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QUARTERLY GEOLOGY OF THE GRAND AND BATTLEMENT MESAS AREA, COLORADO

By Warren E. YrEND

ABSTRACT

Grand and Battlement Mesas, erosional remnants of a large
late Tertiary (early Pliocene) basalt plain, are the major topo-
graphic features in the area. Grand Mesa is about 20 miles east
of the junction of the Gunnison and Colorado Rivers in the arid
to semiarid lands of western Colorado. Both mesas rise above
10,000 feet, towering more than 5,000 feet above the adjacent
Colorado River and Plateau Creek valleys. Grand Mesa, a basalt-
capped plateau about 50 square miles in extent, occupies the
southwestern part of the area.

Epeirogenic uplift in the late Tertiary caused streams to cut
through the extensive, virtually flat-lying basalt flows into the
underlying sedimentary rocks of the Green River, Wasatch, and
Mesaverde Formations of early Tertiary to Late Cretaceous age.
More than 5,000 feet of downcutting since the uplift began has
produced long, steep slopes, oversteepened cliffs, and narrow
canyons. Geologic processes operating throughout the area at any
given moment in time were varied and often produced very dif-
ferent effects on the landscape because of the extremes in eleva-
tion, slope exposure, and range in bedrock types.

Two distinct levels of pediments capped with gravel are present
on the north and west flanks of Battlement Mesa. The older and
higher surface is about 1,300 feet above the Colorado River. The
lower pediment, although extensively dissected, is present at
numerous localities south of the Colorado River. Grass, Log, and
Samson Mesas are local names given to some of these pediment
remnants. Because of their high, isolated position above the
modern Colorado River, the pediments are considered to be of
early Quaternary age. Locally, however, they have been subse-
quently covered with mudfiows and alluvial gravel of late
Quaternary age.

Glaciers probably covered much of the high southern part of
the area at least once in pre-Bull Lake( ?) time. Chalk Mountain,
in the southeastern part of the area, is capped with about 135
feet of till resting on striated sandstone bedrock. More than one
period of pre-Bull Lake( ?) glaciation may be represented in this
_till section; however, bona fide intertill soils were not found.
Three pre-Bull Lake(?) alluvial terraces in the drainage of
Plateau Creek lie 200-500 feet above the creek. Moderately thick
well-developed buried soils on alluvial gravels indicate at least
one pre-Bull Lake(?) terrace on the north-facing slopes of
Battlement Mesa. Isolated occurrences of pre-Bull Lake(?) col-
luvium are present. A clearly recognizable relict (unburied) soil
of pre-Bull Lake age was not found.

Late Pleistocene glaciations modified the topography of Grand
Mesa. An icecap covered much of the upland and flowed into the
surrounding valleys during both the Bull Lake(?) and Pine-
dale(?) Glaciations. Glacial, alluvial, and colluvial deposits
associated with these two major glaciations are included in two
newly named formations—the Lands End and Grand Mesa
Formations.

During Bull Lake(?) time, ice covered the entire surface of
Grand Mesa and flowed into the lowlands at least as lov as
5,800 feet. In the stream valleys, till of this age and the soil
formed on it (Lands End Formation) are buried by younger till.
Terminal moraines are not present; consequently, a minirum
elevation for the lower limit of this glaciation is difficult to de-
termine. Outwash deposits of Bull Lake(?) age in Plateau
Creek are buried by younger outwash gravels. Bull Lake(?)
alluvial terrace and fan gravels are present along the Colorado
River.

The ice that deposited the Grand Mesa Formation, which is
locally separated by a well-developed soil formed on the older
Lands End Formation, covered the highland and lowland rarts
of the area. Striations and a terminal moraine record the pres-
ence and movement of the ice on top of Grand Mesa as well £.:s on
a lower surrounding landslide bench. Glaciers of this age flowed
down all the major stream valleys draining the north slopes of
Grand Mesa and reached a probable minimum elevation of 5,400
feet. The individual ice tongues were able to extend to su~h a
low elevation both because of the very extensive high-surface
area (284 sq mi above 10,000 ft) available for snow accumula-
tion and because of the deep valleys leading north from the mesa.
Terminal moraines of the Grand Mesa Formation are not present
in the valleys for here the till plains grade into outwash plvins.
Recessional moraines are present upvalley in some of the d ain-
ages; they record a partial halt in the ablation regimen of the
ice. Two levels of outwash present along Plateau Creek further
evidence this slight fluctuation in the climate during Pinedal=(?)
time,

Buried humic material in a terrace of the Grand Mesa Fo~ma-
tion located along the Colorado River revealed a carbon-14 date
of 19,730+ 500 years B.P.

Ice of late Pinedale(?) age, in large part stagnant, left
crevasse-fill deposits and fresh morainal topography on a land-
slide bench surrounding much of Grand Mesa. Glaciers of this
age were absent from the top of Grand Mesa, existing only in the
lower, more protected drainage heads.

The influences that landslides, slumps, and mudfiows have had
on the topography are even greater than those of the glaciers.
Two of the prebasalt sedimentary rock units—the Wasatch
Formation and an unnamed unit underlying the basalt flovvs—
contain claystones that have been responsible for widespread
mass wasting, particularly slumping. Extensive slumping of
large blocks of basalt has greatly reduced the areal extent of
Grand Mesa throughout the Quaternary. A wide, irregular
surface characterized by disrupted drainages and hundreds of
lakes and slump blocks has developed around the edge of the
undisturbed surface of Grand Mesa. Such breakup of the bsalt
flows greatly facilitated rapid removal by glacial and collvvial
processes of the high, originally much more extensive surface of
Grand Mesa.
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While glaciers were eroding and modifying Grand Mesa during
the late Pleistocene, Battlement Mesa was being eroded by col-
luvial processes. Solifluction, slumping, frost breakup of basalt,
and landslides moved debris from the high parts of the mesa
onto the surrounding slopes and into the bordering stream val-
leys. Mudfiows were common in the lower parts of the valleys
and frequently poured out onto the older pediments and alluvial
terraces bordering the Colorado River on the south.

No evidence of Recent glaciation was observed. Widespread
talus deposits, rock glaciers(?), earthflows and solifluction
debris are thought to correlate with the Recent glaciation of
other parts of the Rocky Mountains.

Stream downcutting has been a dominant process since the
disappearance of the last ice mass at the close of Pinedale(?)
time. Wind-carried sand and silt have buried many of the bed-
rock structural terraces north of Plateaun Creek on the south-
facing slopes at the base of Battlement Mesa. Currently, arroyos
are common on the hot dry barren slopes below Battlement
Mesa, and most talus slopes are stable; however, small active
slumps and earthflows are observed within the claystones of the
‘Wasatch Formation and younger rocks. Measured stake displace-
ments of incipient slump blocks adjacent to Grand Mesa, de-
termined over a period of 2 years, indicate that certain large
blocks are moving away from the mesa at rates of 0.05-0.5 foot
per year.

Fabric analyses of tills and of landslide debris reveal a method
of differentiating them. Elongate pebbles and cobbles in the tills
are inclined upslope, but the opposite orientation (downslope
Plunge) was noted in the mass-wasted deposits.

