains and a large extent of sur-
rounding plateaus and lowlands in the southwestern
part of Colorado and the adjacent part of New Mexico.
The rugged peaks and lofty ridges of the San Juan
Mountains occupy an area 90 miles long from east to
west, with an average width of 70 miles from north to

of New Mexico. The region thus includes in Colorado
Montrose, San Miguel, Ouray, Dolores, San Juan,
Montezuma, La Plata, Archuleta, Conejos, Hinsdale,
Mineral, and Rio Grande Counties, the southern part
of Gunnison County, and the southwest half of
Saguache County; in New Mexico much of San Juan
County and the north third of Rio Arriba County; in
Arizona the northeast corner of Apache County; and
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Ficure 1.—Index map of southwestern Colorado showing locations of quadrangles covered by geologic folios (shaded)

and by topographic maps.

1, Paradox Valley; 2, Montrose; 3, Uncompahgre; 4, Ouray; 5, Lake City; 6, Telluride ;

7, Silverton; 8, Rico; 9, Rico district; 10, Engineer Mountain; 11, Needle Mountains; 12, San Cristobal; 13, Creede
and vicinity ; 14, Creede; 15, Del Norte; 16, Mesa Verde National Park; 17, Soda Canyon; 18, La Plata; 19, Red
Mesa ; 20, Durango; 21, Ignacio; 22, Pagosa Springs; 23, Summitville; 24, Conejos

south. With the exception of the far southeast corner
of the mountains, which extends a few miles south-
ward into New Mexico, all are within the State of Col-
orado. They lie between longitudes 106° and 108°
west. The northern outposts touch latitude 38° 15’
north, and the southern margin near the east front of
the range is close to 36° 30", :

The name San Juan is applied, however, not only to
these mountains but to the adjacent plateaus, extend-
ing for great distances to the south, southwest, and
west. Thus local usage justified the application of the
name “San Juan country” to the entire southwest
corner of Colorado, the southeast corner of Utah, the
northeast corner of Arizona, and the northwest corner

4

in Utah much of San Juan County. The mountains
with the neighboring plateaus cover an area of 20,000
square miles. The general geographic relations of this
great area are indicated in Plate 1.

TOPOGRAPHIC MAPS

Practically all of this vast area was mapped by the
topographers of the Hayden Survey, but for detailed
physiographic studies the Hayden maps are not of
very great service. Much of the region, however, has
now been surveyed by the topographers of the United
States Geological Survey. The topographic maps that
had been prepared prior to 1924 are indicated on
Figure 1.
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More recently the Pagosa Springs quadrangle (im-
mediately north of the San Cristobal quadrangle) has
been surveyed for publication on a similar scale, but
the map was not available during the progress of our
field work.

These accurate and detailed topographic maps em-
brace an area of about 9,500 square miles and cover
practically all of the San Juan Range with general
overlaps beyond the mountain front on all sides except
the southeast. The only gaps in the composite San
Juan map, based on these detailed surveys, are a
15-minute quadrangle north of the Rico and west of
the Telluride quadrangle, and two 30-minute quad-
rangles east of the Uncompahgre and north of the
Creede and Del Norte quadrangles. At present the
best available maps of these areas are those of the
Hayden Survey and of the United States Forest
Service.

That portion of the southeastern extension of the
San Juan Mountains in New Mexico south of the
Conejos quadrangle which is included in the Carson
National Forest has been surveyed by the United
States Department of Agriculture. The data thus
obtained have served as the basis for preliminary con-
tour maps on a scale of approximately 2 miles to the
inch with a contour interval of 100 feet. Photo-
graphic reproductions of these maps were available
for field work in 1922. Although not so accurate as
the maps made by the topographers of the Geological
Survey, they served adequately as a base for mapping
during the somewhat hasty survey made in that por-
tion of the San Juan region. A few miles south of
the Conejos quadrangle is the small Rio Brazos Can-
yon area, about 10 miles long from east to west and 7
miles wide from north to south, which has been sur-
veyed by the Geological Survey on a scale of approxi-
mately 1 mile to 114 inches with a contour interval of
50 feet. Similarly a small portion of the San Luis
Valley, a few miles east of the San Juan Mountains,
has been mapped on a large scale with great accuracy
by the Bureau of Reclamation. Its area is within that
of the topographic map of the San Luis Valley,* on a
scale of approximately 3 miles to the inch, with con-
tour intervals of 10, 50, and 200 feet. This map covers
‘the portion of the San Luis Valley which is within the
State of Colorado.

In addition topographic maps on a scale of approxi-
mately 4 miles to the inch, with a contour interval of
200 feet, are available for much of the plateau country
in New Mexico, Arizona, and Utah. Of the areas
covered by these maps, the Abajo quadrangle in Utah,
the Canyon de Chelly quadrangle in Arizona, and the
Chaco and Largo quadrangles in New Mexico abut
more or less closely against the San Juan region.

1 Siebenthal, C. E., U. 8. Geol. Survey Water-Supply Paper 240,
pl. 1, 1906.

These maps, however, are merely redrawn from the
Hayden sheets and are scarcely accurate enough for
detailed physiographic work. Finally the excellent
topographic map, a model of its kind, which covers
the area included in the Mesa Verde National Park
should be mentioned. This gives a remarkably faith-
ful representation of the peculiarities displayed by the
topographic features of the San Juan plateaus beyond
the mountain front.

AREA SURVEYED IN PREPARATION FOR THIS
REPORT

In the progress of our work it has been found neces-
sary to make field studies which may be roughly
grouped in three categories: (@) Detailed physio-
graphic mapping, with careful survey of all geologic
deposits of Quaternary age; (b) generalized physio-
graphic mapping, with reconnaissance survey of geo-
logic deposits of Quaternary age; (¢) reconnaissance
examination and correlation of physiographic fea-
tures and Quaternary geology. The area surveyed in
detail according to the first of these three categories
is approximately coextensive with the published topo-
graphic maps on the 15-minute or 30-minute scale.
Surveys of this nature cover almost 10,000 square
miles. The region examined more hastily and em-
braced within the second category amounts to a little
more than 1,000 square miles. It includes the north-
ern part of the Pagosa Springs quadrangle, a portion
of the Mesa Verde National Park, a small area north
of the Montrose quadrangle covered by maps drawn
by the engineers of the Gunnison irrigation project,
most of the Rio Brazos Canyon area, and certain other
areas both north and south of the quadrangles mapped
by the Geological Survey.

Several trips have been made beyond the area for
which suitable maps were available, with the purpose
of gathering data for correlating studies in various
parts of the San Juan region and furnishing a basis
for comparison of the San Juan history with that of
surrounding regions. As a result areas aggregating
about 6,000 square miles have been covered by recon-
naissance surveys. Thesé trips included an expedi-
tion southwest from Mancos, a journey from Mancos
northward skirting the western front of the San Juan

Mountains and terminating at Ouray, brief journeys

west of the Montrose quadrangle on the Uncompahgre
Plateau, an examination of the northern part of the
quadrangle north of the Creede, a trip across the San
Luis Valley from Del Norte to the west front of the
Sangre de Cristo Range, a brief examination of the
west front of that range from Blanca Peak south to
Taos, several traverses across the Rio Grande Valley
in northern New Mexico and a journey down that
valley as far as Santa Fe, a reconnaissance of the cen-
tral portion of the Pagosa Springs quadrangle, a trip
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down the Los Pinos River south of the Ignacio quad-
rangle to its junction with the San Juan and thence
across the plateau to the Animas, and two reconnais-
sance expeditions into the adjacent “ Navajo country ”
of northwestern New Mexico, one of which covered the
area between Farmington and Gallup.

After the completion of the field work in the San
Juan region Mr. Atwood spent a month during the
summer of 1924 in other ranges of the southern Rocky
Mountain system with the purpose of attempting a

correlation of the physiographic development of the

mountain ranges that extends from central New Mex-
ico northward through Colorado to southern Wyo-
ming. The rest of the San Juan region falls in the
physiographic province ordinarily referred to as the
Colorado Plateaus.

The San Juan Mountains are a well-defined group
of high, rugged mountains, almost entirely sur-
rounded by lowlands or plateaus. The northern limit
of the group encroaches upon the valley of the Gun-.
nison River, which trends westward from Marshall
Pass to join the valley of the Colorado River at Grand
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Ficure 2.—Physiographic provinces of southwestern Colorado and northwestern New Mexico

geveral mountain groups. This involved a review of
the work of Davis,> Lee? and others in the Front
Range and a brief visit to the Sawatch Range and
South Park.

GENERAL PHYSIOGRAPHIC RELATIONS

The general relations between the San Juan area
and adjacent parts of the Rocky Mountain region are
indicated on Figure 2. The San Juan Mountains form
an outlying group of the southern Rocky Mountains,
situated at the west margin of the continuous belt of

2 Davis, W. M., The Colorado Front Range, a study in physiographic
presentation : Assoc. Am. Geographers Annals, vol. 1, pp. 21-84, 1911.
3 Lee, W. T., Peneplains of the Front Range and Rocky Mountain
National Park, Colorado: U. 8. Geol. Survey Bull. 730, pp. 1-17, 1922.

Junction. The Gunnison Valley is generally rather
broad and is nearly everywhere bordered by plateaus,
which gradually increase in height toward the West
Elk Mountains to the north and toward the San Juan
Mountains to the south. Thus along their north mar-
gin the San Juan Mountains are separated by a dis-
tance of at least 20 miles from the next range of the
Rocky Mountains. Only at the northeast is there a
line of hills, the Cochetopa Hills, which bridge the
gap and in a sense tie the San Juan group to the
Sawatch Range and thence to other ranges of the
Rocky Mountains.

At the east the San Juan Mountains are everywhere

separated widely from the eastern range of the Rocky
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Mountains by the San Luis Valley, a meridional

trough extending from a point only a few miles south

of Salida, Colo., nearly to Santa Fe, N. Mex. East of
this great valley the Sangre de Cristo Range is the
southern extension of the Front Range of the Rocky
Mountains.

At the western margin of the San Juan Mountains
there are three more or less isolated mountain
groups—the La Plata Mountains, the Rico Mountains,
and, in somewhat the same category, Mount Wilson
and its neighbors, which, although separate from the
San Juan group in a geologic sense, are so closely
situated that it is customary to include them as part of
.the San Juan Mountains. From these western sum-
mits one may look for scores of miles across the
neighboring lowlands and plateaus and see on the far
horizon isolated mountains, mostly of laccolithic
origin, which rise near the Utah-Colorado boundary
line.

The southeast margin of the San Juan Mountains
extends southward into New Mexico, where the moun-
tains decline in height and gradually give place to
low country. At 40 miles south of the Colorado line
the broad valley of the Chama River intervenes be-
tween the San Juan Mountains and the next group
on the south, the compact Valle Mountains, 20 to 80
miles south of the San Juan Mountains and a similar
distance west of the Rio Grande.

Thus the San Juan Mountains may be briefly de-
scribed as bounded an the north by the Gunnison
Valley, on the east by the San Luis Valley, and on the
southeast by the valley of the Rio Grande and its
tributary, the Chama River, while on the west and
southwest the mountains rise boldly above the ad-
jacent portions of the Colorado Plateaus.

The San Juan Mountains—An adequate physio-
graphic study of the San Juan Mountains must neces-
sarily include an examination into the relations be-
tween the mountains and the contiguous lowlands on
all sides. Local usage applies the name San Juan not
only to the mountains but to the adjacent portions
of each of the bordering lowlands. The physiogra-
pher’s extension of the term “San Juan region” to
include all the area of mountains and adjacent low-
lands is therefore justified. The relief features of
the region, as thus defined, run the entire gamut from
lofty mountain peaks through every variety of foot-
hill, mesa, plateau, or butte to valleys that range
from precipitous canyons to broad, gently sloping
intermontane basins. '

Although no one of the peaks among the San Juan
Mountains bears the unique distinction of being the
loftiest in the United States or even in the State of
Colorado, the number of summits that fall short of
this distinction by only a few score feet is considerable.
There are at least 13 mountains with altitudes of more

than 14,000 feet. The highest is Uncompahgre Peak
(pl. 4, A), 14,306 feet above sea level, situated near the
north margin of the mountains, 10 miles northwest of
Lake City. Second in height is Mount Wilson (pl. 4,
B), 14250 feet above the sea, which is also near the
mountain front but on the west margin, 12 miles
southwest of Telluride. The third is San Luis Peak,
14,149 feet high, in the northwest corner of the Creede
quadrangle, near the heart of the range. Next comes
Sneffels Peak (pl. 5, B), 14,143 feet above sea level,
and likewise at the very margin of the mountains, 7
miles west of Ouray. The next in order are Window
Mountain, 14,084 feet; Mount Eolus, 14,079 feet; Sun-
light Peak, 14,053 feet; Redcloud Peak, 14,050 feet;
an unnamed peak near Mount Eolus, 14,030 feet; Wil-
son Peak, 14,026 feet; Sunshine Peak, 14,018 feet;
Wetterhorn Peak, 14,017 feet; and Handies Peak,
14,008 feet. Crowding close behind these leaders are
more than a score of peaks with altitudes close to
14,000 feet, most of which are near the center of the
range, in the general vicinity of Silverton.

The forms of the individual mountain peaks are
extremely varied. The more characteristic or note-
worthy summits are described at greater length in a
subsequent chapter. Here it is sufficient to call atten-
tion to the fact that many are sharp-pinnacled crests
of the type to which the term “needles” is sponta-
neously applied. Uncompahgre Peak is a truncated
pyramid with a large triangular surface at the sum-
mit. Many are pyramids with fairly sharp points;
Mount Wilson and Rio Grande Pyramid are charac-
teristic. Others of the higher summits are wide, flat
areas; the Continental Divide at several places tra-
verses broad upland meadows, as in the northeast
corner of the Needle Mountains quadrangle. A few of
the summits are broadly rounded.

As might be expected in a mountain group of so
great extent as the San Juan, individual portions are
known by local names. The north front, west of
Ouray, is locally referred to as the Sawtooth Moun-
tains, because of its extremely serrate sky line. The
group of peaks culminating in Mount Wilson at the
west front is sometimes called the San Miguel Moun-
tains, inasmuch as it is drained by the headwaters of
the San Miguel River. The group of sharp-pointed
peaks south of Silverton is known as the Needle Moun-
tains, and one long line of these has been named the
Grenadier Range. As already mentioned, the moun-
tains around Rico and the La Plata Mountains, 20
miles farther south, are in reality separate units
grouped with the San Juan Mountains merely because
of their proximity. ;

The mountains between the Rio Grande and the
Saguache River, at the northeast, are known as the
La Garita Mountains. Still farther north the Coche-
topa Hills, at the east side of the San Juan Mountains,
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connect them by way of Marshall Pass with the
Sawatch Range. The mountains in the vicinity of the
Conejos River, near the southeast margin, are some-
times referred to as the Conejos Mountains. Finally,
the long southward extension of the San Juan Moun-
tains along the west side of the Rio Grande Valley in
New Mexico is designated the Tusas Mountains.

of the Cochetopa Hills to the mountain summits imme-
diately north of Creede. Thence it continues far to
the west across the north half of the San Cristobal
quadrangle. Curving southward, the Continental Di-
vide traverses the southeast quarter of the Silverton
quadrangle and the northeast quarter of the Needle
Mountains quadrangle. Thence it swings sharply to-
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FIicurRe 3.—Major drainage systems of the San Juan Mountains

Drainage—The master streams and main drainage
basins of the San Juan region are indicated on Figure
3. Many of the rugged, lofty summits are in close
proximity to the Continental Divide, separating the
drainage of the Rio Grande, which empties into the
Gulf of Mexico, from that of the Colorado, which
empties into the Gulf of California. This divide en-
ters the San Juan region at the northeast and may be
traced from Marshall Pass southward along the crest

ward the east, crosses the south half of the San Cris-
tobal quadrangle, and bends southward across the
southwest corner of the Creede quadrangle. It passes
diagonally from a point near the northwest corner of
the Summitville quadrangle to a point near the south-
east corner of the same quadrangle, whence it con-
tinues southward into New Mexico west of Chama.