Eight former levels of the Colorado River are based on terrace
and reconstructed pediment levels—four of Bull Lake(?) and
Pinedale( ?) age, three of pre-Bull Lake(?) age, and one of pos-
sible Pliocene age. The profiles of the previous river levels are
similar to the present river profile which has a slope of about 11
feet per mile.

On the basis of present climatic records, the sediment yield at
low elevations in the area seems to be at a maximum ; however,
because of the high runoff coming from the uplands, stream
aggradation along the throughgoing streams is not common. Dis-
counting effects of mass wasting, it seems that almost any type of
climatie change would initially result in continued downcutting,
probably at a more rapid rate than at present.

INTRODUCTION

Grand and Battlement Mesas in western Colorado
existed as nearly level highlands more than 10,000 feet
in elevation throughout most of Pleistocene time. The
region underwent epeirogenic uplift characteristic of
much of the Colorado Plateaus province in the late Ter-
tiary (Pliocene) or early Quaternary. An icecap covered
most of the surface of Grand Mesa at least twice during
the late Pleistocene and fed active glaciers in the sur-
rounding deeply incised valleys, Battlement Mesa
appears to have lacked an icecap during late Pleistocene
time.

A primary reason for studying this area was to ex-
amine and evaluate the effects of Quaternary geologic
processes in this unusual topographic situation. The
effect that such a high flat surface as Grand Mesa would

have on the accumulation and distribution of ice is of
particular interest. The glacial history, however, is only
one phase of the Quaternary history of this region. Of
equal importance is the recognition and description of
the widespread landslides, mudflows, and earthflows and
their effects on the varted landscape. Should “Project
Gasbuggy” * prove that nuclear explosions are feasible
for the increased production of natural gas from tight
sandstones, the Rulison gas field in the northern part of
the mapped area will be a prime target for such a nu-
clear explosion. A knowledge of the location, internal
characteristics, and susceptibility of movement. of the
mass-wasted deposits will aid in evaluating their effects
on the landscape as a result of an underground nuclear
explosion. Extensive pediments, alluvial terraces, and
fan gravels flanking the north and west slopes of Battle-
ment Mesa aid in understanding the history of a part of
the Colorado River. These gravel deposits could be very
important as construction aggregate to potential oil-
shale industry and road building in the area.

Concurrently with this study of the Quaternary ge-
ology, the bedrock geology was studied by John R.
Donnell, of the U.S. Geological Survey.

LOCATION AND SIZE OF AREA

Grand Mesa is east of the confluence of the Colorado
and Gunnison Rivers in western Colorado (fig, 1). The
mapped area covers approximately 973 square miles and
lies between lat 39°00” and 39°30” N, and long 107°37”
30’ and 108°15’ W. It is included on seventeen 7l4-
minute quadrangle maps : Grand Valley, Rulisor, North
Mamm Peak, South Mamm Peak, Hawxhurst Creek,
Housetop Mountain, De Beque, Mesa, Molina, Chllbran,
The Meadows, Porter Mountain, Chalk Mountain, Leon
Peak, Grand Mesa, Skyway, and Lands End.

METHODS OF STUDY

Field studies were made during the months of June—
September 1963-65, and during June and July 1866. The
surficial geology was mapped on aerial photographs
(U.S. Geol. Survey, 1:20,000, taken in 1951) and on 714-
minute topographic quadrangle maps (1:24,000).

Supplemental subsurface data were obtained from
hand-excavated test pits and soil-auger holes. amples
of soil, unweathered surficial materials, buried humic
material, and fossil mollusks were collected for labora-
tory study. Microscopic examinations and hydrometer-
size analysis studies were made of selected samples.
Methods used in studying mass-movement rates and
fabric determinations are discussed later in this report.

1 Project Gasbuggy, the first joint industry-government nuclear ex-
plosion for peaceful purposes, is an attempt to liberate natural gas
trapped in rock.
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PREVIOUS WORK

Reconnaissance mapping in the area was initially
done by A. C, Peale as part of the work of the U.S.
Geographical Survey of the Territories (Hayden, 1876).
In his report on the Grand River and its tributaries,
Peale described the topography, drainage, and general
geology of the Grand and Battlement Mesas area.

Junius Henderson (1923), accompanied by John P.
Byram and Erwine Stewart of Mesa, Colo., explored
Grand Mesa by horseback ; Henderson’s report describes
evidence of intense glaciation around the north and east
sides and on a considerable part of the top of the mesa.
Nygren (1935) found evidence supporting several
episodes of glaciation of Grand Mesa. He mentioned
that an icecap existed on Grand Mesa during the
Pleistocene Epoch simultaneous with the development
of small valley glaciers below the basalt rim. Nygren
further noted the glacial modification of some slump
blocks below the rim of Grand Mesa. Retzer (1954)
recognized one pre-Wisconsin and two Wisconsin
glaciations for Grand Mesa. His interpretation is based
on location of moraines, topographic expression, and
differences in degree of soil development. These reports
were primarily concerned with the glaciation of either
the mesa top or the immediately surrounding bench.
Reference to glaciation or glacial effects at elevations
below 9,000 feet has not been found in the literature.

The extensive pediments along the Colorado River
north and west of Battlement Mesa have been noted by
many.
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PHYSIOGRAPHIC SETTING

Grand Mesa, a basalt-capped plateau remnant, is
separated from the major mountain systems of western
Colorado (fig. 1). From almost any direction the mesa
commands one’s immediate attention because of its

topographic prominence (frontispiece). Rising to an
elevation of 10,800 feet, it towers 5,400 feet above the
irrigated Grand Valley of the Colorado River, west of
the mesa. From the southwest edge of the mesa, one can
view the Uncompahgre Plateau across the Gunnison
River to the southwest, the San Juan Mountains far to
the south, and the West Elk Mountains about 40 miles
to the southeast. Looking north from Grand Mesa
across Plateau Creek, one sees the small isolated basalt-
flow remnants of Battlement Mesa. The tops of the
14,000-foot peaks of the Elk Mountains can be se>n more
than 60 miles to the east.

The surface of Grand Mesa is a nearly flat tableland
sloping gently toward the west. It has been only slightly
modified by glaciation. Striated knobs protrude through
a thin veneer of till. Lakes and undrained depressions
are common, and stream dissection has been slight. The
top of Grand Mesa is underlain by continuous. undis-
turbed basalt flows and is about 50 square miles in ex-
tent. It has become a practice with local residents, how-
ever, to refer to Grand Mesa as including not only these
high undisturbed basalt flows but the surrounding,
somewhat lower, irregular bench as well. By including
this bench, which is very widespread to the east, the
areal extent of Grand Mesa is increased four to five
times. Reference to Grand Mesa in this report will be
restricted to the high, virtually flat tableland held up
by the continuous, undisturbed basalt flows. A map view
shows Grand Mesa to be Y-shaped with the top of the
Y oriented toward the west. The east edge of tI~ mesa,
called Crag Crest, has been reduced to a knife-edged
ridge by repeated slumping.

Steep cliffs, 100-500 feet high, surround the upland
surface of Grand Mesa. Basalt talus and frost rubble
have accumulated at the base of these cliffs, A very ir-
regular surface produced by huge slumps and modi-
fied by glaciation extends outward from the base of the
basalt cliffs. This landslide bench varies in width from
several feet to several miles. The slump blocks are tilted
back toward the undisturbed part of the mesa, forming
long, narrow ridges that parallel the edge of the mesa
for hundreds of feet. Many lakes have been formed as
a result of this slumping and the subsequent glaciations.

East of Grand Mesa the landslide bench is extensive
and shows the effects of late Pleistocene glaciation. The
slump-block remnants rise conspicuously above the sur-
rounding upland and form the drainage divides be-
tween such major streams as Plateau, Buzzard, Leon,
and Park Creeks draining north, and Leroux, Hubbard,
and West Muddy Creeks draining south into the North
Fork of the Gunnison River.

A steep slope produced by erosion of the Green River
Formation is formed below the landslide bench. The
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contact between the Green River Formation and the
underlying Wasatch Formation is generally marked by
an abrupt change from a smooth, steep slope to gentle,
irregular, commonly hummocky topography. The clay-
stones and siltstones of the Wasatch Formation have
failed repeatedly, and the surface is often broken and
terraced as a result of earthflow, slump, and mudflows.
A diagrammatic cross section from Grand Mesa on the
south across Plateau Creek and Battlement Mesa to the
Colorado River on the north, showing characteristic
topography and underlying rock units, is shown in
figure 2.

The glaciated valleys of Mesa, Bull, Cottonwood,
Big, Leon, and Plateau Creeks head on the landslide
bench, cross the steep slopes held up by the Green River
Formation and the gentler slopes produced on the
Wasatch Formation, and finally join Plateau Creek,
the major tributary of the Colorado River in the area.
Throughout most of the lower parts of the area, the
Plateau Creek flood plain is about 1,500 feet wide and
parallels old terraces and till plains. The lower 5 miles
of Platean Creek, however, is in an intrenched
meandering narrow gorge more than 600 feet deep and
about 400 feet wide, cut into the Mesaverde Formation.
Terrace remnants are scarce in this canyon.

The topography north of Plateau Creek is charac-
terized by steep canyons, arroyos, pediment surfaces
adjacent to Battlement Mesa, and eolian silt-covered
surfaces. The south-facing slopes receive little precipi-
tation and are almost completely devoid of vegetation.
Battlement Mesa consists of four small basalt-flow
remnants more than 10,000 feet in elevation. These
isolated flow remnants total less than a square mile in

area and are surrounded by slump blocks broken into
basalt-block rubble. The physiography and bedrock of
Battlement Mesa (fig. 2) are similar to Grand Mesa,
although Battlement Mesa is in a more advanced st~ge
of degradation. Extensive pediments, commonly
mantled by alluvial-fan gravel and mudflows, flank the
north and west slopes of Battlement Mesa. These wide-
spread surfaces slope steeply toward the Colorado
River, which cuts across the northwest corner of the
area. The Colorado River meanders on a gravel-floored
valley at the foot of the oil-shale cliffs rising high above
the river on the northwest. The extreme northwest
corner of the area is dry and virtually vegetation free;
surficial deposits are scarce. Steep bedrock slopes of the
Green River Formation are flanked by isolated small
dissected pediments.

CLIMATE

Climatic conditions vary widely within the area as
a result of differences in elevation and exposure (north-
versus south-facing slopes). Arid to subarid conditions
prevail at the low elevations, particularly on the south-
facing slopes. Humid to subhumid conditions exist on
top of Grand and Battlement Mesas.

RAINFALL AND TEMPERATURE

Collbran (elev 6,000 ft) has an annual precipitation
of about 13 inches with no well-defined wet season.
Maximum precipitation occurs during March, April,
and May, followed by a secondary maximum in Augrst,
September, and October. Rainfall during each of these
months is generally between 1.0 and 1.5 inches. June
and July are the driest months; less than 1.0 inch of
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Fieure 2.—Diagrammatic cross section from Grand Mesa through Battlement Mesa to the Colorado River.
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rain falls during each month. Much of the rainfall dur-
ing the summer falls as scattered thundershowers; con-
sequently, precipitation amounts can be very variable
throughout the area. There are no yearly climatic
records for the top of Grand Mesa. The mean annual
precipitation may be as high as 30 inches.

The average annual temperature at Collbran is about
48°F. December and January are the coldest months;
the average monthly temperatures are 27°-28°F. July
is the warmest month, and has an average monthly tem-
perature of T1°F. During the summer, temperatures
above 90°F. are common at low elevations. Freezing
nighttime temperatures can occur any time throughout
the year at elevations above 10,000 feet. Summer day-
time temperatures on Grand and Battlement Mesas are
very comfortable, rarely rising above 75°F.

The U.S. Weather Bureau maintains recording sta-
tions at Fruita, Palisade, Collbran, and Rifle (Berry,
1959). Collbran is the only station within the area of
study. Monthly and annual temperatures, average an-
nual precipitation, and snowfall for these four stations
are given in table 1. Figure 1 shows the location of these
stations. All four stations reflect a climatic warming
and drying during the years following 1930. This trend
is seen in the decreased average annual precipitation at
all four stations and decreased average annual snowfall
at three of the stations. Average annual temperatures
increased more at the lower elevation (1.5°-2.5°) than
at the higher elevations (0.6°-0.2°) in the years follow-
ing 1930.

AND BATTLEMENT MESAS AREA, COLORADO

MOISTURE SOURCE REGIONS

The three major source regions for precipitetion in
the area are: (1) the cool Pacific Ocean, (2) ths warm
Pacific Ocean, and (3) the Gulf of Mexico (Crov, 1961;
fig. 3). The cool-Pacific source region, designated as all
the Pacific north of lat 34° N. (approximately the lati-
tude of Los Angeles), supplies the major amount of
moisture, which is concentrated in the winter anc spring
(Crow, 1961; fig. 4). The Gulf of Mexico is se~ond in
importance as a moisture source, delivering rainfall
predominantly in the summer months. The warm Pa-
cific, lying west and south of the south end of the high
Sierra Nevada, is least important as a4 moisture source
and supplies rainfall in the fall months.

SNOW SURVEY REPORTS

The following generalizations can be made from data
collected during the years 1937-65 (28 yr) at foar snow
course stations (U.S. Soil Conserv. Service and Colo-
rado State Univ., 1962) on the landslide bench below
the top of Grand Mesa:

1. The greatest snowpack is commonly in April.

2. Snow depth and moisture content of the snowpack
near the first of April averaged over the length of
the surveys gives the following values:

Moisturs

Snow depth  content

(inches) (inches)
Trickle Divide_ . _ . .__________ 81.9 27.9
Park Reservoir_______________ 75.8 25.5
Alexander Lake . _ ... _____ ... 66.9 23.0
Mesa Lakes__________________ 56. 2 17.9

TaBLE 1.—Monthly and annual temperatures and average annual precipitation and snowfall at Fruita, Palisade, Collbran, and Rifle, Colo.