The larger tributaries of the Rio Grande in the San
Juan Mountains have U-shaped profiles as a result of
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recent glacial erosion. Others, more commonly the
smaller ones, are V shaped in cross section, an indica-
tion of the present vigor of stream erosion. The
master streams are in most parts of the range working
at levels 5,000 or 6,000 feet below the adjacent sum-
mits. All the longer streams traverse rocks of varying
resistance to erosion, and hence show varied types of
topography at different places along their courses.

In general, the valleys of the master streams display
a radial plan, extending outward from the central part
of the mountains toward their margins. As a rule the
upper courses of these valleys within the mountains
are deep, narrow, and rugged canyons. In the margi-
nal belt of foothills the canyons broaden and become
shallower, and the valley sides are deeply dissected
and broken. Beyond the foothills the streams traverse
a belt of lowland and the valleys take on the charac-
teristics of old age. At 20 or 30 miles from the moun-
tain front each of the streams of the Colorado drain-
age system plunges into a narrow canyon, through
which it traverses the dissected mesas of the Colorado
Plateaus. The Rio Grande, on the other hand, con-
tinues for a long distance upon the flat floor of the
intermontane basin known as the San Luis Valley.

Plateaus—Except on the east and north the San
Juan Mountains are bordered by the Colorado Pla-
teaus. Of these the Mesa Verde, southwest of the
La Plata Mountains, is typical. (See pl. 5, 4.) It
is a dissected plateau, carved by running water into
long, narrow strips of flat upland separated by steep-
walled, narrow canyons. Near the mountains the pla-
teau surfaces are generally between 7,000 and 8,000
feet above sea level, and the canyons traversing them
are in places as much as 1,000 feet deep. Southward
and westward from the mountains the plateau surfaces
decline gradually with slopes of 10 to 30 feet to the
mile, but, as the streams have a similar gradient, the
canyons between the uplands maintain approximately
the same depth.

The extensive plateau that stretches for scores of
miles northwestward from the mountain front be-
tween the Uncompahgre-Gunnison and San Miguel
drainage basins is known as the Uncompahgre Pla-
teau. South of it, in the drainage basin of the San
Miguel River, is the deeply carved, much dissected
San Miguel Plateau. Next in line at the southwest is
the Mesa Verde, east of which are many isolated up-
lands overlooking the Mancos River and its tributaries.
Still farther east, a short distance south of the San
Juan Mountains, the northern rim of the plateaus
drained by the San Juan River is known locally as
the Mesa Mountains.

CLIMATE

Climatic conditions in the San Juan country are
as varied as the topographic features. Precipitation

is heavy on the slopes of the higher mountains, but
is much less in the peripheral belt of lowland and
scanty in the adjacent plateau country. Ordinarily
the mountain trails are snow-bound from October to
May. Generally after the last heavy falls of snow
in early June there is a period of four or five weeks
of comparatively clear weather. Then during the
typical short summer of the high mountains there are
almost daily thunderstorms, which break early in the
afternoon. Again in September there may come an-
other short spell of clear weather before the first
heavy snows of the fall. Snow generally accumulates
at the higher altitudes to depths of 8 or 10 feet, and
snow banks persist from winter to winter in sheltered
nooks at altitudes of 12,000 and 13,000 feet.

The temperatures in the mountains are those typical
of all such regions, where because of altitude the at-
mosphere is comparatively rare. Sunshiny days may
be even uncomfortably warm and nights as uncom-
fortably cool. The camper in the mountains should
always be provided with an abundance of woolen
blankets for his bed and heavy sweaters for evenings
and cloudy days. The prevailing winds blow from the
southwest, hence precipitation is greater and storms
more frequent on the southern and western slopes of
the mountains than on the northern and eastern slopes.
Local breezes, however, seem to be controlled rather
definitely by the topographic features. The up-valley
breeze of the forenoon invariably gives way to the
down-valley breeze of the late afternoon and evening.

HUMAN RELATIONS

Settlements—Although as a whole the San Juan
Mountains are very sparsely settled, there are in the
mountains a number of towns of considerable size,
which owe their prosperity to the development of the
mineral resources of the region, and in the adjacent
lowland several even larger communities, where agri-
cultural development has gone forward in recent years
with accelerating pace. Among the mountain towns
are Ouray, which in 1930 had a population of 707;
Telluride, a city of 512; Silverton, 1,301; Rico, 447;
Lake City, 259; and Creede, 384. In the lowland
group the leaders are Montrose, with 3,566 inhabitants,
on the north side of the mountains, and Durango, with
5,400 inhabitants, on the south side. Of lesser impor-
tance are Mancos, at the southwest, with a population .
of 646, and Pagosa Springs, at the south, with 804.
Monte Vista, with a population of 2,610, and Del
Norte, with 1,410, are near the margin of the San Luis
Valley, on the east side of the mountains.

All these towns are connected by railways, but there
is no rail route directly across the mountains. Instead,
the range is encircled by railroads, mostly narrow
gage, from which long spurs extend up the larger river
valleys almost to the center of the mountains. These
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railways are all a part of the Denver & Rio Grande
Western system.

National forests—The San Juan Mountains are gen-
erally covered with a magnificent forest growth, and
practically all of the mountainous country is within
the boundaries of the national forests. These tracts
are so administered by the Forest Service as to

yield the greatest benefits from their varied resources.
Certain areas are set apart for sheep grazing, and
others as cattle lands. Timber is marked for cutting
by expert foresters. Trails and roads have been con-
structed, bridges built, and camp sites designated. In
every conceivable way the forests have been made the
“ people’s playground.”
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A. SUMMIT REGION IN THE MIDST OF THE SAN JUAN MOUNTAINS

View north from saddle east of Dolly Varden Mountain. In the distance, at right, is Uncompahgre Peak (14,306 feet); in the middle is Wetterhorn
(13,589 feet). Much of the rolling surface is at or near the San Juan peneplain horizon. High peaks are monadnocks; deep canyons represent
the work of streams and valley glaciers during two later cycles of erosion. Photograph by Whitman Cross.

B, MOUNT WILSON

Mount Wilson, 14,250 feet above sea level, is in a group of rugged peaks near the western margin of the San Juan region. Although separated from the
an Juan Mountains by wide valleys, the Wilson group has been throughout its geologic history intimately related to the San Juan Mountains.
Photograph by Whitman Cross,
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A. MESA VERDE FROM THE NORTHEAST

View from a high position south of Mancos, showing the bold escarpment of Mesa Verde and the dark forest on top in left background. At the north
end (right) the mesa rises about 1,000 feet above the lowland of the Mancos River Valley. Photograph by Whitman Cross.

B. SNEFFELS PEAK

This peak is a mass of diorite and gabbro cutting up through the bedded volcanic series. This view was taken from the saddle west of Stony Mountain.
neffels Peak (14,143 feet) is the highest peak in the bold mountain front at the northwest margin of the range. It is a conspicuous monadnock,
Photograph by Whitman Cross.
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A. LA PLATA SANDSTONE

The light-colored band at the top of the cliffs represents the Jurassic La Plata sandstone. Beneath it occur the Dolores (Triassic and Jurassic?)
and Cutler (Permian) formations. The view was 1aken in the valley of the Dolores River. Photograph by Whitman Cross.

B. HERMOSA FORMATION

The bold cliffs at the left are composed of the Hermosa formation. The view was taken from the top of the cliffs west of the Ignacio Reservoir,
looking northwestward toward Engineer Mountain and Potato Hill. Photograph by Whitman Cross.
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A. NORTHWARD-DIPPING STRATA IN THE UNCOMPAHGRE VALLEY AT OURAY

The clearly defined layers are of Paleozoic and Mesozoic age. They were uplifted and arched at the end of the Mesozoic era. Overlying the sedimen-
tary rocks are thick accumulations of volcanic rocks. The village of Ouray is located on a torrential fan. Photograph by Ernest Howe.

B. PINNACLES AND MINARETS OF TUFF AT WHEELER NATIONAL MONUMENT
These fantastic forms are due to differential weathering of a fine-grained volcanic tuff.
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B

RIDGWAY TILL AT TYPE LOCALITY, 1 MILE WEST OF RIDGWAY
a, Mancos shale; b, yellow glacial till; ¢, dark slate-colored glacial till; d, Telluride conglomerate; e, San Juan tuff.
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A. WEATHERING OF VOLCANIC TUFF-BRECCIA

The hoodoolike forms have resulted from the weathering of a mass of volcanic breccia on a canyon wall.

B. EASTERN SUMMITS OF SAN JUAN MOUNTAINS NEAR HEAD OF LA GARITA CREEK, CREEDE QUAD-
RANGLE

Known as Mesa Peak, Bowers Peak, and Boot Mountain. Although each reaches an altitude greater than 12,500 feet, they
are in striking contrast to the serrate summits and jagged divides found at similar altitudes in the central and eastern
portions of the same mountain range. Remoteness from the major streams and deficiencies in rainfall explain the absence
of notable dissection since the broad valleys were carved, during the Florida cycle of erosion. The broad uplands and
rounded summits are remnants of the San Juan peneplain.




Cuarrer 3.—PRE-QUATERNARY HISTORY OF THE SAN JUAN MOUNTAINS

To comprehend the present topography and the
more recent geologic history of the San Juan region
it is necessary to have a clear picture of the nature
of the rocks and the succession of events responsible
for their present distribution. In every part of the
area the physical features of mountains, valleys,
plateaus, and mesas are closely related to the under-
lying terranes, each of which has its own individual
expression in surface features. The present distribu-
tion of the many varieties of rocks, each of which has
impressed specific characteristics upon the landscape,
is the result of a long chain of events and can be
understood adequately only in the light of these events.
It is therefore necessary at an early stage in this re-
port to depict the background against which are
thrown the occurrences of more recent ages, the real
subject matter of this paper.

It happens that in the San Juan region the geologic
record is unusually extensive and inclusive. Here are
exposed rocks of all ages from some among the oldest
yet identified in the earth’s crust to those of most
recent origin. There are, to be sure, many gaps in the
record, but viewed in its entirety it can not fail to
convey an impression of the remarkable completeness
with which the events of geologic time are here
recorded.

Fortunately, also, this particular region has been
subjected to long and careful examination by many
of the most expert of American geologists. As indi-
cated in Chapter 1, the region has for many years
been under critical examination by the United States
Geological Survey. Under the leadership of Whit-
man Cross, geologists of that organization have ex-
plored all parts of the region and in a large number
of publications have placed the facts there obtained
before the public. It is our purpose at this time to
summarize in convenient though probably somewhat
sketchy form this great mass of data in order that it
may be readily available to serve as an introduction
to the body of this report.

For further details concerning this portion of San
Juan history and for descriptions of the great mass
of observed phenomena on which the conclusions are
based the reader is referred to the reports already pub-
lished or now in process of publication. Among them
the following will probably prove to be of greatest
value:

Atwood, W. W., Eocene glacial deposits in southwestern
Colorado: U. 8. Geol. Survey Prof. Paper 95, pp.-13-26, 1915.

Cross, Whitman, U. S. Geol. Survey Geol. Atlas, Telluride

folio (No. 57), 1899; La Plata folio (No. 60), 1899; Rico folio
(No. 130), 1905 ; Engineer Mountain folio (No. 171), 1910.

Cross, Whitman, Stratigraphic results of a reconnaissance in
western Colorado and eastern Utah: Jour. Geology, vol. 15,
pp. 634679, 1907.

Cross, Whitman, The Triagsic portion of the Shinarump
group, Powell : Jour. Geology, vol. 16, pp. 97-133, 1908.

Cross, Whitman, and Howe, Ernest, U. S. Geol. Survey
Geol. Atlas, Silverton folio (No. 120), 1905; Needle Mountains.
folio (No. 131), 1905; Ouray folio (No. 153), 1907.

Cross, Whitman, and Howe, Ernest, The Red Beds of south-
western Colorado: Geol. Soc. America Bull., vol. 16, pp. 447—
498, 1905.

Cross, Whitman, and Larsen, E. 8., Contributions to the
stratigraphy of southwestern Colorado: U. S. Geol. Survey
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PRE-CAMBRIAN HISTORY

Rocks of pre-Cambrian age compose the great massif
of the Needle Mountains and adjacent peaks, in the
southwestern part of the San Juan Mountains, and
also the greater part of the mountain prong that ex-
tends far southward into New Mexico from the south-
east corner of the main mass. Similar terranes under-
lying younger formations have been laid bare in the
deeper canyons in many other parts of the region.
These rocks are obviously the basement complex upon
which the younger sediments and volcanic materials
have been laid.

The pre-Cambrian formations may be grouped into
three series, and the pre-Cambrian history of this re-
gion is divisible into three long epochs, each of which
was terminated by episodes of profound -crustal
movement.

The earliest rocks of which there is any record in
the San Juan region are the crystalline schists and
gneisses that form the walls of the canyon of the
Animas River in the Engineer Mountain, Needle
Mountains, and Silverton quadrangles. Similar rocks
are exposed in and near the Black Canyon of the Gun-
nison River, along the northern margin of the San

11
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Juan region, and in the far southeast extension of the
San Juan Mountains, as well as in other parts of the
region.

These schists and gneisses are intruded by the Twi-
light granite, a large batholith now exposed in the
West Needle Mountains, which culminate in Twilight
Peak. A somewhat similar gneissose granite forms
innumerable sheets in the walls of the Gunnison Can-
yon, and elsewhere in the pre-Cambrian complex other
masses, presumably contemporaneous with it, may be
observed. These extensive intrusions of granitic mag-
mas were probably accompanied by mountain building
and were certainly followed by a long period of ero-
sion, which must have been accompanied by deposition,
but of the resulting rocks almost none now remain.
They are to-day chiefly represented by quartzite and
ironstone pebbles in the Vallecito conglomerate and by
quartzite inclusions in the Irving greenstone. From
the abundance of these pebbles and fragments it is
reasonable to assume that strata of considerable thick-
ness must have then accumulated in or near the Needle
Mountains. The accumulation of these sediments was
accompanied or followed by the second great episode
of igneous activity in this region. The injection of
basic igneous magma and the accompanying metamor-
phism produced a complicated series of schists and
greenstones to which the name Irving greenstone has
been applied. Associated with these schists and green-
stones are a few bands of quartzite, in part mashed and
schistose, whose structural relations and origin are
obscure. The Irving greenstone is best exposed in and
near the southeast corner of the Needle Mountains
quadrangle, where it forms the walls of Vallecito Can-
yon and composes Irving Peak, as well as certain
neighboring summits toward the east. The crustal
movements also elevated the region sufficiently to per-
mit its widespread degradation, and thus an episode
of crustal movement, mountain building, and subse-
quent erosion brought to an end the second of the three
pre-Cambrian epochs.

The detritus resulting from long-continued erosion
in the interval succeeding the metamorphism of the
Irving greenstone supplied the materials for the next
younger series of sediments. These materials were
obtained from all previously existing terranes and
hence consisted dominantly of quartzite, greenstone,
schist, and gneiss débris. At first the fragments were
coarse, and the Vallecito conglomerate was accumu-
lated. This formation, with its pebbles of vein quartz,
purple quartzite, bright jasper, dark amphibolite,
greenstone, gray hematite, and chloritic chist, is of
special interest to the student of more recent phe-
nomena along the southern slopes of the range. It
crops out only in the canyons of Vallecito Creek and
the Los Pinos River, near the southeast corner of the

Needle Mountains quadrangle, and the distribution of
the easily recognized boulders derived from it and now
spread widely over the adjacent lowlands forms a
valuable key to the Quaternary history of the region.
As erosion progressed, finer materials were deposited,
and sedimentation continued without interruption for
a very long period. The thick series of quartzites and
schists thus formed is known as the Uncompahgre
formation and is the most widely distributed of all
the pre-Cambrian terranes. It appears at the surface
of a large area in and near the Needle Mountains,
forms a part of the wall of Uncompahgre Canyon near
Quray, has been recognized at the center of the Rico
dome, is trenched by the Piedra River in the Pagosa
Springs quadrangle, reappears along the stream
courses north of the Cochetopa Hills in the far north-
eastern portion of the San Juan region, and is exposed
along the slopes of the Brazos Valley and in the higher
summits near the southeast corner of the range. The
distribution of the resistant boulders of purplish
quartzite derived from this formation by stream and
ice erosion has proved of great assistance in decipher-
ing the more recent history of the region.