. Average monthly and annual temperature (°F) Average arnual—
Station and Years of
elevation record Precipi- Snowfall
(feet) Jan, Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. tation (inches)
(inches)
Fruita Pre-1931 21.6 30.8 42.2 50.4 589 682 746 726 63.3 5.0 37.9 250 49.7 10.49 (27-yr
4,500 (28 yr) §e2cord)
.4
1931-60 26.0 32.2 41.3 51.6 61.0 69.4 75.9 73.3 649 52.7 37.4 285 51.2 8.31 (20-yr O
recor
19.0
Palisade Pre-1931 24.1 34.1 42.6 527 61.5 71.2 76.6 742 65.2 52.4 40.4 28.8 520 10. 90 (13-yr
4,700 (18 yr) ;ezcord)
9
1931-50 28.8 35.0 43.6 54.1 63.3 72.3 79.3 76.6 69.4 56.9 42.0 33.1 545 876 (18-yr
r(;cord)
17.3
Collbran  Pre-1931 22.0 28.2 36.4 45.6 53.6 62.4 684 66.8 589 47.3 358 23.6 458 16.08 (33-yr
6,000 (29 yr) g%cgrd)
1931-60 22.8 27.6 36.1 46.4 54.8 63.2 69.4 67.2 59.4 48.7 344 26.2 46.4 13.83 (2 1-3;1' 4
recor
. 63.0
Rifle Pre-1931 23.0 29.4 37.6 47.8 55.6 65.0 71.0 69.2 60.8 49.0 37.3 25.4 47.6 11.89 (10-yr
5,600 (29 yr) } léecosrd)
1.
1931-60 23.2 29.1 38.3 483 56.7 645 71.0 689 60.6 49.9 359 26.7 47.8 10.93 (20-yr 9
recor

36.9
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F1GURE 3.—Source regions for precipitation in the upper
Colorado River Basin. Adapted from Crow, 1961.

The low-average snow depth and moisture content at.
the Mesa Lakes station as compared to the other stations
may be due to the topographic position of the Mesa
Lakes station. The major winter storms and prevailing
winds come from the west. Alexander Lake, Park Reser-
voir, and Trickle Divide all lie to the lee of Grand Mesa
and seem to be in a favorable position to receive thick
deposits of snow, possibly because of a peculiar set of
wind currents around the mesa and (or) the drifting
of snow from the exposed top of the mesa.

3. The period 1940-50 was relatively wet at all four
stations. The interval from 1951 to 1964 was gen-
erally drier than the preceding period.

Data have not been recorded for snow accumulation
on the top of Grand Mesa. Local residents state that the
surface is commonly covered with snow from late Sep-
tember to early June. Large drifts in heavily forested
areas remain until mid-July or later. During the winter
months no attempt is made to keep open the paved road
over the top of the mesa.

VEGETATION ZONATION

Patches of Englemann spruce (Picea engelmannsi)
and alpine fir (Abies lasiocarpa) are scattered through-
out large parks and open meadows of grass and
wildflowers on the surfaces of Grand and Battlement
Mesas. Spruce stands are widespread east of Grand
Mesa and extend down to an elevation of about 8,700
feet on the north-facing slopes.

Aspen (Populus tremuloides) mixed with spruce

60

O [
|
|

50 -
Cool Pacific

wol 1] 1

IWarm Pacific

20 [} |

10k

0
20

10;—;5 .
oLl 1 []

90 -I

80 - i 1
70 -

NUMBER OF STORM DAYS

Gulif of

eor ‘ Mexico

50

40—|

30}
20kt

10

A | = 3“‘? 1

Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug.Sept.

Oct.
FiGUurRE 4.—Bar graphs showing frequency of storms from
three moisture source regions from which significant deily
precipitation was delivered at three or more stations in the

upper Colorado River Basin. Tabulation is based on 40
years of daily records, 1911-51. Adapted from Crow, 19°1.

flourish on the landslide bench below the steep cliffs of
the high mesas. Aspen range in elevation from 10,200
to 8,100 feet. At the lower elevationsaspen are restricted

to the stream valleys.
Scrub oak (Quercus gambelli) thrives between 8,500

" and 6,500 feet. Oak in dense thickets reaches 12 feet, in

height at the upper elevation limit. Mountain ma-
hogany (Cercocarpus sp.) mixed with oak is common
between 8,500 and 7,200 feet.

Juniper (Juniper utahensis), sagebrush (Artemisia
sp.), and hardy desert grasses are scattered in the eleva-
tion range 7,200-5,000 feet. Cottonwood (Popvlus
fremontii) are present within this elevation range along
streams. Because of the arid conditions on the south-
facing slope below Battlement Mesa, the zone of sage-
brush and juniper extends much higher than on the
north-facing slope below Grand Mesa.

The reason for the absence of ponderosa pine (Pinus
ponderosa) from the area is not understood. Pondernsa
pine is common at similar elevations to the south within
the San Juan Mountains and to the west on the Un-
compahgre Plateau, and within the La Sal Mountains.
Several small pifion pine (Pinus edulis) are present,
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but their scarcity is peculiar. Several bog samples from
the top of Grand Mesa have revealed pine pollen in
moderate amounts, but detailed work on this problem
has not yet been done.

PRE-QUATERNARY GEOLOGY
STRATIGRAPHY

Sedimentary rocks ranging in age from Late Cre-
taceous to Pliocene(?) are exposed in the area (table
2). All are nonmarine except. for the lower part of the
Upper Cretaceous Mesaverde Formation. The total
thickness may average 6,000 feet; it increases to the
north toward the geographic center of the Piceance
Creek basin. Basalt flows dated at 9.7+0.485 million
years (potassium-argon method, J. R. Donnell, oral
commun., 1965), considered to be Pliocene in age, cap

Grand and Battlement Mesas. Fine-grained basic ig-
neous dikes and sills, believed to be equivalent in age
to the basalt flows, intrude the older sedimentary rocks

in several places.
STRUCTURE

The area lies on the southern margin of the Piceance
Creek basin, a broad structural and depositional basin
trending northwest and formed during Late Cretaceous
time. The sedimentary rocks dip gently (2°-5°) north-
ward into the center of the basin. These low dips are
responsible for gently sloping structural terraces held
up by sandstones in the Wasatch Formation in the area
north of Plateau Creek. A broad east-plunging anti-
clinal nose is present in the western part of the area.
This fold, the Black Mountain anticline, was formed
after the deposition of the Wasatch Formation of

TABLE 2.—Pre-Quaternary stratigraphy of the Grand and Battlement Mesas area

[Adapted from J. R. Donnell, unpub. data, 1965]

System Series Formation Member Thickness (feet) Rock description
Pliocene Intrusive and ex- 200-500 | Basalt flows, dikes, and sills 9.7 & 0.485 million
trusive rocks years (potassium argon).
Unconformity
Pliocene(?) Unnamed sedi- 50-900 | Gravel and variegated claystones.
mentary rocks
Uneconformity
Evacuation 500 | Light-brown and gray sandstone snd gray
Creek marlstone and siltstone; in places, contains
pelecypods, gastropods, ostracodes, and
vertebrate fragments.
Green River
Formation Parachute 600 | Predominantly black, brown, and gray oil shale
Creek that in places forms cliffs; contains minor
amounts of gray siltstone and gray and brown
fine- to medium-grained sandstone; contains
richest oil-shale beds.

Lower 1, 000 | Fine- to coarse-grained gray and brown sand-
stone, minor amounts of gray siltstone and
marlstone, and a few thin tan low-grade oil-

- shale beds.
Tertiary Eocene

Upper 400-1, 600 | Variegated shale and clay and some lenticular
beds of sandstone, conglomerate, and lime-
stone.