The metamorphism of the Uncompahgre quartzites
and schists was followed by the intrusion of many
granitic batholiths with numerous dikes and apophyses.
The largest of these is the Eolus granite, of which
Mount Eolus and its neighbors among the Needle
Mountains are formed. Another is now exposed about
the headwaters of the Los Pinos River in the south-
west quarter of the San Cristobal quadrangle. Other
bodies of similar age and nature have been trenched
by the Piedra River between Sand Creek and First
Fork, in the Pagosa Springs quadrangle. Although
most of these intrusive rocks consist of granite, more
basic material was injected at some localities. Of the
rocks thus formed the granodiorite, near the junction
of Virginia Creek with the Florida River, in the
Needle Mountains quadrangle, and the gabbro, near
the southeast corner of the Engineer Mountain quad-
rangle, are typical.

This igneous activity was accompanied or followed
by great orogenic movements that deformed and up-
lifted the entire San Juan region. Thus was started
a long period of erosion which marked the transition
from pre-Cambrian to Paleozoic time and ended the
third of the pre-Cambrian epochs. Gradually the
entire southwestern part of Colorado was reduced well
toward base-level, and a peneplain of almost conti-
nental proportions was developed. In the beveling
process each of the pre-Cambrian rocks was exposed
in one place or another at the surface of the nearly
level plain and in positions suggestive of the vicissi-
tudes through which it had passed.




MESOZOIC

PALEOZOIC HISTORY
PRE-DEVONIAN TIME

Very little is known concerning the early Paleozoic
history of the San Juan region. In all probability
during much of Cambrian, Ordovician, and Silurian
time it was part of a large land area. The extensive
denudation that marks the transition from pre-Cam-
brian to Paleozoic time developed a surface of slight
relief before the end of the Cambrian period. The
lower undulations of this surface were for a time
covered by ocean waters. The subsidence was not
general, however, for certain parts of the land re-
mained above the sea; these supplied the materials
for the deposition in the adjacent shallow basins of the
first of the Paleozoic formations, the Ignacio quartz-
ite. This is an extremely variable formation, gen-
erally less than 100 feet in thickness, consisting of
quartzite with subordinate amounts of sandy shale and
conglomerate. This formation contains only scanty
fossils, which suggest but can not be said to prove its
reference to the Upper Cambrian, the epoch to which
it is generally assigned. Only a few small remnants
of this formerly widespread formation now exist.
These are found chiefly on the southwestern margin
of the central pre-Cambrian area, in the Engineer
Mountain and Needle Mountains quadrangles. Here
the Ignacio beds rest with great unconformity upon
the pre-Cambrian complex and are overlain with com-
parative conformity by middle Paleozoic formations.

DEVONIAN TIME

The rocks next younger than the Ignacio quartzite
carry fossil fishes regarded as of Upper Devonian age
and indicate that at this time there was a widespread
submergence of the entire San Juan region. The
strata of the Elbert formation, the earliest deposits
then laid down, consist of impure limestone or limy
sandstone and shale; these are overlain by the richly
fossiliferous marine limestone that forms the basal
part of the Ouray limestone.

CARBONIFEROUS TIME

Mississippian epoch.—The Mississippian epoch be-
gan at a time when the entire San Juan region was a
shallow sea, in which the Ouray limestone was slowly
accumulating, for this formation carries Mississippian
fossils in its upper beds. After 300 or 400 feet of this
limestone had been deposited, most of the land rose a
little above sea level, apparently without folding in
this vicinity, and the upper part of the Ouray lime-
stone was subjected to erosion. In some places this
erosion may have been marine, due to strong currents
and wave action. FElsewhere the limestone emerged
from the sea and its surface was slightly modified by
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subaerial erosion which developed deep solution
crevices.

Pennsylvanian epoch—The beds of the Molas for-
mation represent the beginning of a long period of
marine sedimentation which continued through all of
Pennsylvanian time and into Permian time. The red-
dish color of the Molas beds may indicate an arid cli-
mate, for the iron-stained sediments were thoroughly
oxidized before deposition. The deposits are of no
great thickness and in places consist of mud and
rounded fragments of the older beds. Upon them the
sand, clay, and limestone of the Hermosa formation
accumulated to a thickness of more than 2,000 feet.
This formation is now admirably displayed in the
Hermosa Cliffs, which parallel the Animas River in
the Engineer Mountain quadrangle. This prominent
scarp, shown on Plate 6, B, is an expression of the
reaction of the Hermosa beds to stream erosion and
glacial sapping.

Permian epoch.—Early in Permian time conditions
changed, and the clastic sediments of the Rico forma-
tion were deposited in the shallowing seas. The sand-
stones of this formation are coarse and thick and are
interbedded with grit and conglomerate which suggest
near-shore or even continental origin.

This change from marine to continental sedimenta-
tion, begun during the deposition of the Rico forma-
tion, was completed in Permian time, as the Cutler
formation is almost entirely a continental accumula-
tion. Many of its beds consist of bright-red sandstone
or shale. Conglomerate and grit are extremely com-
mon. The rare limestone beds are unfossiliferous.
From a neighboring upland pebbles of quartzite, vein
quartz, flint, granite, and numerous other igneous and
metamorphic rocks were transported to the sites of
Cutler sedimentation in the San Juan region. Disinte-
gration of the exposed Cutler beds in recent time has
liberated these resistant pebbles from their matrix, and
they are now scattered broadcast over many surfaces
where they may easily be mistaken for Quaternary
gravel.

The Cutler is the youngest of the known Paleozoic
formations in the San Juan region. In the southwest-
ern part of the region Upper Triassic beds rest upon
the Cutler without an obvious stratigraphic break.
North of Ouray, however, there is a striking uncon-
formity which indicates that during the transition
from Paleozoic to Mesozoic time crustal movement
flexed the Paleozoic strata and occasioned considerable
erosion in a small part of the region.

MESOZOIC HISTORY

The Mesozoic era in the San Juan region was a
time of prolonged accumulation of sedimentary
rocks. Strata aggregating approximately 9,000 feet




14 PHYSIOGRAPHY AND QUATERNARY GEOLOGY OF SAN JUAN MOUNTAINS, COLO.

in thickness were laid down over most, if not all, of ;

the region.
TRIASSIC TIME

The San Juan region at the beginning of the
Mesozoic era may be pictured as an area of extremely
slight relief, situated very close to sea level, but in the
northeastern part of the Montrose quadrangle and the
north half of the Uncompahgre quadrangle the uplift
and crustal deformation that marked the end of
Paleozoic time had formed an area of higher land.
Here the Paleozoic strata were strongly arched and
erosion was going forward aggressively.

In the later part of the Triassic period, and possibly
extending into the Jurassic period, the Dolores for-
mation was deposited over all the western half of the
San Juan region. Conditions similar to those that had
produced the red beds of the Cutler formation had re-
turned. Thus there was built up a second red-bed
formation characterized by mottled-gray shale, deep
maroon sandstone, and irregularly recurring limestone
conglomerate. The Dolores formation attained a
maximum thickness of about 2,000 feet, but more com-
monly throughout the southwestern part of the San
Juan region its thickness is several hundred feet less
than that, and toward the east as well as the north
and west it is commonly less than 500 feet thick.

The accumulation of the Dolores sediments was
terminated by an episode of crustal deformation, far
greater than any previous crumpling of the earth’s
crust which had occurred in this locality since the be-
ginning of Cambrian sedimentation. Apparently all
of the San Juan region east of a line approximating
rather closely the east border of the Ignacio, Needle
Mountains, Silverton, and Montrose quadrangles was
greatly elevated and compressed into a series of
strongly developed folds, complicated here and there
by faults.

JURASSIC AND CRETACEOUS (?) TIME

The corrugated uplands of the eastern San Juan
region, developed by this deformation, were imme-
diately attacked by the rejuvenated streams of the
disturbed localities and by the later part of the Juras-
sic period were reduced approximately to base-level.
Throughout this time the recently accumulated sedi-
ments in the western half of the San Juan region had
remained practically unaffected either by deformation
or by erosion. Hence when sedimentation was re-
newed throughout the region by the accumulation of
the La Plata sandstone, the new strata were there de-
posited in nearly perfect conformity to the old. East
of the above-mentioned line, however, where crustal
deformation had been succeeded by profound erosion,
the La Plata sandstone overlapped the quondam land

mass; consequently its beds transgress the upturned
edges of all Paleozoic formations and over large areas
rest upon the pre-Cambrian complex itself.

The conditions of La Plata sedimentation were
somewhat peculiar. The formation consists in the
San Juan region of two massive sandstones, separated
hy a small thickness of calcareous shale or limestone.
The sandstones are of unusual purity, and the glisten-
ing white cliffs carved in them add greatly to the
scenic beauty of the plateau country bordering upon
the mountains. One such cliff is illustrated in Plate
6, A. It is possible that this sandstone is, in large
part at least, a subaerial deposit, consisting of sand
particles blown broadcast over a low-lying plain by
the wind.

The 150 to 300 feet of the La Plata sandstone is
succeeded conformably by deposits, from 400 to 900
feet in thickness, which have long been known as the
“ McElmo formation.” These deposits display in gen-
eral an alternation of sediments, shifting between fine-
grained quartzose sand and marl or greenish mud, and
in places thin beds of gypsum testify to the scarcity
of moisture. Recent studies by geologists of the
United States Geological Survey have shown that the
“McElmo formation” in southwestern Colorado and
southeastern Utah is separable into two formations—
the Summerville formation, of Upper Jurassic age,
and the Morrison formation, of Cretaceous(?) age.

CRETACEOUS TIME

In the San Juan region the Dakota (?) sandstone,
the lowest Upper Cretaceous formation, is between
100 and 200 feet in thickness. Thin beds of sand-
stone with numerous recurring conglomerate zones are
separated by sandy shale, which in places carries thin
seams of coal. In most localities the Dakota (%) in-
cludes one or two massive beds of very resistant sand-
stone, and these everywhere influence the topographic

17, 8. Geol, Survey Press Bull. 16318, July 29, 1927. The following
statement is contributed by A. A. Baker, C. H. Dane, and J. B.
Reeside, jr.:

Recent field work has shown that the names “ McElmo formation *
and “La Plata sandstone” have not been uniformly applied in the
past. At its type locality in southwestern Colorado and in south-
eastern Utah the “ McElmo formation” contains the Summerville for-
mation, of Upper Jurassic age, and the Morrison formation, assigned
with doubt to the Cretaceous. At some localities in the San Juan
region it coincides with the Morrison formation and at others includes
only part of the Morrison formation. The “ La Plata sandstone” in
the San Juan region normally includes at its base the Entrada sand-
stone, of Upper Jurassic age, a middle zone of limestone, of Morrison
age, and an upper sandstone, of Morrison age. The Summerville for-
mation is not present. At some localities in the mountains the middle
zone is not recognizable, and at others neither middle nor upper zone
can be distinguished and the formation consists only of the Entrada
sandstone. In extreme western Colorado the name “ La Plata’ has
been applied to the Navajo sandstone, the Carmel formation, and the
Entrada sandstone, on the assumption that the three units were the
same as those found normally in the San Juan region. This confusion
in usage has made it expedient to drop both “ McElmo"” and *La
Plata ” for less equivocal names wherever possible, though in the
present paper both are applied in accordance with past local usage.
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details of the landscape. This sandstone is in many
places the rim rock at the top of a canyon wall or at
the margin of a mesa surface; especially adjacent to
the southwest periphery of the range it is the cause
of many a hogback.

With progressive deepening of the Cretaceous sea
the strand line evidently moved to some locality re-
mote from the San Juan region, and the sediments ac-
cumulating at this locality became progressively finer.
Dark-gray mud was piled to a thickness of nearly
2,000 feet to form the clay shale known as Mancos
shale. Thin sandstone lenses occur intermittently in
the midst of the shale, and near the base there is com-
monly found a calcareous layer or two, rich in fossil
remains of marine invertebrates.

About the middle of the Montana epoch the Creta-
ceous sea in the San Juan region was very materially
decreased in depth. Coarser sediment was washed
from the adjacent shores into the region and there
accumulated to make the Mesaverde formation. This
is a succession of alternating sandstone and shale with
a few layers of marl or thin beds of limestone and a
number of beds of coal, some of which is of excellent
quality. The whole has a thickness ranging between
400 and 1,000 feet. In the lower portion is a massive,
coarse cross-bedded sandstone which causes the most
prominent scarp of the Mesa Verde and is the rim
rock of many an upland flat in the peripheral zone of
the San Juan region.

Again the Cretaceous sea was deepened and the
shore line became more remote, so that during the final
stages of the Montana epoch another thick shale for-
mation, known as the Lewis shale, was deposited. This
shale attains a total thickness of at least 2,000 feet and
is in general somewhat finer grained and less resistant
to erosion than the Mancos shale, which it somewhat
resembles. Although the evidence is not so conclusive
for believing that these later formations, like the
early Dakota (%) sandstone, were deposited continu-
ously throughout the San Juan province, it would yet
seem most reasonable to make that assumption.

South of Durango and Pagosa Springs, in the midst
of the San Juan Basin, which borders the San Juan
Mountains on the south, there is a deposit of coal-
bearing sandstone and shale which reaches a maximum
thickness of at least 1,500 feet. This includes the Pic-
tured Cliffs sandstone, the Fruitland formation, and
the Kirtland shale of current usage. In all probability
these strata were deposited in lagoons and swamps that
existed after the local retreat of the Cretaceous sea,
and it seems quite likely that the physiographic
changes thus indicated were a response to the earlier
of the crustal deformations that marked the transition
from Mesozoic to Cenozoic time,

TERTIARY HISTORY
TRANSITION FROM CRETACEOUS TO TERTIARY

When the Cretaceous marine sedimentation ceased
the San Juan region was an almost plane area approxi-
mately at sea level. The upper 6,000 or 8,000 feet of
the earth’s crust in this entire region was formed of
the recently accumulated beds, ranging from the La
Plata sandstone through the Lewis shale. In the east-
ern half and possibly in the central part of the region
this terrane rested upon the peneplaned surface of the
pre-Cambrian complex. In the western half of the
region, however, the thick formations of Paleozoic and
earliest Mesozoic age intervened between the La Plata
sandstone and the ancient crystalline mass. Generally
the Paleozoic strata were in structural conformity with
the flat-lying Cretaceous beds. Only in the zone of
transition between the east and west halves of the
area were the older sedimentary rocks uptilted. Here
the La Plata and younger beds overlap discordantly
the upturned edges of the successive Paleozoic forma-
tions, beveled by erosion prior to La Plata time. From
conditions such as these the modern San Juan Moun-
tains were to be constructed during the Tertiary and
Quaternary periods.

The first step in this constructive process was the
regional uplift and domal deformation of the entire
San Juan province. Gradually the epeirogenic uplift
changed to a more localized and intensified orographic
movement. A huge dome, 70 or 80 miles in length
from east to west and 30 to 40 miles in width from
north to south, was arched. The apex of this dome
must have been not far from the northeast corner of
the Needle Mountains quadrangle. This differential
movement must have amounted to at least 10,000 feet,
so that the summit of the dome would have been that
much higher than the surrounding plain had not con-
temporaneous erosion partly neutralized the effects of
deformation. In consequence of the movement the
Paleozoic and Mesozoic strata, so far as now known,
dip outward at angles approximating the slope of the
flanks of the dome. Thus in the Ignacio quadrangle
the regional dip is toward the south, in the Telluride
and Rico quadrangles toward the west, in the Mont-
rose quadrangle (as shown on pl. 7, 4) toward the
north.

This first warping of the San Juan dome was the
expression in this locality of the widespread oro-
graphic movements which in the Rocky Mountain re-
gion represent the Laramide revolution. Obviously
erosion would begin as soon as there was any appre-
ciable difference in altitude between the center of the
San Juan region and its periphery. Streams rising
near the summit of the dome would radiate toward
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its margins. At their heads these streams would form
canyons, whose depth would be determined by the
amount of domal uplift. In their lower courses the
same streams would tend to deposit the materials ob-
tained from the canyons. It seems quite likely that a
part at least of the formations known as Pictured
Cliffs, Fruitland, Kirtland, McDermott, Animas,
Puerco, Torrejon, etc., represent the products of this
accumulation during the Laramide warping.

Early in this stage of crustal flexing and con-
comitant erosion there occurred the first of the re-
peated volcanic outbursts which characterize the
Tertiary history of the San Juan region. The frag-
mental débris from these late Cretaceous or earliest
Tertiary eruptions formed the Animas formation, con-
sisting of agglomerate and tuff, chiefly of andesitic
material. Remnants of the tuff have been found in
the Animas Valley and elsewhere on the south slopes
of the range in the Ignacio and Pagosa Springs quad-
rangles. The fossil plants which these beds contain
have been assigned by Knowlton to the Eocene epoch,
but that age designation for the formation has not
been accepted by all geologists, and the Animas is
still classified by the United States Geological Survey
as Tertiary (?).

RIDGWAY GLACIAL EPOCH

Singularly enough, the next recorded event in the
history of the San Juan Mountains was a glacial epi-
sode, but between the volcanic outbursts that furnished
the débris of the Animas formation and this glacia-
tion there was a long interval, during which erosion
must have gnawed deeply into the newborn San Juan
dome. The entire sedimentary veneer, 6,000 to 10,000
feet in thickness, was in places stripped from the sur-
face of the pre-Cambrian complex at and near the
center of the dome. Inevitably this process involved
the carving and sculpturing of mountains, character-
ized by lofty peaks and deep-etched canyons. On the
flanks of the dome, where swift-flowing streams en-
countered no more resistance than that afforded by the
harder beds of the sandstone that has generally been
called Dakota sandstone, an undulating plain was ap-
parently produced. The surface of this lowland plain
transgressed the many sedimentary formations from
the Mesaverde at its outer margin to the Hermosa or
even the Ignacio quartzite at its inner margin, where
the plain was rising irregularly toward the higher
mountains, within which large surfaces of pre-Cam-
brian granite, quartzite, and gneiss must have been
exposed. Many of the peaks, however, were probably
formed of the Paleozoic strata, such as the Hermosa
and Cutler formations. In some localities extensive
beds of volcanic tuff, produced by the late Cretaceous
or earliest Tertiary volcanoes, the products of which
are now disclosed in the Animas formation, had es-

caped removal. At the same time erosion had suc-
ceeded, in the interval subsequent to that volcanic
outburst, in laying bare considerable masses of in-
trusive porphyry, which presumably filled the con-
duits through which the molten magma had approached
the surface. How much time was involved by all this
denudation can not now be estimated. It would seem,

‘however, that the conditions thus sketched were

achieved before the end of Eocene time.

Then came a change in climatic conditions of such
import that glaciers of no mean size formed among
these mountains. These ice masses presumably moved
outward toward the peripheral lowlands and there
formed great piedmont glaciers. Only a modicum of
the extensive deposits of till which these piedmont
glaciers must have made has escaped the vicissitudes
of subsequent time and is now recognizable in the San
Juan region. The most extensive deposits of this ma-
terial, the Ridgway till, underlie the surface of Miller
Mesa, on the north flanks of the mountains near Ridg-
way.? The type locality is shown on Plate 8. Here
its composition indicates that two different bodies of -
ice invaded the area in succession. One deposited
boulders derived from outcrops of many varieties of
porphyry, several kinds of granite, some volcanic tuff,
quartzite, sandstone, limestone, and conglomerate.
Ice had moved from the central part of the mountains
and plucked the sedimentary materials from the up-
turned strata at their north base. Overlying the till
from this first glacial invasion is another body of
glacial débris which-must have been dropped by ice
having very different sources, or at least by ice which
had pursued a very different pathway to the Ridgway
locality. This upper, so-called “ pebble till ” member
of the Ridgway till is composed largely of finely pul-
verized shaly material, such as might result from the
passage of vigorously eroding ice over large exposures
of Mancos or Lewis shale.

On the south side of the range, in V Mountain,
near the center of the Summitville quadrangle, other
deposits of early Tertiary till are known. Here the
drift beneath the great mass of Tertiary volcanic
débris is similar to that just described as the first of
the two kinds of till in the Ridgway locality. The
exposure is of special interest because it indicates that
at this time glaciers must have been widespread in the
ancient San Juan Mountains.

Still other exposures of tillite were examined during
the summer of 1924 by the senior author, accompanied
by Wallace R. Atwood, in the vicinity of Gunnison,
Colo.* During the summer of 1925 Wallace R. At-

2 Atwood, W. W., Eocene glacial deposits in southwestern Colorado :
U. 8. Geol. Survey Prof. Paper 95, pp. 13-26, 1916,

3 Atwood, W. W., Another locality of Eocene glaciation in southern
Colorado : Jour. Geology, vol. 12, pp. 545-547, 1917.

4+ Atwood, W. W. and W. R., Ancient tillite near Gunnison, Colo.
[abstract] : Geol. Soc. America Bull, vol. 36, p. 168, 1925.
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wood continued the field studies in that locality, and
the following description is based in part upon the
observations which he made.

Just west of Gunnison and at several localities up-
stream as far as Parlins, a distance of about 10 miles,
the ancient glacial formation is overlain by volcanic
tuff or breccia. Both the tuff and the tillite are
somewhat cemented and stand in bold cliffs or sharp
pinnacles. They might attract attention first because
of their hoodoolike forms, and a glance from the auto-
mobile road might easily suggest that the entire out-
crop is a volcanic tuff.

The tillite contains boulders as much as 2 feet in
diameter, an abundance of cobblestones, and a body of
fine sand and silt which fills in the spaces between the
larger stones. Subangular stones are common, and
many specimens are distinctly striated. Boulders of
granite, gneiss, schist, quartz, diorite, basalt, green-
stone, slate, phyllite, quartzite, and sandstone are pres-
ent. All of these except the sandstone came from
pre-Cambrian formations. The sandstones may have
come from the Cretaceous formations represented by
a few outcrops in this vicinity.

At some of the outcrops of this tillite, as at those .

near Parlins, boulders of granite and gneiss 8 and even
4 feet in diameter are so disintegrated that the picks
and shovels used in widening the roadway have cut
through them rather than dislodged them.

The stones in this tillite indicate that the ice which
deposited it must have come from or over-an area of
pre-Cambrian rock. There are several localities to the
east, south, and west where the pre-Cambrian complex
is the dominant formation. It is impossible as yet to
say from which direction the ice came that invaded the
Gunnison district.

The volcanic tuff overlying the tillite near Gunnison
is presumably of middle Tertiary age, and the tillite
is probably of the same age as that near Ridgway. It
appears to have been deposited in somewhat dissected

‘areas in the low lands bordering the early Tertiary
mountains in this part of Colorado.

Wallace R. Atwood has also reported an occurrence
of tillite at a locality about 114 miles east of Cimarron,
near the main automobile highway, visited by him in
1925. At this locality the till rests upon Mancos shale
and appears to be overlain by a thick lava flow. It
contains many boulders 2 to 3 feet in diameter and a
few that reach 8 feet. These are composed of igneous
rocks that were evidently derived from the San Juan
Mountains, south of this locality. No specimens were
found in the till that could have been derived from

the lava which is in place and at higher horizons near |
this outcrop. There are numerous striated stones in |

this deposit and many others that are subangular and
polished. The material is unquestionably of glacial
origin, and it may possibly be another exposure of the

early Tertiary tillite first discovered in the Ridgway
region.
TELLURIDE CONGLOMERATE EPOCH

The glaciation of the early Tertiary San Juan
Mountains seems to have been an incident in the midst
of a long interval of erosion. Assisted by the ice the
streams in these ancestral mountains succeeded after a
time in reducing them to comparatively low altitudes.
The western part of the region was reduced to a sur-
face of slight relief, to which the name Telluride
peneplain has been| applied. The higher summits of
the area now occupied by the Needle Mountains and
much of the San ﬁfuan region farther east remained
as rugged uplands overlooking this peneplain. Rapid
erosion in this rugged, mountainous area produced a
vast quantity of stream detritus, which was deposited
upon the surface of the adjacent lowland as great
piedmont alluvial fans. Slight down-warping of por-
tions of the peneplain in the area now occupied by the
western summits of the San Juan Mountains and the
neighboring Mount Wilson group may have developed
sharply defined basins of alluviation. The deposits
laid down in these basins are of the bolson type, such
as are to-day accumulating in many intermontane low-
lands of the Southwest, and form the Telluride
conglomerate.

In the Mount Wilson group this formation attains
a thickness of 2,000 feet and includes a few beds of
sandstone and shale. There it rests upon the eroded
surface of the Mancos shale. About 30 miles to the
east, near the Needle Mountains, the Telluride con-
glomerate is less than 100 feet in thickness and rests
directly upon pre-Cambrian quartzite. In places on
the north slopes of the mountains this formation over-
lies the Ridgway till, from which it has derived a few
striated stones.

The pebbles of this conglomerate indicate that their
sources were in a region having extensive exposures of
pre-Cambrian igneous and metamorphic rocks and
Paleozoic sedimentary rocks. Only a small amount
of volcanic débris and intrusive porphyry was acces-
sible to the streams conveying the detritus to the
alluvial fans.

Doubtless the accumulation of such a continental
formation as the Telluride must have involved an ex-
tremely long period of time, during which the moun-
tains were progressively lowered and the base-leveled
lowland gradually extended. Possibly the cessation
of Telluride alluviation resulted from the completion
of the heroic task of wearing away the mountains.

We may picture the San Juan region at the end of
the Telluride epoch as having a maximum relief of
only 1,000 or 2,000 feet between the highest land near
the center of the San Juan dome, where degradation
would still be in progress, and the flat lowland built
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by aggradation on the flanks of the dome. One gen-
eration of early Tertiary San Juan Mountains had
suffered the fate that awaits all mountains. The cycle
of erosion had nearly run its course. A region once
rugged and mountainous had been reduced to rounded
hills and low ridges, standing at only slight altitudes
above an undulating plain,

LAKE FORK AND SAN JUAN VOLCANIC EPOCHS

The long interval of gradation that produced the
Telluride conglomerate was followed by a short epi-
sode of violent volcanic activity. From one or more
vents near the center of the Uncompahgre quadrangle
extensive lava flows and a considerable mass of vol-
canic débris were ejected. The eruptive rocks thus
formed have been named the Lake Fork breccia.
Shortly thereafter other volcanic vents became active
at localities not now definitely known. From them a
tremendous quantity of detritus was spread broadcast
over the whole northwest quarter of the San Juan
province, making up the formation that has generally
been called the San Juan tuff, the vast bulk of which
was transported only a short distance from its source.

In the Montrose and Telluride quadrangles the San
Juan tuff attains a thickness of 2,000 feet. The pecu-
liarities of its composition and its occurrence in many
places overlying Mancos shale make it characteristi-
cally a cliff former. The pinnacles and minarets
carved from many of its bold and rugged cliffs are
among the most interesting of the many scenic fea-
tures of the San Juan region. The photograph repro-
duced in Plate 7, B, is typical.

At most localities the San Juan tuff rests upon the
Telluride conglomerate. The plane’of separation be-
tween the two is almost everywhere sharply demarked.
It may therefore be inferred that the San Juan epoch,
which was preceded by the eruptions of the Lake Fork
epoch, continued for a time sufficiently long to permit
the transportation and deposition of a vast quantity
of volcanic débris. Gradually the material available
for transportation by running water was exhausted,
and soon thereafter the restless streams, no longer
fully loaded, began anew their task of downward
cutting. In places erosion had already made consider-
able headway ; elsewhere deposition was still the rule.

SILVERTON VOLCANIC EPOCH

Erosion during the interval that followed the ac-
cumulation of the San Juan tuff left great cliffs over-
looking deep valleys at several localities in the
Silverton, Montrose, and Uncompahgre quadrangles.
At a few places the streams cut channels even below
the level of the Telluride peneplain. But before they
had made much headway in the task of removing

the great mass of San Juan and Lake Fork débris-

volcanic outbursts were renewed in the eruptions that

constructed the well-defined Silverton volcanic series.
Great quantities of lava were poured out from
numerous vents to fill the hollows in the surface of the
land and spread in great sheets over the San Juan tuff.
The eruptions were for the most part confined to the
neighborhood of the Silverton, San Cristobal, and
Uncompahgre quadrangles. Some of the many lava
flows welled quietly out from long fissures, but part
of the Silverton series was the result of explosive out-
bursts, and in places volcanic cones were built.

The series itself consists of half a dozen formations
representing successive eruptive stages, separated by
short intervals of quiescence during which erosion held '
sway. Certain fossil leaves and shells in some of the
tuffs and interstratified calcareous beds in the midst of
the series indicate an Oligocene or early Miocene age.

POTOSI VOLCANIC EPOCH

As the volcanic energy of the Silverton epoch abated,
the ever-ready agents of erosion once more began to
dominate. The Silverton volcanic plateau was exten-
sively eroded, and much detritus was transported to
distances far beyond the limits of the San Juan region.
Much the greater part of the Silverton series was
removed from the region now occupied by the head-
waters of the Rio Grande. Elsewhere, as for example
west of Uncompahgre Peak, very little erosion was
accomplished during this post-Silverton interval. Then
came another long epoch of extremely violent volcanic
activity. ‘The numerous formations that have been
recognized as a product of this outburst are grouped
together into the Potosi volcanic series. The whole
series is extremely complex and embraces many varie-
ties of rocks, from water-laid pyroclastic deposits to
vast lava flows. The variety of magmas represented
was very great but is, of course, not of primary interest
to the physiographer. :

On the south side of the mountains in the region
drained by the headwaters of the Piedra, the San
Juan, the Chama, and the Conejos, volcanic materials
were piled to a thickness of over 3,000 feet and form
the Conejos formation. As displayed in Plate 9, 4,
the formation is very similar to the San Juan tuff.
It is composed in the main of andesitic flows and
agglomerate, but near the borders of this volcanic mass
there are many beds of water-washed gravel and
boulders with only minor amounts of voleanic éjecta
as cementing material. The area covered by the Cone-.
jos beds is very great. This episode seems to have
been a definite climax of volcanic eruption, with
respect both to area involved and to amount of material
belched forth.

In the southern part of the Conejos quadrangle and
in much of the area adjacent on the south the pre-
Cambrian complex had been stripped of its veneer of
sedimentary rocks along the crest of an anticlinal axis
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extending far south into New Mexico. In the region
now occupied by the headwaters of the Rio Brazos pre-
Cambrian rocks formed a long line of low but rugged
mountains, which presumably then as now was the
divide between the Rio Grande and the San Juan
drainage systems. Tremendous quantities of Conejos
clastic and pyroclastic materials were carried into the
valleys between these pre-Cambrian hills. Flows of
andesite extended far southward and helped fill the
lowlands between the pre-Cambrian heights. In the
vicinity of the Brazos Canyon the Conejos formation
in places attained a thickness of 2,500 feet, and many
of the lower hills of quartzite and schist were buried.

Streams descending the flanks of the Conejos vol-
canoes washed débris derived from their easily eroded
slopes to distances far beyond that reached by the flows
of lava or the unwashed ejecta. Thus in the region
now drained by the Tusas River the Conejos beds con-
tain little eruptive material and consist of a great ac-
cumulation of fluviatile sand, gravel, and boulders.
Necessarily the coarser fragments carried to the Rio
Grande Basin by the streams rising in this volcanic
area were deposited nearest to the mountains. The
finer gravel and sand were washed scores of miles
southward into the region adjoining Santa Fe and
Espanola, where they form the lower part of the Santa
Fe formation. :

While these water-borne materials were accumu-
lating in what is now the Rio Grande Basin, south and
southeast of the San Juan Mountains, volcanic activity
was continuing intermittently but with intense vio-
lence in all the eastern half of the mountain area.
Lavas and tuffs of the Potosi series occur there in great
profusion. Between successive outbursts of lava or
explosive eruptions of whatever sort, there were nu-
merous short intervals of comparative quiet, during
which erosion modified the topography in places to
such an extent that the successive formations of the
Potosi series display numerous unconformities and
overlaps. In spite of this interference offered by the
streams to the constructive work of the volcanic forces,
the net result of the Potosi epoch was a huge volcanic
plateau, which in places was several thousand feet in
height. Into this plateau numerous bodies, large and
small, of intrusive rocks, generally porphyritic, were
injected at different times. In places laccolithic
masses raised the plateau surface by a few hundred
feet.
dikes, some of which are in systems radiating from a
volcanic pipe.