Wasateh
Formation Middle 0-400 | Massive fine- to coarse-grained gray and brown
sandstone, in part conglomeratic; conspic-
uous ledge former. Pinches out on vrest flank
of Chalk Mountain.

Lower 400-900 | Variegated shale and clay and some lenticular
beds of sandstone, conglomerate, and lime-
stone.

Unnamed rocks (?) | Brown and somber-colored shale with thin coal
seams.
Paleocene Ohio Creek 10-150 | Massive fine- to coarse-grained white to brown
Formation sandstone; in most places, contains pebbles
and cobbles of quartz, quartzite, chert, and
some limestone and granite pebbles.
Cretaceous | Upper Mesaverde 2, 000-3, 300 | Fine- to medium-grained ledge-forming brown
Cretaceous Formation sandstone interbedded with gray shale, car-
bonaceous shale, and some thin cogl beds.




































































































RECONSTRUCTED PROFILES OF THE COLORADO RIVER

Till, ground moraine Till, ground moraine
mdpa 118° ITIJJa 128°
sd +89° sd £97°
Rst 0.01 Rst 0.30

Till, ground moraine Till, recessional mbvraine Till, ground moraine
mJ.)a 84° mpa 85° mpa 6°

sd +100° sd +84° sd +92°

Rst 0.30 Rst 0.0001 Rst 0.01

EXPLANATION
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216°
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Rst 0.01 Rst 0.01
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_—> —>
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Mean plunge azimuth (mpa)
Earthflow (radius-vector method)
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Rst
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Figure 34.—Fabric diagrams (lower hemisphere) showing direction of plunge of pebble long axes in till and mass-
wasted deposits.

41



42 QUATERNARY GEOLOGY OF THE GRAND AND BATTLEMENT MESAS AREA, COLORADO
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Freure 35.—Projected longitudinal profiles of the Colorado River.

interval represented by these old profiles. It is entirely
possible that all evidences of terraces or pediments that
were formed during this interval have been eroded.
Downcutting by the Colorado since Bull Lake(?)
time has amounted to 150-200 feet. Because of the un-
certainty of age of the older levels, a figure denoting
the amount of downcutting since the beginning of the
Pleistocene is unobtainable. Maximum and minimum
values are calculated, respectively, at 1,500 and 400 feet.

RATES OF DOWNCUTTING

Potassium-argon dating of the basalt flows capping
Grand Mesa give a Pliocene age of 9.7=0.485 million
years (J. R. Donnell, oral commun., 1965). The surface
of these flows is now about 5,000 feet above the Colo-
rado River. On the assumption that the basalt covered
the area now occupied by the river, an average rate of
downcutting by the river can be calculated. An average
rate of 6 inches per thousand years is obtained. This
rate compares closely with the current rate for the Col-
orado River basin, estimated at 6.5 inches per thousand
years (Judson and Ritter, 1964).

STREAM AGGRADATION AND DEGRADATION

It is interesting to investigate the theoretical values
of sediment yield and runoff in the area, as these data
should give some indication of stream aggradation and
(or) degradation. Using precipitation and temperature
values obtained for Collbran and Rifle, it is possible to
calculate sediment yield and runoff values from data
summarized by Schumm (1965, figs. 1,2).

At the low elevations, sediment yield now should be
at a maximum on the basis of current average precipita-
tion values of approximately 12 inches and a mean an-
nual temperature of about 48°F (Schumm, 1965, fig.

2). At the high elevations, although rainfall and tem-
perature records are not available, precipitation may
average as much as 30 inches, and a mean annnal tem-
perature of 40°F can be postulated. Using these figures,
sediment yield should be relatively low at the higher
elevations, although runoff would be high. Conse-
quently, stream aggradation might be expected at the
low elevations and degradation at the high elevations.
Aggradation is observed at the low elevatiors along
small local ephemeral streams. But along all the major
perennial streams, degradation seems to be prevalent,
probably because the high runoff coming from the high
elevations aids in flushing the high sediment yield de-
rived at the low elevations beyond the area; conse-
quently, downcutting along the streams occurs even at
the low elevations.

Using the curves determined by Schumm (1965) re-
lating mean annual precipitation, temperature, and sed-
iment yield, it is interesting to postulate what effect a
climatic change might have on the sediment yield and
runoff. At the low elevations almost any typ» of cli-
matic change, either warmer, colder, wetter, drier, or
a combination of these, would result in decreased sedi-
ment yield. At the high elevations, if the pcstulated
values of precipitation and temperature are valid, only
if the climate were to get warmer and (or) drier would
there be any change in sediment yield. Such ¢ change
would probably increase the sediment yield. This in-
crease in sediment yield at the high elevations would
be offset by a much greater decrease in sediment yield
at the lower elevations, assuming that the same climatic
change affected the low area, such that downcutting
would probably prevail at a more rapid rate than at
present.
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Cooler and wetter conditions would probably pro-
duce a net decrease in sediment yield owing to expected
increase in amounts of vegetation holding the soil, par-
ticularly at the lower and intermediate elevations. Run-
off would increase with greater precipitation and less-
ened evaporation, resulting in downcutting, which
would also proceed at a more rapid rate than at present.

The increased sediment yield, contributed to the
streams by mass wasting during wetter and cooler times,
could alter this regimen appreciably. Stream aggrada-
tion might occur at the lower elevations when the
amount of surficial debris contributed by mass wasting
becomes unusually large.

SUMMARY OF AGE AND CORRELATION OF GLACIAL
DEPOSITS

An attempt is made to correlate the glacial and cold-
climate deposits in the Grand Mesa area with described
sequences elsewhere in the Rocky Mountains (table 5).
Similar correlations have been made by Richmond
(19654, table 1). The correlation is tenuous because of
the lack of ample material for absolute dating. Topo-
graphic relations and weathering characteristics of the
tills and rubble deposits are the primary element on
which the correlations are based.

Pre-Bull Lake(?) glaciation is recognized in only
the one locality capping east Chalk Mountain. Although
thick mature soils are not observed, the high isolated
occurrences of the till with respect to younger tills
suggest a pre-Bull Lake age.

The amount of erosion, the characteristics of the loess
mantle, and the soil development on the Lands End till
indicate that it is similar to the Bull Lake till described
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in other areas of the Southern Rocky Mountains
(Richmond, 1962, 1965a).

The Grand Mesa till is correlated with the Pinedale
till because of the fresh topography and very slight
soil development similar to other Pinedale tills in the
Rocky Mountains (Richmond, 1962, 1964a, 1965a). The
outer part of the low extensive till plains representing
the greatest advance are probably correlative with the
earliest Pinedale advance. The radiocarbon age of
19,780+-500 years B.P. from the older terrace of the
Grand Mesa Formation would probably fall within the
interstade separating the early and middle stades of the
Pinedale Glaciation (Richmond, 1965a). Recessional
moraines found in several of the drainages may cor-
relate with the middle stage of the Pinedale. The upper
till member would seem to correlate with the latest
Pinedale. This correlation is based on the virtually un-
modified topography of this youngest till, the lack of
soil development on it, and its restricted occurrences
high on the landslide bench bordering much of Grand
Mesa. The lack of an altithermal soil separating the
upper till from the lower till also supports this
correlation.

Rock glaciers, frost rubble, and earthflow and mud-
flow deposits are correlated with the Recent glaciation
because of their very fresh, unweathered character.