The exact extent of the Potosi volcanic plateau is
not known. Undoubtedly in places, especially near its
former margins, its materials have been entirely re-
moved by erosion. It is certain, however, that prac-
tically all of the area included within the Ouray, Sil-
verton, and Needle Mountains quadrangles and the

Elsewhere great fissures were filled to become.
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entire San Juan country farther east was buried by
this volcanic pile, which overlapped the surrounding
region, especially on the south and west, for many
miles. There is good reason for believing that the
accumulation of this great mass of ejecta upon the sur-
face was accompanied by a compensating depression
of its buried floor. The surface beneath the Tertiary
volcanic rocks in the San Juan Mountains is at the
present time a great saucer tipped downward toward
the east. If the entire thickness of the volcanic ac-
cumulation up to the end of Potosi time is estimated
at 10,000 feet, it is not necessary to assume that the
summit of the plateau was actually 10,000 feet above
the surrounding lava-free territory. On the contrary,
it seems likely that the prevolcanic surface gradually
settled beneath its excessive overburden, so that in and
near the Creede quadrangle, for example, that surface
at the end of Potosi time was 5,000 feet or so below its
relative altitude at the beginning of the volcanic ac-
cumulations. In spite of this compensation, however,
the San Juan region at that time was a broad plateau,
standing 8,000 or 4,000 feet and perhaps more above its
surroundings.

FISHER VOLCANIC EPOCH

Subsequent to the outpouring of the youngest of the
many lava flows which are referred to the Potosi epoch
there seems to have been a somewhat longer interval of
quiet than any which had occurred within the limits
of Potosi time. Widespread erosion of the Potosi and
older volcanic rocks was accomplished during this in-
terval, as indicated by the relations of the next
younger rocks to the Potosi series. Because of the
apparent magnitude of this erosion interval, as well
as because of differences in the nature of the volcanic
magma, the lava and pyroclastic material which were
next erupted in the San Juan region, consisting chiefly
of quartz latite, have been placed in a separate unit,
known as the Fisher quartz latite.

During the Fisher epoch considerable quantities of
molten lava were poured out upon the earth’s surface
to fill the valleys that had been carved in the Potosi
plateau and in places to overtop the divides. Large
amounts of clastic material, ash, bombs, and volcanic
ejecta of all sorts were erupted at many localities and
are now interbedded with the lava. In many respects
the Fisher epoch repeated the conditions of the Silver-
ton and Potosi epochs, and during this time volcanic
activity contributed in much the same way as before
to the construction of the San Juan volcanic plateau.

In the main the Fisher rocks are confined to the
central part of the San Juan region. They are espe-
cially prominent in and near the Creede quadrangle
but have also been recognized in the neighboring por-
tions of the San Cristobal and Summitville quad-
rangles.
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INTERVAL BETWEEN FISHER AND HINSDALE VOLCANIC
] EPOCHS

The Fisher volcanic outbursts were followed in the
San Juan region by a long interval free from any ex-
tensive volcanic activity. During this time erosion
produced profound changes in the topography of the
entire region. From the volcanic plateau, which had
been progressively constructed by the long series of
Tertiary volcanic eruptions, there was carved a great
mountain range, the second or third generation of
San Juan Mountains. The place occupied by those
ancient mountains in the physiographic evolution of
the San Juan region is indicated diagrammatically in
Figure 4 and by sections on Plate 10. Their peaks
and ridges were formed in the main by volcanic
débris and the remnants of dissected lava flows. The

higher summits were for a time approximately at the
altitude of the former volcanic plateau surface. Prob-
ably many of the hills toward the southwest in the
Engineer Mountain and Ignacio quadrangles were

of as a locally intense warping of the flanks of the
great San Juan uplift. Presumably, the local move-
ments were contemporaneous with certain of the
broader flexures that resulted in the cumulative up-
lift of the entire San Juan region. The correlation
of these minor local movements with the neighboring
deformation is likely always to be a matter of
speculation.

Our physiographic studies, however, lead to the con-
clusion that at the time of the late Tertiary San Juan
Mountains erosion had similarly developed a rugged
topography in both the Rico and the La Plata areas.
While the volcanic plateau was undergoing dissection
the La Plata and Rico domes were being carved into
rugged mountains, which long ago disappeared
entirely.

The continued effect of stream action during this
long interval culminated in the almost complete de-
struction of the San Juan Mountains. Gradually the
1'ugged boldness of mid maturity was softened to the

Ficure 4.—Diagrammatic cross section showing the physiographic evolution of the San Juan region since the beginning of Tertiary time.

a, Pre-Cambrian schist and gneiss;

b, Algonkian quartzites; ¢, Pre-Cambrian granitic intrusion; d, Paleozoic and Mesozoic rocks; e, Ridg-

way till and Telluride conglomerate ; f, middle and late Tertiary voleanics; g, Tertiary intrusives

composed of sedimentary rocks, for in that portion
of the region the veneer of volcanic rock must have
been thin. The length of time involved in this trans-
formation of the plateau into a maturely dissected
mountain region must have been considerable. No
data are available for determining accurately the time
of its accomplishment. Inasmuch as the Potosi series
is of Miocene age, it seems probable that this genera-
tion of mountains was developed during Pliocene time,
but it will be safer to refer to them in a more general
way as the late Tertiary San Juan Mountains.

It may have been at about this time that the great
laccolithic intrusions which in the last analysis pro-
duced the Rico and La Plata Mountains, on the west
and southwest flanks of the San Juan group, took
place. That these laccoliths were formed in the later
half of Tertiary time can scarcely be doubted, but
no data are available for determining their time rela-
tion more accurately than that statement would imply.
This igneous activity involved the formation of the
Rico and La Plata domes and the intrusion of con-
siderable masses of molten magma, which crystallized
with a porphyritic texture to form the stocks and lac-
coliths within those smaller mountain groups. Each
of these domes is an independent structural uplift of
dimensions which, in comparison to those of the San
Juan dome, are small. Each may therefore be thought

gentler outlines of old age. Streams everywhere
throughout the San Juan region reduced their courses
approximately to base-level. Broad valley flats were
gradually extended laterally until divides were de-
graded to lines of rounded hills. As might be ex-
pected, the more resistant portions of the volcanic
plateau long remained as mountainous heights above
the graded surface of the old-age topography. Even
more significant was the fact that in the Needle Moun-
tain region the surface of the pre-Cambrian complex,
long buried beneath the Paleozoic and Mesozoic sedi-
mentary rocks and for a time veneered, in addition,
with volcanic débris, was now laid bare once more.
This surface seems to have been 1,000 or 2,000 feet
above the base-level of erosion and as a consequence
was deeply trenched by the headwaters of the streams
which traversed it. Sharp granite ridges and pin-
nacled quartzite peaks projected hundreds of feet
above the valley flats, and here, because of the superior
resistance of the rocks, destruction of the late Ter-
tiary San Juan Mountains went on but slowly. Simi-
lar conditions prevailed in the vicinity of the Tusas
Mountains, where pre-Cambrian hills had long defined
the position of an anticlinal axis trending southward
from the Los Pinos Canyon. The jagged crest of a
long pre-Cambrian ridge there projected hundreds of
feet above the adjacent valley flats, which had been
much aggraded during Potosi time.
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Thus some time in the Pliocene epoch there was de-
veloped in the San Juan province a graded surface of
low relief, which is now near the summit of the moun-
tains. To this summit peneplain we have applied the
name San Juan peneplain. This surface was the inev-
itable product of the long interval of comparatively
uninterrupted erosion. For the most part it was about
as level a plain as could be cut by running water.
Above it, however, there stood many monadnocks
which rose a few hundred feet, or even as much as
2,000 feet, above the general level. In places, as in
the Needle Mountains and Cebolla quadrangles, these
hills were the result of the superior resistance of the
pre-Cambrian rocks which composed them. Others,
like Uncompahgre Peak, remained as mountain
heights solely by reason of their accidental remoteness
from the major stream courses.

In time even these hills would have been reduced and
the entire region transformed into a monotonous low-
land plain occupying all of the San Juan Province
and covering the present site of the La Plata, Rico, and
' San Juan Mountains, but time enough was not
available.

The streams traversing the broad valleys leading out-
ward from the groups of hills that formed the monad-
nocks mentioned above were sufficiently vigorous to
transport gravel and small pebbles and scatter them
along their courses. These gravel deposits have herein
been given the local name Bayfield gravel. The peb-
bles were, of course, representative of the rocks in
the respective drainage basins. As a result of their
study definite assertions may be made concerning the
relations of the San Juan peneplain to the underlying
rock structure. Thus it is known that the wearing
down of the late Tertiary San Juan Mountains to form
the summit peneplain removed thousands of feet of
volcanic beds and sedimentary strata. The general
nature of the resulting relations is indicated on the
diagram forming Figure 4 and the cross sections on
Plate 10.

The gradual process of stream erosion, coupled with
the spreading of fine gravel over portions of the
graded surface of the San Juan peneplain, was ter-
minated by the renewal of crustal warping. The great
San Juan dome was once more affected by stresses that
warped the surface in much the same manner as the
earlier domal movements. Vertical uplift near the
center of the dome raised that portion of the land 2,000
or 3,000 feet above the peripheral zone, and at the
same time the entire southwestern part of the United
States seems to have undergone an uplift amounting
to several thousand feet. In the absence of definite in-
formation it seems best to consider that this deforma-
tion of the San Juan peneplain marks the transition
between Tertiary and Quaternary time. It was ap-
parently accompanied by still another volcanic episode,

.

the last of great significance in San Juan history. To
the lavas and eruptive débris of this epoch the name
Hinsdale volcanic series has been applied by Cross.

HINSDALE VOLCANIC EPOCH (TERTIARY?)

Approximately at the end of the Peneplain erosion
cycle considerable quantities of basalt and rhyolite
were poured out upon the surface of the peneplain in
the eastern half of the San Juan region. These lavas
reach their maximum thickness in the Conejos quad-
rangle, adjacent to the San Luis Valley, at the far
southeast corner of the region. Interbedded with the
flows are some pyroclastic beds, which indicate the
explosive violence of some of the eruptions. In places
the Hinsdale volcanic series rests upon stream gravel
which aggregates a thickness of several score of feet.
This gravel, which is here named Los Pinos gravel,
from exposures on Los Pinos Creek, Conejos County,
and farther south in New Mexico, seems to be the
equivalent of the Bayfield gravel, which has been
recognized in many parts of the mountains and which
is fully described in a later section of this report. Ap-

‘parently the deformation of the San Juan peneplain,

which was more or less contemporaneous with the
Hinsdale eruptions, caused a rejuvenation of the
streams that radiated from the center of the dome.
Loaded by the products of rapid erosion in the re-
cently elevated area at the heart of the San Juan re-
gion, these streams deposited great masses of débris
as torrential fans on the lower slopes of the dome. It
is upon certain of these fans that some members of
the Hinsdale volcanic series rest.

SAN JUAN PENEPLAIN

As stated in the preceding section, erosion of the
late Tertiary volcanic plateau which occupied much
of the San Juan region produced an old-age surface
to which the name San Juan peneplain is here applied,
and the time when it was developed may be desig-
nated the Peneplain cycle of erosion. The develop-

ment of this summit peneplain is really the first step

in the physiographic history of the existing San Juan
Mountains. It is therefore necessary to consider with
some care the exact condition and nature of the pene-
plain. A special map (pl. 2) has been prepared to
show the distribution of the peneplain remnants, the
monadnocks that rose above it, the deposits of gravel
and boulders upon its surface, the lava flows that rest
upon it, and by contour lines the present attitude of
the restored but deformed plain.

Ewisting remnants—The existence of the San Juan
peneplain was first ascertained by us on the southern
slopes of the San Juan Mountains in the Ignacio quad-
rangle. Here there are a multitude of divides, moun-
tain summits, and plateau surfaces which display a
remarkable accordance in altitude. Their relations
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are indicated by the profiles drawn across the Ignacio
quadrangle (fig. 5) and are emphasized on the pene-
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Ficure 5.—Profiles across the Ignacio quadrangle, showing the relations between the several gravel-strewn surfaces at the southwest margin of the San Juan Mountains
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plain map, Plate 2. The divide between the Florida
and Animas Canyons, for example, is a gently un-

dulating upland surface 1 to 2 miles in width, rising
gradually from an altitude of 9,000 feet at the south
to 12,000 feet 10 miles to the north, in the vicinity of
the Needle Mountains. Neighboring divides on each
side, which separate similar southward-trending val-
leys, have similar altitudes increasing regularly to-
ward the center of the mountains. In the foothill
zone numerous hogback ridges rise to altitudes of 8,000
te 9,000 feet, so arranged that a surface projected
across their summits rises gently toward the moun-
tains and coincides with the intercanyon uplands.
Gutlying mesas and plateaus, such as Bridge Timber
Mountain and the Mesa Mountains, display remark-
ably smooth tops, which likewise slope gently away
from the San Juan Mountains. These outliers carry
the restored graded surface downward to an altitude
of about 7,000 feet at the Colorado-New Mexico State
line.

The surface that is so easily reconstructed in imagi-
nation as the observer stands on any of these higher
summits and surveys the panorama outstretched be-
fore him is neither smooth nor horizontal. Its gentle
undulations are such as would appear upon any land
surface that had been reduced by erosion approxi-
mately to base-level. Its notable inclination gives it a
slope of considerably more than 100 feet to the mile,
a fact which will be considered in greater detail in a
subsequent paragraph. As thus restored on the south
flanks of the mountains, this peneplain surface bevels
the upturned edges of formations ranging in age from
pre-Cambrian to early Tertiary. As indicated dia-
grammatically by the sections on Plate 10, the struc-
tural dome is truncated by it.

Upon many of the remnants of this once widespread
surface is found to-day stream gravel which includes
rocks quite foreign to the immediate locality. On
Animas City Mountain, for example, an eminence
composed of Mesozoic shale and sandstone, there are
pebbles of quartzite and of granite which must have
been derived from the Needle Mountains region.
These pebbles could have been transported to their
present locality only at a time before the intervening
canyons and valleys had been carved. The field data,
therefore, all combine to indicate that at one time the
present summits of this part of the mountains were
portions of an extensive lowland plain, worn as low
as running water can readily wear the land, across
which streams meandered from the central San Juan
peaks. 4

Similar topographic conditions are present in other
parts of the region. On all sides of the San Juan
Mountains there are numerous upland surfaces of con-
siderable extent which can be explained only on the
basis that they are remnants of this ancient erosion
surface. The extensive upland sloping westward from
Storm Peak, between the East Dolores and West Do-
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lores Rivers, is the largest remnant of this surface on
the western flanks of the mountains. Trident Mesa,
on the north side of the mountains, and the gently
rounded upland known incongruously as Mesa Peak,
in the northeast quarter of the Creede quadrangle, on
the east slope, are but a few of countless peneplain
remnants which might be listed. (See pl. 9, B.) Many
more are indicated on Plate 2. In the heart of the
mountains, in the Silverton, Needle Mountains, and
San Cristobal quadrangles and the neighboring areas
of extremely rugged peaks it is rare to find any ex-
tensive remnant of the peneplain which has escaped
the vigorous erosion characteristic of this part of the
region. However, as the peneplain surface is projected
from the margin toward the center of the range it is
found to coincide with many upland flats and high
divides. Here the term “summit peneplain” is not
so truly applicable. The surface coincides not with
the crests of the highest peaks but with upland flats
at slightly lower altitudes. Most of the majestic sum-
mits of the San Juan Mountains are reared aloft for a
few hundred feet above the ancient plain. These were
the monadnocks upon its surface. Among them Un-
compahgre Peak was supreme, for its crest was more
than 1,000 feet above the surrounding lowland. Pole
Creek Mountain, San Luis Mountain, and the pin-
nacles of the Needle Mountains—in fact, nearly all the
loftier peaks in the entire San Juan region—were hills
only slightly less in height above the peneplain than
Uncompahgre Peak itself. Doubtless these hills sup-
plied the gravel deposited along the courses of the
numerous streams where long-continued erosion had
developed undulating lowlands.