SUMMARY OF LATE TERTIARY AND QUATERNARY
HISTORY

There is little evidence for reconstructing a detailed
history for late Tertiary and early Quaternary tire.
During the early Pliocene when the general elevation
of the region was probably much lower, basalt was ex-

TaBLE 5.—Correlation of some Quaternary glacial deposits in the Rocky Mountains with those in the Grand Mesa area

=
§ Grand Mesa, Colo. (this Wind River Mountains La Sal Mountains, Utah | Aquarius Plateau, San Juan Mountains, Colo. | Wasatch Range, Colo.
report) Wyo. (Richmond, 1964b3 (Richmond, 1962) Utah (Flint and (Richmond, 1965b) (Nelson, 1954)
= Denny, 1958)
Earthflow, mudflow, soli- o Gannett Peak g Upper member Slide rock, frost Rock glaciers
§ fluction deposits .8 Stade é.g rubble
(=5~ ]
3 | Frostrubble, talus, and g § Temple Lake o8 Chapman Gulch
m rock glaciers(?) = Stade 33 Lower member Rock glaciers Moraines and rock glaciers Glaciation
o0 TR (Pleistocene)
Upper till member Late stade Upper member Blind Lake Drift Upper moraine Hell Gate upvalley
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858 28 38 25
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truded (9.72=0.485 m.y. B.P.) on a wide, flat, alluvial
plain. The alluvial plain may have contained scattered
fresh-water lakes. Successive flows built a pile of basalt
averaging 400 feet thick and probably extending over
much of the southern Piceance Creek basin and per-
haps over the northern extension of the Uncompahgre
Plateau. A drainage system, most likely ancestral to
the Colorado River, was established on these flows and
drained areas beyond the Piceance Creek basin to the
northeast. The igneous and metamorphic pebbles and
cobbles on the west end of Grand Mesa were gravels de-
posited by this early drainage system.

Epeirogenic uplift in early to middle Pliocene time
caused intrenchment and eventual superposition of the
major streams upon the older buried structures. The
Colorado River and its tributary, Plateau Creek, were
the first drainages to breach the flows and begin cutting
into the underlying sedimentary rocks. Broad gentle
uplift may have continued throughout much of the
Quaternary Period.

Between 3,000 and 4,000 feet of downcutting occurred
(Pliocene) before any recognizable deposits were left.
Only one pediment level that may date from the
Pliocene has survived.

During the Quaternary Period the record of events
is much more completely preserved. Along the major
streams, cycles of downcutting followed by deposition
occurred throughout the Quaternary. During pre-Bull
Lake(?) time, when the areal extent of the undisturbed
basalt was much more widespread than at present, ice
covered much of the highlands at least once and prob-
ably several times. Three distinct levels of alluvial ter-
races of pre-Bull Lake(?) age may evidence three
periods of glaciation; however, the till deposits, if
originally present, have been all but destroyed.

Throughout the Quaternary, mass wasting was a
dominant process in the degradation of the landscape.
Large “Toreva blocks” composed of basalt slid away
from the basalt cliffs. Such breakup of the basalt flows
facilitated rapid removal by glacial and colluvial proc-
esses of the high, originally much more extensive
surfaces of Grand and Battlement Mesas.

By the beginning of Lands End time (late Quater-
nary) the present configuration of the topography had
been roughly blocked out. Drainages and divides were
in their approximate present positions. An icecap
formed over much of the upland of Grand Mesa, cover-
mg the present extent of the basalt surface completely
and extending ice tongues into the surrounding valleys.
Several recessional moraines on the mesa surface record
minor fluctuations of the cold climate during this time.

In the interglacial interval following Lands End
time, the ice melted during a climatic warming(?).
Eolian activity associated with the more arid climate
was common. Abundant quartz-rich sand and silt were
blown up on the surface of Grand Mesa and accumu-
lated preferentially in the low depressions on the till
surface. Streams began to cut into the outwash aprons
at the lower elevations, while on the mesa surface,
weathering of the till cover produced a thin soil often
enriched with windblown sand and silt.

Glaciation again interrupted the cycle of stream ero-
sion during Grand Mesa time. Ice initially built up on
the landslide bench and eventually encompassed much of
the top of Grand Mesa. The icecap continued to grow,
and ice flowed down the major drainages much as it had
during the previous glaciations. Tongues of ic», 10-20
miles in length, extended into Plateau Creek ir several
tributary drainages and even flowed down Plateau
Creek to an elevation of about 5400 feet. The ice at-
tained a minimum thickness of perhaps 400-500 feet on
the mesa surface and 200 feet in the lower parts of the
valleys. It covered all but a few of the slump blocks on
the landslide bench and filled the many trorghs be-
tween the blocks. These high, linear topographic ridges
seem to have exerted little control over the flow of the
ice; striations on the slump blocks suggest that ice
flowed across the blocks at nearly right angles to the
trends of the blocks. End and lateral moraines either
were not formed or have not been preserved. Recessional
moraines are present upvalley in some of the drainages,
recording a partial halt in the ablation regimen of the
ice. Two levels of outwash terraces would seem to fur-
ther record this slight fluctuation in the climate during
Grand Mesa time. The last phase of ice (upper till mem-
ber) movement in the area is recorded by crevasse-fill
deposits and very hummocky topography on the land-
slide bench and in the high protected drainage heads
peripheral to Grand Mesa. This is thought to I a final
phase of the earlier, much more extensive Grand Mesa
icecap and may be correlative with the late Pinedale
Glaciation. Outwash derived from these local glaciers
was small in volume and did little more than fill narrow
channels cut into the earlier tills. In the vicinity of
Plateau Creek, numerous fans of basalt-rich debris were
dumped on the Plateau Creek flood plain during this
short interval of stream aggradation. These fans are still
fresh and show little dissection.

While glaciers were eroding and modifying Grand
Mesa during Lands End and Grand Mesa time, Battle-
ment Mesa was undergoing degradation by a multitude
of mass-wasting processes. Earthflow slumping, frost
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breakup of basalt, and landslides in general moved
debris from the high parts of the mesa onto the sur-
rounding slopes and into the bordering stream valleys.
Mudflows were common in the lower parts of the valleys
and repeatedly poured out on the older pediments and
alluvial terraces bordering the Colorado River on the
south. Increased amounts of moisture during the glacial
periods were primarily responsible for extensive mass
movements. .

Evidences of Recent glaciation are lacking. Wide-
spread talus deposits, rock glaciers(?), earthflows and
solifluction debris would seem to correlate with de-
posits of the Recent glaciation recorded elsewhere in
the Rocky Mountains.

Downcutting has been the dominant stream process
since the disappearance of the last ice mass at the close
of Grand Mesa time. Windblown fine sand and silt have
buried many of the bedrock-defended terraces north of
Plateau Creek on the south-facing slopes at the base
of Battlement Mesa and have filled local depressions.

Present conditions show permanent streams cutting
into their flood plains, arroyo development on the hot
dry barren slopes below Battlement Mesa, stability of
most talus slopes, and small active slumps and earth-
flows within the claystones of the Wasatch Formation
and younger rocks. Movement of the large basalt blocks
peripheral to Grand Mesa seems to be going on at
present, although the rate may be less than it was in
glacial times. Rainfall and temperature records show
a climatic warming and drying during the years follow-
in 1930. How much of the present stream downcutting
is due to the influence of man through overgrazing
and removal of timber, and how much is due to the in-
creased climatic aridity, is difficult to say.