In many parts of the San Juan Mountains the rem-
nants of the San Juan peneplain bear, in addition to
the scattered stream gravel noted in the preceding
paragraph, a veneer of basalt which in places aggre-
gates more than 200 feet in thickness. This basalt is
the most conspicuous member of the Hinsdale volcanic
series. Everywhere that it has been identified with
certainty its topographic situation is such as to indi-
cate that it was extruded upon the peneplain. Thus,
in the Creede and Summitville quadrangles this basalt
occurs only as a cap on the higher divides and up-
lands or as the summit formation in certain peaks.
A characteristic exposure is that on Osier Mountain,
in the southwest quarter of the Conejos quadrangle
and therefore near the southeast corner of the area
shown on Plate 2. There the San Juan peneplain is
to-day an undulating upland at an altitude of 10,000
to 10,500 feet; Osier Park is a bit of the peneplain
long protected by a veneer of Hinsdale basalt, most
of which has lately been removed. Above this undu-
lating table-land rises the flat-topped, mesalike Osier
Mountain, with its summit 10,700 feet apove the sea.
The upper 150 feet of the mountain is a massive sheet

' of basalt which rests on beds of stream-washed gravel

and boulders, aggregating about 200 feet in thickness.

Farther east, in the central and eastern portion of
the Conejos quadrangle and elsewhere on the eastern
front of the mountains at the margin of the San Luis
Valley, the peneplain surface declines rather steeply
toward the east. It carries an increasingly thick bur-
den of gravel, boulders, and basaltic lavas. Most of
the foothills south of the Alamosa River are inclined
mesas and buttes, carved from these deposits on the
peneplain surface. In this marginal zone the pene-
plain dips below the modern drainage lines and dis-
appears beneath the gravel-strewn floor of the San
Luis Valley.

Similar conditions exist on the eastern front of the
Tusas Mountains, the extension of the San Juan Moun-
tains southward in Rio Arriba County, N. Mex. In
this region the peneplain surface seems never to have
possessed the characteristics of old age. Rather it is
so irregular and displays so great relief that the physi-
ographer would describe it as an area of late mature
topography. This character seems to be chiefly the
result of the superior resistance to erosion offered by
the pre-Cambrian terranes, which there were at the
surface during the Peneplain cycle of erosion.

In the middle of the San Luis Valley, from latitude
37° 15 southward past the Colorado-New Mexico
boundary line, there is a group of mesas and rounded
Lills which rise boldly from the valley floor to heights
of 500 to 1,500 feet. These are the San Luis Hills.
(See pl. 11, 4.) They are formed of a variety of
lavas with some intrusive rocks and evidently were
“islands ” in the midst of the “sea” of stream-washed
gravel which elsewhere veneers the floor of the valley.
Their relations to the San Juan peneplain are de-
scribed in detail in a subsequent section of this report.
Here it may be stated that these hills were monad-
nocks on the ancient peneplain. Their mature or even
youthful topography and their prominence above the
general base-leveled surface result from the recency of
the faulting which elevated them above their sur-
roundings at so late a date in the Peneplain cycle of
erosion that their degradation had little more than
commenced when the cycle was terminated.

Present conditions—Enough remnants of the San
Juan peneplain have been observed and mapped to
make possible a fairly accurate restoration of its sur-
face. Peneplain remnants and deposits indicate its
present altitude above sea level at a large number of
points widely scattered throughout the San Juan area.
From these altitudes as data the contour map forming
Plate 2 has been drawn to represent the San Juan
peneplain as it would now look if all the materials
removed during subsequent cycles of erosion were
restored to the valleys whence they came. A contour
interval of 500 feet was chosen as appropriate. The
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contour lines are dotted where the peneplain surface
is now buried beneath any of the deposits that have
been laid down upon it. The traces of faults on which
movement has occurred since the peneplain was formed
are indicated by broken lines.

As thus restored the peneplain surface is nowhere
smooth nor horizontal. Considerable portions of it in
the central part of the San Juan region now stand
more than 13,000 feet above the sea. In the foothills
and near the margin of the range its present altitude is
generally less than 9,000 feet. Viewed in the large
the peneplain surface arches gently over the San Juan
Mountains. The surface of this dome is, however,
complicated by numerous minor undulations, so that
certain points upon the peneplain stand more than
2,000 feet above other points only 4 or 5 miles away.

The departures of the peneplain surface from hori-
zontality are the result of a combination of three
factors. The lowland developed during the San Juan
erosion cycle was not truly a peneplain. It possessed
so many undulations, typical of an old-age surface,
that the term plain could not have appropriately been
given to it. Moreover, not all of the San Juan region
had been reduced to the peneplain grade; many
monadnocks of considerable height and area stood
above the lowland. But most important is the fact
that the surface since it was formed by erosion has
been notably deformed during several episodes of
crustal warping. In general, the major departures
from horizontality which now characterize the con-
toured surface are evidently due to crustal movement,
although many minor departures have resulted from
the failure of the streams to complete their work of
base-leveling. The residual monadnocks have been in-
dicated on the map, but no attempt has been made
to contour the form which they must have had when
the San Juan erosion cycle was ended. .

It is therefore appropriate to distinguish the minor
elevations, resulting from incomplete gradation of the
land, by designating them “ residual hills.” The terms
“arch ” and “sag” or “basin ” have been applied to
elevations and depressions, respectively, of the pene-
plain surface that are believed to have resulted chiefly
from crustal warping.

The name San Juan dome may be applied to all
that part of the peneplain which now stands more than
8,000 or 9,000 feet above sea level. This major dome
extends from the vicinity of the Wilson, Rico, and La
Plata Mountains, near the west margin of the mapped
area, eastward to the west margin of the San Luis
Valley and from the Gunnison Valley, at the north, to
or beyond the south front of the San Juan Mountains,
at the south. It therefore embraces the entire San
Juan Mountain region, and these mountains are thus
indicated as owing their present height above their
surroundings to the crustal warping that formed this

dome at the end of the San Juan erosion cycle and
subsequently.

The San Juan dome is divided into two parts of
about equal area by a large basin-shaped depression
situated at the center of the area covered by Plate 2.
This depression, the Hermit Basin, is bordered on the
east by a fault with a throw of more than 2,500 feet.
On the west and south the peneplain surface rises
steeply from an altitude of less than 11,000 feet in the
Hermit Basin to more than 13,000 feet at its rim.
West of the basin the San Juan dome is modified by
the presence of several groups of residual hills. Some
of these occupy regions of strong rocks, such as the
pre-Cambrian granite near Mount Eolus. The numer-
ous monadnocks in the general vicinity of Uncom-
pahgre Peak, Sunshine Peak, and Sneffels Peak are
for the most part composed of volcanic rocks which
may not have been any more resistant than the sur-
rounding masses that were reduced to base-level. Very
likely they owe their presence as residual elevations to
their remoteness from the larger streams of the pene-
plain cycle.

On the western slope of the main San Juan dome
there are three minor domes, each surmounted by
monadnocks but each the result of local crustal move-
ments. These bear the names of the small mountain
groups that have been carved from them. At the south
the west half of the San Juan dome slopes fairly
regularly from the foot of the Eolus residual hills, at
an altitude of about 18,000 feet to about 7,000 feet at
the Colorado-New Mexico boundary line. Its present
gradient therefore averages about 150 feet to the mile
in that locality.

East of the Cannibal fault, which forms the east
rim of the Hermit Basin, there is a long crescent-
shaped fold to which the name Wheeler arch may be
applied, inasmuch as the Wheeler National Monu-
ment is located near its crest. This arch curves east-
ward from the mountains north of Creede and ex-
tends between the Saguache sag on the north and the
Del Norte sag on the south to the margin of the San
Luis Valley. It is probable that this flexure of the
San Juan peneplain is a part of a broad arch that
traverses the area in the vicinity of Cochetopa Pass
not covered by topographic maps and unites with a
similar feature in the Sawatch Range near Marshall
Pass. Southeast of the Hermit Basin there is a broad,
low upwarp, standing 500 to 1,000 feet above its sur-
roundings, which may be called the Piedra arch. The
southwestward extension of the Del Norte sag is a
shallow trough separating it from the broad, low arch
in the vicinity of Summitville, which is in turn paral-
leled on the southeast by the Jasper arch. The east
flank of this last-named flexure descends with a gradi-
ent of about 450 feet to the mile. Thus the San Juan
peneplain is buried far beneath the floor of the San
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Luis Valley, a short distance east of the mountain
front.

It becomes immediately apparent that the peneplain
thus restored antedates the formation of practically all
the existing topographic features of the region. The
modern topography in the mountains and adjacent
plateaus is in the main the result of erosion below the
peneplain level. From this ancient surface with its
aged profiles the existing landscapes have been carved.

Date of peneplanation—The peneplain is obviously
younger than the youngest formations which it cuts
and older than the oldest beds deposited upon it. The
peneplain cuts across volcanic strata of both the Potosi
and Fisher epochs, which are classified as Miocene.
Peneplanation must therefore have occurred during
late Pliocene time:" The volcanic rocks of the Hinsdale
epoch, which rest upon the peneplain surface, are there-
fore here considered to be either Pliocene or earliest
Pleistocene and are tentatively classified as Pliocene ( ?).

Deformation—The existing gradients of the pene-
plain, at most places considerably over 100 feet to the
mile, could not have been those of the streams which
developed this surface. Streams that fall more than
a few feet to the mile are actively engaged in deepen-
ing their valleys. Such streams are cutting gorges or
canyons in plateaus and mountains, not developing
broad lowland plains. The gradient of an old-age
river meandering across a lowland which it has itself
developed is commonly only a few inches to the mile
and never more than a few feet. It is necessary, there-
fore, to conclude that the San Juan peneplain has been
notably deformed since its initial development. Def-
ormation has arched the surface until it has assumed
its present form—a broad, low, but very clearly defined
dome bearing the minor flexures described in the pre-
ceding paragraphs. This, it would appear, is the cu-
mulative effect of several successive episodes of crustal
warping. The first of these may well be considered the
event that marks the transition from Tertiary to Qua-
ternary time.

At some time subsequent to the development of this
broad lowland, before the streams had entirely com-
pleted their task of reducing the area to base-level,
there occurred a pronounced uplift of the San Juan
province, accompanied by the warping of the local
peneplain. As a consequence the peneplain surface
at the center of the range stood 3,000 feet or so higher
than at its margin. This movement presumably dis-
turbed very greatly the existing drainage systems. It
might be expected that the rivers consequent upon the
warped surface would radiate from the very center of
- the dome toward its periphery. Although the radial
plan of the present San Juan drainage channels is
noteworthy, it is not nearly so symmetrically perfect
as might have been expected. The Animas River, for
example, does not rise at the center of the dome but
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has its source close to the north front of the range
and thence flows southward through its center. Ap-
parently the ancestral stream, upon the peneplain be-
fore the domal warping, had extended itself by head-
ward erosion far to the north, occupying the shallow
valley indicated by the contour lines on the peneplain
map. Warping of the peneplain was slow enough
and of such a nature as to permit this stream at least
to maintain its ancestral course. Thus it has always
been the master stream among San Juan rivers.

The result of such pronounced warping as has just
been sketched would be the rejuvenation of the de-
crepit rivers in the disturbed area. No longer could
they pursue their peaceful pathways across a plain,
but with new vigor consequent upon the increase in
velocity they must now begin again the long task of
down cutting. Velocities and therefore erosional effi-
ciency would be greatest on the flanks of the dome
where slopes were steepest. Here canyons would
quickly be incised. Material thus obtained would load
the rivers and be swept downstream. At the margin
of the dome, where to-day are found the peripheral
foothills and adjacent plateaus, stream velocities
would decrease because of lessened slope. Here the
rivers must perforce deposit the débris with which
their channels were clogged. A widespreading allu-
vial fan would form beyond each canyon mouth, and
thus the dome would be girdled by an apron of boulder
and gravel deposits. The boulders and gravel were
laid down upon the peneplain itself in the region adja-
cent to the dome, although they were actually a prod-
uct of the destruction rather than the construction of
that surface.

On the east side of the range, where the San Luis
Valley lies now, the accumulation of stream-borne ma-
terials on the flanks of the domed peneplain was much
greater than elsewhere. Either this portion of the
peneplain had been warped downward to form a great
basin extending eastward to the fault scarp along the
west front of the Sangre de Cristo Range or else the
ancestral Rio Grande was particularly inefficient in
transporting the detritus carved from the San Juan
dome. In any event the deposits on the peneplain
accumulated to great thicknesses in the San Luis de-
pression. Apparently while the central and western
portions of the San Juan Range were being uplifted
the eastern margin and the adjacent San Luis Valley
were slowly sinking. Possibly this was in part or
wholly a response to isostatic adjustment consequent
upon the overloading of this particular place on its
margin. Great quantities of river-borne débris were
washed into the depression among the hills at the
south margin of the San Luis Basin and filled the
valleys on the eastern slopes of the Tusas Mountains
along the side of the Rio Grande Valley in New
Mexico.
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While this process of sedimentation was continuing
extensive flows of basaltic lavas of Hinsdale age
flooded hundreds of square miles of country. For the
most part the lava floods were poured out on the
- newly deposited beds of gravel and sand in the pied-
mont and valley regions. In part, however, the lavas
spread over bare rock surfaces in the eastern half
of the domed area. Their distribution is indicated on
Plate 2.

The Hinsdale basalts ® must have issued from many
separate vents in different parts of the range, but the
exact location of only a few of the vents is now known.
One of the conduits through which the lavas ascended
has been partly exposed on the southeast flank of
Alpine Plateau, high on the wall of the gorge of the
Lake Fork of the Gunnison River between the mouths
of Fourth of July and Front Creeks. Escaping
quietly from that orifice the basaltic lava flooded many
square miles of the peneplain and reached nearly to
the site of Cebolla, on the Gunnison River, near which
a small remnant of the flow caps a hill at an altitude of
8,900 feet. The largest and thickest remnant of Hins-
dale lava which flowed from that vent now forms the
cap rock of Alpine Plateau. A similar cap on Canni-
bal Plateau, a few miles to the southeast, is probably
another remnant of the same extensive sheet, although
it may be formed of lava that issued from an inde-
pendent orifice not now exposed to view.

Probably many of the thicker and larger bodies of
basalt of the Hinsdale volcanic series indicated on
Plate 2 conceal the pipelike conduits or short fissures
through which the lava ascended, but most of the scat-
tered patches of lava are presumably the dwindling
remnants that have thus far escaped removal during
the erosion of formerly widespread sheets now dis-
sected into isolated fragments.

Some of the Hinsdale eruptions were evidently of
the explosive type, as volcanic tuffs are in places found
beneath the lava flows or interstratified with them.
Rio Grande Pyramid (pl. 11, B) is described by Lar-
sen, for example, as a Hinsdale volcano constructed to
a height of about 1,000 feet above the floor on which it
rests. Green Ridge, the most conspicuous elevation on
the east margin of the San Juan Mountains, overlook-
ing the San Luis Valley near Monte Vista, is a great
mass of Hinsdale ejecta and lava which apparently
represents a volcanic pile, somewhat modified by ero-
sion but formerly built to a height of at least 2,000
feet above the peneplain surface. Los Mogotes, the
twin hills rising above the inclined mesa north of the
Conejos River, west of Antonito, similarly indicate
the location of the vents through which the tuffs and
lavas in the southeast corner of the San Juan region
were ejected.

5 We are indebted to Whitman Cross and E. S. Larsen for most of
our information concerning these lavas.

Thus the eruption of the Hinsdale volcanic series
seems to have been more or less contemporaneous with
the warping of the peneplain at or near the end of the
Tertiary or possibly the beginning of the Quaternary
period and the resultant deposition of widespread allu-
vial fans about the periphery of the dome. A little
later in the development of the region the very streams
that had deposited the gravel fans began their
dissection. The deformation of the peneplain had
been but a local expression of regional uplift of almost
continental dimensions. As the Colorado River, far
to the southwest, succeeded in lowering its bed during
the process of sculpturing the Grand Canyon in Ari-
zona, the San Juan in consequence lowered its imme-
diate stream channel. Rejuvenation worked upstream
from the margins of the newly uplifted plateau until
finally it influenced erosion within the San Juan prov-
ince. Thus in time the rivers were able to lower their
channels in the outlying peripheral zone adjacent to
the San Juan dome. Thereafter the ancient gravel
fans were left at progressively higher and higher
levels above the stream beds. To-day these deposits
cap the surface of outlying mesas and plateaus. To
them we have applied the name Bridgetimber gravel,
taken from the ridge southwest of Durango known as
Bridge Timber Mountain, which is capped with this
gravel.

The history of the Rio Grande, especially in the
midst of the San Luis Valley, has been almost exactly
the opposite of that recorded by the headwaters of the
Colorado. Apparently without interruption from the
first arching of the San Juan peneplain to the present
time the Rio Grande has been constantly pouring de-
posits on the floor of the San Luis Valley north of the
San Luis Hills. Here there is a great basin, 50 miles
long from north to south and 35 miles wide from east
to west, which throughout Quaternary time has been
the site of steady alluviation. Each renewal of uplift «
of the San Juan dome seems to have been counter-
balanced by renewed sinking of the San Luis depres-
sion. As recounted elsewhere in this report, this dif-
ferential movement has tilted a huge block of the
earth’s crust, extending from the Sangre de Cristo
fault on the east to the middle of the San Juan Moun-
tains on the west. This block has apparently been
hinged along a line close to the east front of the San
Juan Mountains. Each upward movement of the half
of the block west of this hinge line has been com-
pensated by sinking of the half of the block east of
the line. Thus the San Juan peneplain disappears be-
neath the gravel of the San Luis Valley and is to-day
more than 1,000 feet below the valley floor in the
middle and eastern half of the basin. Here the de-
posits corresponding to the Bridgetimber gravel are
at levels far below the modern flood plains instead of
high above them.
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If the deformation of the San Juan peneplain de-
scribed in the preceding chapter has been correctly
interpreted as marking the transition from Pliocene
to Pleistocene time, the Bridgetimber gravel, the Hins-
dale volcanic series, and the Los Pinos gravel, all of
which were deposited during or immediately after that
deformation, are similarly transitional in age. The
history of their deposition, however, has been here’
tentatively described as the final episode of Tertiary

valley is the result of the carving of a youthful canyon
deep into the floor of a mature valley.

The location of the shoulder that marks the rim of
the inner canyon has been determined by the presence
of rock of superior resistance in only a few places, but

-the break in valley slope is well-nigh universal and

must be the result of a condition widespread through-
out the San Juan province. The broad outer valleys
above the inner canyons are the product of erosion

time. Once the San Juan rivers had succeeded in
trenching their channels in the peripheral zone

during the Florida cycle.

bordering the San Juan dome, Quaternary time ,§
had fairly begun. The successive events in San A
Juan history subsequent to the deposition of the i > 8 San Juan peneplain horizon
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lines it is a comparatively simple story. Only a g s00- , WM
small part of the data on which our conclusions 9,000

are based will be inserted in this somewhat gen-
eralized statement. For most of the facts the
reader is referred to subsequent chapters, where
the deposits of each successive stage are described
in detail and the existing features are depicted
in relation to the Quaternary history.

FLORIDA CYCLE OF EROSION

The rejuvenation that necessarily followed the def-
ormation and uplift of the San Juan peneplain ini-
tiated a new cycle of erosion, which may be designated
the Florida cycle, inasmuch as Florida Mesa, in the
Ignacio quadrangle, is a result of the conditions which
prevailed at that time.

A critical examination of any portion of the San
Juan Mountains indicates that with few exceptions
each of the larger valleys consists of an upper, outer
trough with comparatively gentle slopes and an inner
lower canyon with steep walls and truly youthful ap-
pearance. The Lake Fork of the Gunnison River, in
the northwest quarter of the San Cristobal quadrangle,
is an excellent illustration. (See fig. 6.) From the
stream flat the valley walls rise almost precipitously
for about 1,500 feet to a level where the gradient
abruptly changes. Above the shoulder thus defined the
slopes rise gradually about 2,000 feet higher. On the
average the slant of the inner canyon wall is 1,000 feet
in little more than a mile. Apparently the composite
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Ficure 6.—Cross section of valley of Lake KFork of Gunnison River, from
Grassy Mountain (at left) southeast to Continental Divide near Ruby
Creek, San -Cristobal quadrangle.
the Florida cycle of erosion, has its floor about 10,500 feet above sea

The broad valley, developed during

below it is the steep-walled later canyon. W. M., Wisconsin

The uplift that ended the Peneplain cycle of ero-
sion had elevated the central portion of the San Juan
region sufficiently to permit streams to cut downward
about 2,000 or 2,500 feet below the peneplain before
they reached the new base-level. At the north, west,
and south margins of the mountain area differential
uplift was considerably less, and here the new base-
level was 600 to 1,000 feet below the former one. To-
ward this new base-level the larger streams lowered
their channels in all parts of the range. As soon as
the grade of each stream had been adjusted to the new
conditions the widening of valleys by lateral plana-
tion commenced. In the regions of weaker rocks, in
what is now the zone of peripheral lowland, erosion
went on with comparative rapidity. DBase-level was
quickly approximated by the master streams, and
broad valleys of late mature or even old aspect were
carved. In the regions of more resistant rocks, which
also were the localities in which the new base-level
was at the greatest depth below the deformed pene-
plain, the transformation of youthful canyons into
mature open valleys was a ‘more difficult process. The
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valley profiles developed by the master streams in the
center of the range were those of maturity; broadly
U-shaped troughs characterized the landscape there.
The smaller streams tributary to the larger rivers were,
of course, less vigorous, and few of them had accom-
plished more than the notching of the surface by steep-
sided gorges.

Portions of the floors of the postmature valleys in
the regions of weaker rocks have since become the tops
of mesas as a result of later uplift and further ero-
sion. Deep canyons have since been carved beneath
the broadly U-shaped troughs of the master streams in
the regions of stronger rocks, and portions of the sur-
face brought to grade during the Florida cycle are
now recognizable as benches or shoulders high on the
existing valley walls. The steep-sided gorges of the
smaller streams can not now be distinguished from

similar gorges carved during the next cycle of erosion.

Cerro glacial stage—During this process of moun-
tain dissection the normal course of stream erosion
was for a time interrupted by a glacial episode, the
first of three that have been recognized in the Pleisto-
cene history of the San Juan region. The climate was
so changed as to permit the accumulation of extensive
snow fields on the higher slopes of the youthful moun-
tains. The troughs of the master streams were filled
with ice. Probably many of the interstream uplands
were buried beneath small ice caps. Huge glaciers
moved outward down the valleys of the master streams
in all directions from the higher mountains and spread
upon the adjacent lowland as great piedmont glaciers.
Deposits made by these masses of ice have been recog-
nized at many places in and near the mountains.

On the north slope of the range, for example, there
are extensive bodies of glacial drift which indicate
that the ice of this stage moved northward as far as
Montrose and Cerro Summit. Because of the excellent

exposures of glacial drift of this stage near Cerro

Summit this ice epoch has been named the Cerro stage,
and the deposits then formed have been named the
Cerro till.?

The effects of the Cerro glaciation in sculpturing the
mountain mass can not be recognized with certainty
at any locality. Doubtless, however, the results were
quite similar, to those that follow alpine glaciation in
any mountain range. Cirques were carved at the
heads of most mountain valleys; interstream uplands
were gouged and scraped by passing ice, so that after
the disappearance of the Cerro glaciers a multitude
of lakes were probably present in all parts of the
mountain range. The valleys leading out toward the
foothills were scraped smooth of projecting spurs and
given even more of a U-shaped appearance and trough-

1 Atwood, W. W., Eocene glacial deposits in southwestern Colorado :
U. 8. Geol. Survey Prof. Paper 95, p. 14, 1915,

like form than they had developed by stream erosion
alone. ]

Great masses of morainic débris were dropped upon
the surface of the lowlands adjacent to the mountains.
Here there remain, even to the present day, many areas
whose topography has been little changed from that
developed by the deposition of the Cerro drift. The
distribution of these deposits indicates that the Cerro
ice was not confined to the valleys but overtopped
divides and spread far across the lowland areas be-
vond the mountain fronts. The Cerro glaciation was
the most extensive of the three Pleistocene glacial
advances which have been recognized in the San Juan
province.

Deposition of Floride gravel—As the Cerro ice
melted the San Juan streams began a new phase of
their activity. The drainage had been greatly dis-
turbed by glaciation. Huge masses of drift clogged
many a mountain valley. Large amounts of glacial
débris were available for removal by the streams. In
the mountains there were many ice-scoured declivities
over which the streams were flowing and which invited
speedy erosion to a gentler grade. Conditions there-
fore combined to load every mountain torrent to its
limit. The master streams that debouched from the
mountain fronts upon the adjacent lowlands were,
without exception, heavily loaded. In consequence
broad alluvial fans composed of coarse débris were
spread widely over the valley floors. A veneer of
bouldery gravel, 10 to 50 feet in thickness, covered the
floor of every valley beyond the foothill zone, and in
certain of the broader troughs it extended far up the
stream courses well within the mountain area.

In many places this stream gravel rested upon com-
paratively soft shale or thin-bedded sandstones. Since
its deposition changes in the altitude of the San Juan
region have permitted the streams to cut their modern
channels far below the graded surface of that deposi-
tional stage. In consequence the gravel now caps ex-
tensive mesas rising above the modern lowland flats.
One of the most conspicuous of these is Florida Mesa,
southeast of Durango, near the center of the Ignacio .
quadrangle, and the gravel is therefore named the
Florida gravel. Within the mountains there are many
boulder-strewn terraces which may be correlated with
table-lands beyond the foothills and represent the rem-
nants of the same stream deposit.

End of the Florida cycle—Deposition of the Flo;—
ida gravel was terminated by a renewal of the domal
uplift. Once more this portion of the earth’s crust
was warped. The same localities which had so many
times been elevated above their surroundings were now
uplifted again. The San Juan dome was made more
pronounced. At the center of the range the uplift
amounted to about 2,000 feet, but near the margin it
was only & few hundred feet. As a result of this crustal
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movement, streams which had been widening their
valleys or depositing their load of gravel upon broad
flood plains were quickened and rejuvenated. To the
old task of down cutting and canyon carving the
streams returned; the Florida cycle of erosion and
deposition was ended.

CANYON CYCLE OF EROSION

The differential movement of the earth’s crust
| which ended the Florida cycle of erosion upset the
adjustment of streams to surface gradient everywhere
within the San Juan region. Except along the eastern
front of the mountains the crustal movement was an
uplift of varying amounts, which necessarily resulted
in the rejuvenation of all streams. In the central part
of the region, where to-day are the highest mountains,
the uplift caused the streams to commence the lowering
of their immediate channels toward a new base-level
several hundred feet below the graded surface de-
veloped during the Florida cycle. At the north, west,
and south margins of the mountains the uplift was
not so great, but even here its effect was to initiate
a new phase of downward cutting and canyon develop-
ment. On the east front of the mountains, however,
in and near the San Luis Valley, the differential move-
ment was of an opposite nature. The gently sloping
torrential fans that had been deposited beyond the
mountain front during the Florida cycle were warped
downward. Apparently the whole floor of what is
now the San Luis Valley was gently depressed. It
appears that the movement was again a tilting of a
huge block of the earth’s crust. As before, the eastern
margin of this block was defined by the nearly vertical
fault plane that forms the west margin of the Sangre
de Cristo Range, at the east side of the San Luis Val-
ley. The tilted block was hinged along a line running
north and south just within the San Juan Mountains,
near the west margin of the Del Norte and Conejos
quadrangles. Pivoted on this hinge, the portion of the
earth’s crust to the west of it was raised, while that
to the east was depressed.

As a result of these crustal warpings and the conse-
quent rejuvenation of streams, vigorous downward
erosion was induced in all drainage basins throughout
the San Juan region except in that portion which had
been relatively depressed. Here the conditions for
alluviation were not only continued but were rendered
increasingly favorable. In the center of the moun-
tains steep-walled canyons, hundreds or even thou-
sands of feet in depth, were eroded, so that the name
Canyon cycle of erosion may be used as appropriate.
The canyons were incised beneath the floors of the
valleys formed during the Florida cycle. On the
north, west, and south margins of the range and the
adjacent portions of the plateau country similar but
somewhat shallower canyons and gorges were carved.

The débris thus obtained in the upper reaches of all
the streams tributary to the Colorado River was in the
main carried far down the streams leading to the west
beyond the San Juan region. The Rio Grande and its
tributaries, however, were then, as now, flowing in a
general easterly direction from the central part of the
San Juan Mountains. The débris carved by these
streams from the region of their headwaters was trans-
ported downstream to the recently depressed portion
of the San Luis Valley and there spread over the val-
ley floor. Thus while many remnants of the graded
surfaces, veneered with deposits of the Florida erosion
cycle, were left high above the new drainage lines in
most parts of the San Juan region, on this eastern
front the surfaces and gravel of that cycle were buried
beneath a flood of stream-washed débris. The con-
trasted relations are indicated diagrammatically on
Plate 10.

Durango glacial stage—Sometime after the begin-
ning of the Canyon cycle of erosion the climate of the
San Juan region was sufficiently changed to cause
another episode of refrigeration. Once more snow
fields gathered in the higher mountains, and glacial
ice formed at the heads of the larger valleys. The
glaciers of this stage moved outward down the many
valleys that radiated from the heart of the mountains.
The glaciation has been named the Durango stage,”
because the moraines and outwash deposits of the
greatest glacier of this time, that in the Animas Valley,
are well displayed near Durango. Apparently the ice
filled every major valley within the mountains and
crept downward and outward to reach its farthest
limit approximately in the belt of foothills at their
margin. Thus the terminus of the Animas Glacier
was within the limits of the present city of Durango,
2 or 3 miles above the gateway in the line of hogbacks
through which the Animas River passes from the
mountains to the plains. The terminus of the Uncom-
pahgre Glacier of this stage was 4 miles north of
Ridgway, just beyond the mountain front on the north
side of the San Juan region. The Rio Grande Glacier
at this time was able to reach downstream only as far
as the eastern margin of the San Cristobal quadrangle,
30 miles west of the east front of the mountains.
Unlike the ice of the Cerro stage, the Durango glaciers
seem to have been everywhere confined to the valleys.
Nowhere did they spread beyond the foothills to form
piedmont glaciers.

At the beginning of the Durango stage the streams
coursing across the lowland surrounding the San Juan
Mountains had generally developed broad valley flats.
These flats were now veneered with gravel washed
from the melting ice, and long valley trains stretched
beyond the ice limits down each of the larger valleys.

2 Atwood, W. W., Eocene glacial deposits in southwestern Colorado:
U. 8. Geol. Survey Prof. Paper 95, p. 14, 1915.
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That in the Animas Valley was more than 2 miles wide
in the belt of peripheral lowland which the Animas
crosses in the south half of the Ignacio quadrangle.
Presumably, therefore, the streams had reached a tem-
porary base-level and had begun lateral planation
when interrupted by the Durango glaciation. Rem-
nants of the graded surface at that level are, however,
comparatively rare and have been observed only in the
localities of weaker rocks beyond the mountain fronts.
Their development seems to have been an incident
of trivial importance in the physiographic history of
the range.

Post-Durango and  pre-Wisconsin interglacial
stage—As the Durango glaciers melted away the ice-
freed streams resumed their task of mountain sculptur-
ing. Glacial erosion had upset the balance between
land slopes and stream velocities, so that a new episode
of vigorous erosion ensued. Possibly also the disap-
pearance of the Durango ice was nearly or quite con-

to be covered by a post-Durango and pre-Wisconsin
interglacial deposit. Similar but smaller terraces
have been recognized in the valley of the Los Pinos
River south of Bayfield, as well as in the Animas
Valley south of Durango. At all these localities the
graded surface developed at this time is 100 to 200 feet
above the modern flood plains and 50 to 150 feet below
the Durango outwash gravel.

Along the east front of the range there are a num-
ber of gently sloping gravel-strewn surfaces, inter-
mediate in position between the modern flood plains
and the surfaces developed during the Florida cycle
of erosion, which dip eastward and disappear beneath
the floor of the San Luis Valley. The relationship of
these surfaces may best be comprehended from the ac-
companying diagram (fig. 7), which indicates that
they represent a temporary halt in the differential
tilting of this part of the earth’s crust. While the
mountains were being elevated the San Luis Valley

was being depressed. Thus

E. toward the west these post-

Durango and pre - Wiscon-
sin interglacial surfaces are
cut, far below the flats of the

I (e]
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Ficure 7.—Profile of east slope of San Juan Mountains at margin of San Luis Valley south of
A-B, Broken lines connect remnants of gravel-covered terraces of Florida cycle of
erosion ; C-D, dotted lines connect terraces of post-Durango and pre-Wisconsin interglacial stage;

Del Norte.