ECONOMIC GEOLOGY

Surficial sand and gravel deposits have been used
most extensively in the area as road metal. Potential
sources of gravel for concrete aggregate and riprap exist
at various locations throughout the area.

ROAD METAL

Gravel obtained from alluvial terraces of the Grand
Mesa Formation along the Colorado River and Plateau
Creek have been used extensively as road metal on both
secondary gravel roads and as foundations for asphalt
highways. During the road relocation over the top of
Grand Mesa, talus and block-rubble deposits of basalt
on the landslide bench bordering Grand Mesa were
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crushed and used as road metal. In two localities ice
cementing the basalt blocks was encountered at a denth
of about 15 feet. Blasting was necessary to excavate
blocks below this depth. A gravel pit opened on the
surface of Grand Mesa is in the terminal moraine of
the Grand Mesa till (fig. 8). This gravel would seem to
be of poor quality because of the poor sorting and high
content of fines. Crushed marlstone from the Green
River Formation has been widely used on secondary
roads. The high clay content of the marlstone soutl* of
Plateau Creek facilitatesthe breakdown of the rock as a
road metal. This clay subsequently acts as a binder,
making a moderately hard surfaced road which is r~la-
tively dust free. Following a rain, such a road is very
slippery. Table 6 is a summary of the characteristics
of the gravel deposits in the area that might be suitable
for road metal and construction.

CONCRETE AGGREGATE

Sand and gravel usable as concrete aggregate is
present along the Colorado River and Plateau Crek.
Gravels in the present flood plain of these rivers and
the alluvial gravels of the Grand Mesa and Lands Tnd
Formations would seem to be potential sources of con-
crete aggregate. The composition, sorting, and grain
size of these gravels is highly variable owing to locally
derived slope wash and material derived from local
tributary streams. The locally derived gravels on the
pediments and older alluvial surfaces bordering Battle-
ment Mesa contain a high percentage of friable, ron-
durable sedimentary rocks and would be poor aggregate
material.

Aggregate for concrete is designated as either fine or
mixed, depending on the percentage of material 1eld
on a No. 4 sieve. Fine aggregate consists of gravel of
which the coarse material (that held on the No. 4 sieve)
is less than 5 percent by weight. Mixed aggregate con-
tains more than 5 percent coarse material. Table 6 sum-
marizes the characteristics of ‘the potential gravel
sources in the area.

RIPRAP

Unlimited sources of riprap exist on the landslide
bench surrounding Grand and Battlement Mesas. How-
ever, these extensive block-rubble and talus deposits are
very far from many locations along the major rivers
where the material might be useful. Large angular and
subangular basalt blocks are common in the mudfow
and pediment gravels on the north and west sides of
Battlement Mesa.
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TABLE 6.—Summary of gravel characteristics

Average Percent (wt)
Geologic unit Location Estimated quantity | thickness | Accessibility | retained on Remarks
cu yd) (feet) No. 4 sieve
(16 mm)
Colorado River
Low-terrace and flood- Along Colorado River____| Unlimited____ (?) | Good.____ 70-80 | Second best source;
plain deposits. some organic matter
Qal) present.
Grand Mesa Formation; | Borders present Colo- Unlimited__ . _ (?) | Good____| Poor gravel source; primarily fine
terrace and fan gravel. rado River flood sand and silt.
(Qgay) plain.
Grand Mesa Formation; | Isolated outcrops along Unlimited___.| 60+ Good.___. 65-80 | Currently a gravel source
terrace gravel. Colorado River. at numerous localities.
(Qga) Best source.
Lands End Formation; Terrace remnants in 40,000,000+ _.| 40(?) | Fair_____ 70-75 | Third best source;
terrace and fan gravel. NEY of De Beque limited extent; ex-
(Qla) quad. tremely variable com-
position and texture.
Plateau Creek
Low-terrace and flood- Flood plain of Plateau Unlimited__ .. (?) | Good_ .| ___.___ Commonly capped with
plaziQn (ll)eposits. Creek. 2—6 ft of sand and silt.
a,
Grand Mesa Formation; | Poorly sorted fan  |._____ . || _____ 75-85 | Poor gravel source.
terrace and fan gravel. debris.
Qgay) , )
Grand Mesa Formation; | Prominent terrace along | Unlimited._._| 80 Good__ __ 75-85 | Currently a gravel source.
terrace gravel. Plateau Creek. Best source; pre-
za,) dominantly basalt.
Terrace and fan gravel_._| High-level terraces Unlimited__.__.| 40 Fair_____ 80-85 | Abundant sedimentary
(Qa) bordering Plateau fragments, especially
Creek on the south. of oil shale.

REFERENCES CITED

Berry, J. W, 1959, Climate of Colorado, in Climates of the
States: U.S. Weather Bur., Climatography U.S. no. 60-5,
16 p.

Blackwelder, Eliot, 1928, Mudfiow as a geologic agent in semi-
arid mountains: Geol. Soc. America Bull, v. 39, no. 2,
p. 465—483.

Corte, A. E., 1963, Particle sorting by repeated freezing and
thawing : Science, v. 142, no. 3591, p. 499-501.

Crow, L. W., 1961, A study of moisture source regions for pre-
cipitation occurring in the Upper Colorado River Watershed :
Upper Colorado River Comm. [State of Colorado], Rept. 35,
14 p.

Curray, J. R., 1956, The analysis of two-dimensional orientation
data : Jour. Geology, v. 64, no. 2, p. 117-131.

Demorest, M. H., 1938, Ice flowage as revealed by glacial striae:
Jour. Geology, v. 46, no. 5, p. 700-725.

Flint, R. F., and Denny, C. S., 1958, Quaternary geology of Boul-
der Mountain, Aquarius Plateau, Utah: U.S. Geol. Survey
Bull. 1061-D, p. 103-164.

Harrison, P. W., 1957, A clay-till fabric—its character and origin
[INinois] : Jour. Geology, v. 65, no. 3, p. 275-308.

Hayden, F. V., 1876, Report of progress of the exploration for
the year 1874: U.S. Geol. and Geog. Survey Terr., Sth Ann.
Rept. (Hayden), 515 p.

Henderson, Junius, 1923, The glacial geology of Grand Mesa,
Colorado : Jour. Geology, v. 31, no. 8, p. 676-678.

Holmes, C. D, 1941, 'Till fabric: Geol. Soc. America Bull., v. 52,
no. 9, p. 1299-1354.

Hunt, C. B., 1956, Cenozoic geology of the Colorado Plateau:
U.S. Geol. Survey Prof. Paper 279, 99 p.

Judson, Sheldon, and Ritter, D. F., 1964, Rates of regional de-
nudation in the U.S.: Jour. Geophys. Research, v. 69, no.
16, p. 3395-3401.

Krumbein, W. C., 1939, Preferred orientation of pebble~ in sedi-
mentary deposits: Jour. Geology, v. 47, no. 7, p. 673-706.
Kuenen, P. H,, and Perdok, W. G., 1962, Experimental at vasion—
[Pt.] 5, Frosting and defrosting of quartz grairs: Jour.