E-F, surface of alluvium of San Luis Valley

temporaneous with a renewal of domal uplift. In any
event the streams cut rapidly downward below the
floor which had been scraped smooth by ice during the
Durango stage and below the surfaces which had been
coated with fluvioglacial gravel from the same glaciers.

The incision of stream channels ere long brought
the streams in close proximity to the base-level toward
which they were working, and in the regions where
erosion was most rapid, because of less resistant rocks,
wide valley flats were once more developed by lateral
planation. In the heart of the range, where the rocks
offered superior resistance to the activities of the
streams, no opportunity seems to have been afforded
during the interglacial stage which succeeded the Du-
rango glacial stage for any very extensive amount of
lateral planation. All the energy of the vigorous
streams was there confined to the task of canyon deep-
ening. It is therefore only in a few localities, and
those generally beyond the mountain front, that rem-
nants of this temporary base-level developed by the
rivers of this interglacial time are preserved. In the
main these remnants now appear as gravel-strewn
rock terraces intermediate in height between the valley
trains of the Durango and Wisconsin glaciers.
Spring Creek Mesa, in the Uncompahgre Valley west
of Montrose, is one of the largest surfaces now known

Florida cycle; but toward the
east the two converge until
they meet. Still farther east
the post-Durango and pre-
Wisconsin interglacial gravel
covers the Florida gravel and is in turn similarly
buried by modern stream deposits.

In the broad area of easily eroded shale and thin-
bedded sandstone between the Animas and Los Pinos
Rivers, south of the mountain front in the Ignacio
quadrangle, considerable areas were reduced to the
topography of old age at about this time. The gently
undulating lowland surrounding the village of Oxford
is strewn with scattered gravel and boulders left by
the meandering streams that apparently deployed
across this area during the time of temporary lateral
planation. The names Oxford gravel and Oxford ter-
races are here applied to the deposits and graded sur-
faces of this substage in the dissection of the San Juan
Mountains.

To-day all these surfaces with their scattering of
Oxford gravel are scores or even hundreds of feet
above the modern drainage lines, those on the east
front of the range, of course, excepted. The develop-
ment of widespread flats seems to have been merely a
temporary phase in the steady progress of down cut-
ting and canyon development, which is the chief inci-
dent of post-Durango and pre-Wisconsin interglacial
time. Apparently, therefore, there must have been a
renewal of mountain growth by crustal uplift which
terminated this brief episode of stream alluviation on
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the wide stream flats of the Oxford substage. Again
vigorous downward erosion characterized the work of
all the streams in the San Juan region. Canyon deep-
ening continued within the area of hard rocks, where
lateral planation had not yet been begun. Gorge cut-
ting was renewed wherever a wide valley had been
developed. Thus at the end of this interglacial stage
the streams were again vigorously deepening their
valleys.

Wisconsin glacial stage—Then came the last of the
epochs of refrigeration which characterize Pleistocene
time. Once more climatic conditions forced the San
Juan region into the grip of a glacial stage. Alpine
glaciers were formed in nearly all the valleys that
had earlier been occupied by Durango ice. Most of
the amphitheaters that had earlier been sculptured by
that ice were once more the sites of vigorous glacial
erosion. The general appearance of the region,
crowded with glaciers at the climax of this stage, is
indicated on Plate 8. In general the glaciers were not
quite so large as those of the Durango stage. Certain
valleys that had been occupied by Durango ice escaped
glaciation during Wisconsin time. In nearly all the
valleys that were glaciated during both these stages
the later glaciers fall short 1 to 3 miles of reaching as
far downstream as the earlier ones. Valley sculptur-
ing was, of course, very materially affected by the Wis-
consin glaciers, and much of the remarkable scenery
of the San Juan region is a result of glaciation, which
so ably reinforced the streams in their work of moun-
tain carving.

Beyond the farthest reach of the great valley glaciers
the streams, swollen by the floods escaping from the
melting ice, spread tremendous quantities of glacial
débris. Long valley trains stretched down each valley.
These were for the most part narrow, rarely more than
a mile in width. The stream flats that had been devel-
oped in the areas of softer rocks by that time were
submerged beneath the gravel of these valley trains,
which filled the stream channels to a height of 20 or
30 feet.

Post-Wisconsin erosion.—Although 10,000 or more
years ago, it is but yesterday, as the geologist reckons
time, that the San Juan Mountains were occupied by
the ice of the Wisconsin stage. In the relatively short
time which has elapsed since that ice melted away only
the slightest of changes have taken place within the
region. At many places glacial erosion or deposition,
.or both combined, left undrained depressions which
were quickly filled with water. Many of these remain ;
the countless ponds and lakes, with turquoise water
reflecting the emerald green of wooded slopes or the
tawny brown of volcanic cliffs, constitute the last
touch of beauty needed to make complete the magnifi-
cent scenery of the mountains. Other basins have

lands or mountain parks.

been filled with sand and mud, from the flat surface of
which the water has been drained by the cutting down
of the outlets of the lakes, and are now fertile farm
Elsewhere streams have
notched the higher portions of the floor across which
the Wisconsin ice had moved. Gorges a score or even
a few hundred feet in depth, like the famous Box
Canyon at Ouray, have thus been formed. In many
places glaciation resulted in the oversteepening of
mountain walls and valley slopes, so that the rocks
left in an unstable condition have at different times
fallen in huge landslides. The importance of this
phase of erosion is indicated by the extensive areas
now covered by slide débris.

At many places at the present time streams are
aggrading their channels or developing valley flats by
lateral planation, but such places seem to be the ex-
ception, not the rule. They are found where glacial
deposits or erosion had left the land surface in such
a relation to the streams that the normal process of
downward cutting is for a time rendered impossible.
In the main the streams of the San Juan are to-day
actively engaged in their age-long task of valley
deepening.

SUMMARY

Thus, briefly sketched, the Quaternary history of
the San Juan region indicates that during this latest
of geologic periods the region has been subjected to
almost constant crustal warping. Mountain growth
by domal uplift seems to have been renewed so fre-
quently as to appear practically continuous. The
sculpturing of the mountains by the development of
deep canyons is an obvious consequence of this crustal
deformation. At times the streams have taken the
lead in their contest with the forces of diastrophism
and for a short interval have succeeded in developing
widespread graded surfaces, but always the energies
pent within the body of the earth have terminated
the intervals of lateral planation and deposition and
have forced the streams back to their work of valley
deepening. In general there seem to have been two
main cycles of erosion subsequent to that in which the
San Juan peneplain was developed. The earlier of
these, the Florida cycle, progressed in general to the
stage of late maturity before the cycle was ended by
crustal movement. The second cycle, the Canyon
cycle, is still in the stage of youth.

Normal stream erosion during Quaternary time has
been interrupted at least thrice by glaciation. The
first of these glacial stages, the Cerro, occurred during
the Florida cycle. The second and third, the Durango
and Wisconsin, both took place during the Canyon
cycle of erosion. All three were able assistants to the
streams in their task of earth sculpturing, and each
left deposits of considerable interest.
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The attempt has been made in chapter 2 to convey
to the reader a general idea of the geography of the
San Juan region. The main physiographic features
of the region were there referred to, but detailed de-
seriptions of the many physiographic units which con-
stitute the San Juan province were not given. It is
our intention here to consider the various physio-
graphic types embraced within the San Juan region,
classified according to their present form. In each
class the most prominent or interesting examples will
be described and an attempt will be made to explain
the origin of each particular topographic feature by
recounting the physiographic history inferred from
its present structure and form. :

BORDER MESAS AND PLATEAUS

The San Juan Mountains are bordered on the south-
west, west, and northwest by plateaus that extend in a
westerly direction for hundreds of miles. Close to the
borders of the mountains these plateaus have been dis-
sected by streams heading in the mountains. Where
they have been carved into small fragments each de-
tached portion constitutes a mesa; where the units be-
tween canyons are large they are called plateaus.

In general these mesas and plateaus are uplands
with comparatively flat or gently undulating surfaces,
bordered by precipitous cliffs descending abruptly to
the floors of neighboring valleys. They are in every
sense of the word table-lands. For the most part they
are composed of sedimentary rocks, and many are
capped with a “rim rock” of very resistant sand-
stone. Some, however, are composed of volcanic or
other igneous rocks, and some of the surfaces bevel the
upturned edges of inclined strata.

Uncompahgre Plateaw.—The Uncompahgre Plateau
is a vast upland surface that extends a distance of 75
miles to the northwest from the base of the San
Juan Mountains and forms the divide between the Un-
compahgre-Gunnison and San Miguel-Dolores River
systems. The southeastern extremity of the plateau
occupies the west-central part of the Montrose quad-
rangle and is known as Log Hill Mesa. (See pl. 16, B.)

The surface of the Uncompahgre Plateau is remark-
ably smooth. In general it slopes toward the north-
east from its highest points on its southwest margin.
In its surface have been carved numerous steep-sided
narrow canyons which cross it from the southwest to-
ward the northeast. These canyons are natural bar-
riers to travel and are generally so youthful in form
that there is little more than room for the stream bed

32

on the floor between the parallel walls. At the south,
in the southwest quarter of the Montrose quadrangle,
the plateau is bounded by an abrupt escarpment trend-
ing east along the north margin of Pleasant Valley.
This escarpment is close to 1,000 feet in height, and
its upper portion is precipitous where the massive
sandstone retains nearly vertical faces. Toward the
east the plateau is bounded by a similarly abrupt
though somewhat lower escarpment facing the Uncom-
pahgre Valley. On its northeast margin, however, the
plateau surface descends gradually to the level of the
modern streams.

A few small elevations on different parts of the
plateau rise above this smooth-tilted surface. The
highest of these is Horsefly Peak, which stands 10,338
feet above sea level, or about 1,000 feet above the sur-
face of the plateau in its vicinity. Horsefly Peak and
other similar elevations are composed of shale which
has been protected by a local cap of glacial drift of
Cerro age.

Near its eastern margin the Uncompahgre Plateau
surface is modified by McKenzie Butte, a prominent
flat-topped hill that rises 500 feet above the plateau.
This butte is due to the intrusion of a massive sill,
which cuts across the gently inclined strata of the
plateau and in places lifts the sedimentary beds high
above their ordinary position.

Structurally the Uncompahgre Plateau is a great
fault block, tilted gently toward the northeast. The
escarpment that bounds it on its southern margin is a
fault scarp that marks the presence of a nearly vertical
fault plane along which the displacement amounted
to more than 1,000 feet. The surface of the plateau
is formed by very resistant Dakota(?) sandstone, of
Upper Cretaceous age, from which the overlying shale
has nearly everywhere been stripped. The slope of the
plateau surface is the dip of the Dakota(?) sandstone,
and the topographic feature is very evidently a direct
response to the superior resistance to erosion offered
by this formation. Wherever the overlying Mancos
shale has escaped removal its preservation has been
due to a cap of resistant boulder gravel, to glacial
drift, or to the intrusion of igneous rock such as is
found in McKenzie Butte.

It is apparent from the distribution of Cerro till
in the Montrose quadrangle that the present surface
of the Uncompahgre Plateau is entirely of post-Cerro
age. At the time of the Cerro glaciation a greater or
less thickness of Mancos shale must have extended over
most of the area included in the plateau. Across the
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Mancos shale surface the Cerro ice pushed to its
farther limit somewhere in the vicinity of Montrose.
After the melting of the ice and the regional uplift
that permitted the extensive post-Cerro erosion of the
entire San Juan region, nearly all of the glacial mate-
rial and the shale that capped the Dakota(?) sand-
stone were stripped from the surface of that resistant
formation. Only in such localities as Horsefly Peak,
where the Cerro till was of considerable thickness,
have the till and the subjacent shale been preserved.
The task of laying bare the Dakota (?) sandstone
throughout this great area was not accomplished in
any one stage of the physiographic history of the San
Juan Mountains but has required a long period of time,
stretching from the end of the Cerro glacial stage al-
.most or quite to the present day. At the time that the
boulders, pebbles, and sand here named the Florida
gravel were strewn over the graded surfaces along the
flood plains of the master streams in all this area, the
task of uncovering the Dakota (?) sandstone was far
from complete. On the north margin of the plateau,
south of Montrose, graded surfaces of the Florida cycle
form small mesas rising 50 to 200 feet above the
plateau. These mesas are formed of remnants of
Mancos shale capped by a resistant veneer of cobble-
stones and gravel. Similar but very much lower
gravel-strewn flats in the same neighborhood are rem-

nants of the valley train that resulted from fluvio- |

glacial action in the Durango glacial stage. These
flats, however, lie so little above the plateau surface
that it is apparent that most of this gigantic task of
laying bare the Dakota (%) floor must have been ac-
complished before the Durango glaciation. In large
degree, therefore, the exhuming of the Dakota (?)
sandstone and the consequent formation of the Uncom-
pahgre Plateau occurred during the interval between
the Cerro and Durango glacial stages. The many nar-
row canyons, such as Happy Canyon and the canyon
of Spring Creek, whose trend is parallel to the strike
of the Dakota (%) sandstone and which etch the sur-
face of the plateau, are evidently of very recent origin.
In all probability they have been carved chiefly during
* the stage of canyon cutting that appears to have been
general throughout the San Juan region in post-
Durango time.

Blue Mesa—On each side of the canyon of the Gun-
nison River in and near the northern part of the Un-
compahgre quadrangle there are many small mesas
separated from one another by the youthful gorges of
streams tributary to the Gunnison. Of those on the
south side of the canyon, Blue Mesa is typical. It is
a table-land having an area of about 10 square miles
and bounded on the north by a steep cliff leading
abruptly downward to a bench which directly over-
looks the Black Canyon. On the west the mesa is
separated from its neighbor, Fitzpatrick Mesa, by the

steep-walled gorge of Blue Creek. Similarly, on the
east the somewhat less canyonlike valley of Pine Creek
separates Blue Mesa from Blue Creek Mesa. Toward
the south, however, the surface of Blue Mesa descends
rather gradually to the open swale traversed by the
road between Madeira and Cimarron.

The sparsely timbered surface of Blue Mesa is not
nearly so flat as might be inferred from its name. On
the contrary, it is undulating, with numerous rounded
hills separated by broad valleys. These valleys display
the contour of old-age erosion forms and extend from
the sources of the intermittent streams almost to the
margin of the mesa. Farther downstream the valleys
abruptly change in appearance; at the margin of the
upland surface they are youthful ravines, tributary to
the master canyons which almost surround the mesa.
The striking contrast between the aged appearance of
the upland surface and the youthful topographic forms
of the surrounding canyons is everywhere noteworthy.
The mesa surface appears to be a bit of old-age topog-
raphy projecting islandlike from a sea of gorges and
canyons.

The altitude of the summit of Blue Mesa ranges
from 8,700 to 9,400 feet above sea level. No higher
points overlook its surface except those found at some
distance to the south, where the summits rise toward
the higher peaks of the San Juan Mountains. The
physiographic relation of the ancient erosion surface
that forms the top of Blue Mesa immediately suggested
the likelihood that it was a.remnant of the San Juan
peneplain, and, acting on this suggestion, we made
diligent search early in the progress of our field work
for stream gravel similar to that found elsewhere at
correspondingly high altitudes. At several localities
on Blue Mesa apparently waterworn cobblestones were
found. However, one of the formations composing the
mesa and exposed in many of its valleys is a volcanic
agglomerate containing a variety of boulders and
gravel. Unfortunately, these boulders weathering out
of the loosely cemented agglomerate are seldom dis-
tinguishable from the modern stream gravel. Hence
it would be unwise to assert that any of the pebbles on
Blue Mesa should be interpreted as peneplain gravel.
All the pebbles and boulders that were obsérved may
represent the product of local weathering from the
Tertiary volcanic rocks. On the other hand, certain
gravel deposits found on the summit of Fitzpatrick
Mesa, on Carpenter Ridge, and on Big Mesa are be-
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