Geology, v. 70, no. 6, p. 648-658.

Lohman, S. W., 1961, Abandonment of Unaweep Canyon, Mesa
County, Colorado, by capture of the Colorado and Gunnison
Rivers, in Geological Survey research, 1961 : U.S. Geol. Sur-
vey Prof. Paper 424-B, p. B144-B146.

Munsell Color Co., 1954, Munsell soil color charts: Paltimore,
Md.

Nelson, R. L., 1954, Glacial geology of the Frying P~n River
drainage, Colorado: Jour. Geology, v. 62, no. 4, p. 325-343.

Nygren, W. E, 1935, An outline of the general geology and
physiography of the Grand Valley distriet, Colorado: Colo-
rado Univ., Boulder, M.S. thesis.

Reiche, Parry, 1937, The Toreva-block—a distinctive landslide
type: Jour. Geology, v. 45, no. 5, p. 538-548.

Retzer, J. L., 1954, Glacial advances and soil development, Grand
Mesa, Colorado: Am. Jour. Sci., v. 252, no. 1, p. 2€¢-37.
Richmond, G. M., 1948, Modification of Blackwelder's sequence
of Pleistocene glaciation in the Wind River Mountains,
Wyoming [abs.] : Geol. Soe. America Bull., v. 59, ng. 12, pt. 2,

p. 1400-1401.



REFERENCES CITED 47

1960, Glaciation of the east slope of Rocky Mountain
National Park, Colorado: Geol. Soc. America Bull., v. 71,
no. 9, p. 1371-1381.

1962, Quaternary stratigraphy of the La Sal Mountains,
Utah: U.S. Geol. Survey Prof. Paper 324, 135 p.

1964a, Glaciation of Little Cottonwood and Bells Can-
yons Wasatch Mountains, Utah: U.S. Geol. Survey Prof.
Paper 454-D, p. D1-D41.

1964b, Three pre-Bull Lake tills in the Wind River Moun-
tains, Wyoming—a reinterpretation, in Geological Survey
research, 1964: U.S. Geol. Survey Prof. Paper 501-D, p.
D104-D109.

1965a, Glaciation of the Rocky Mountains, in Wright,
H. E, Jr., and Frey, D. G., eds.,, The Quaternary of the
United States—a review volume for the VII Congress of
the International Association for Quaternary Research:
Princeton, N.J., Princeton Univ. Press, p. 217-230.

1965b, Quaternary stratigraphy of the Durango area,
San Juan Mountains, Colorado, in Geological Survey re-
search, 1965 : U.S. Geol. Survey Prof. Paper 525-C, p. C137-
C143.

Schumm, S. A., 1965, Quaternary paleohydrology, in Wright,
H. B, Jr, and Frey, D. G., eds.,, The Quaternary of the
United States—a review volume for the VII Congress o the
International Association for Quaternary Research : Prince-
tion, N.J., Princeton Univ. Press, p. 183-7%4.

Speight, Robert, 1940, Ice wasting and glacial retreat in New
Zealand : Jour. Geomorphology, v. 3, no. 2, p. 131-143.
Terzaghi, Karl, 1950, Mechanics of landslides, in Application of
geology to engineering practice, Berkey Volume : New York,

Geol. Soc. America, p. 83-123.

U.S. Bureau Plant Industry, Soils, and Agricultural Engineer-
ing, 1951, Soil survey manual: U.S. Dept. Agriculture
Handb. 18, 503 p.

U.S. Soil Conservation Service and Colorado State University,
1962, Summary of snow survey measurements, Colorado and
New Mexico: U.S. Dept. Agriculture Soil Consery. Colorado
Service, Colorado State Univ., Fort Collins.

Yeend, W. E., 1966, Quaternary geology of the Grand Mesa area,
western Colorado [abs.] : Dissert. Abs., v. 26, no. 9, p. 5375-
5376.






Acknowledgments_. ... .. _____.____ 4
Alaska Range, glaciers.

Alluvial fans. ... .. .. _____

Basalt flows____ . ___
capping Grand Mesa_ _._.________________ 42
massive jointed._.________________________ 31

Basaltinliers ... __________. 15

Basalt stump bloeks_.________________________ 38

Battlement Creek_ . ... ____._.__._____ 30

Battlement Mesa_.__. 10, 11, 20, 27, 28, 29, 30, 33, 36, 45
deseription__.__.____._.____.__. 5

landslide bench

Black Mountain anticline__.
Blackwelder, Eliot, cited_ ___

Boulder Mountain. . . 24
Bull Creek_._..._.__. 21,22,25
Bull Creek drafnage_________________._______. 22
Bull Lake till____ e 43
Bull Lake(?) deposits._ _ 14
Bull Lake(?) Glaciation.__ _ 27
Buzzard Creek_ ... ... __________ 22,34

Cache Cree____________________.__.___._.....
Chalk Mountain. _.____.__.____.

stratigraphic section of tills.
Chalk Mountain quadrangle. .. .._...__._.__.
Claystone underlying basalt, cause of slump-

ing and mass movement._. - 81
Claystones.___..._.__.____.____._. .3
Wasatch Formation_.___________ - 36
Claystones underlying basalt, folds in__ B 32
Climate_._ ... _._ . .. ... - 5
Collbran.__ - 28
precipitation. - 5
temperature. __ B 6
Colibran quadrangle - 13
Colluvial facies, post-Pinedale(?) deposits ____ 36
Colluvium of pre-Bull___.____________________ 13
Colorado River... - 5,10, 12, 18,28, 29, 45
flood plain.... - - 28
former gradients. _ 40
former levels... - 40
gradient _______________ . 35
profiles_ .. ________._ _ 40,42
rates of downcutting. - 42
reconstructed profiles._____ - 40
summary of gravel characteristics. .. - 48
Colorado State Univ., cited____.____ - 6
Concrete aggregate_ .. _____________ - 45
Contact between Green River and Wasatch
Formations.___________.________._ 5

INDEX

[Italic numbers indicate major references]

Page
Correlation of some Quaternary glacial de-
posits in Rocky Mountains with

those in Grand Mesa area_._...__ 43
Corte, A.E.,cited._.__________________ . 18
Cottonwood Creek_ .. _______.___...___. 16, 22, 27, 40

Deacon Guleh.. ... ..
De Beque quadrangle________________________
Deep Creek. ... oo
Denny, C. 8., cited..__
Donnell, . R, eited. ... __________

E
Earthflow___ ... 36
Economic geology . - ... .. 45
Effect of climatic change on sediment yield
andrunoff ... . ____.____ 42
Electric Mountain__.__. . . .. ... 11,13
Elevation of Quaternary ice lobes and meas-
uredland area_. _._..____._._._... 24
Eilk Mountains. 18
¥
Fabric studies of till and mass-wasted deposits,
interpretations.. .. - 40
methodsofstudy.-. ... ________ 39
Fans of basalt debris, Plateau Creek flood
plain. _ 44
Faults.._______ ... 9
Flat TopS._ .o oo 26
Flatiron Mesa, pediment__________________.__ 9
Flint, R. F.,cited.._..___________________.___ 27
Flowing Park Lobe of Grand Mesa_.._____._. 14, 20
Folds in claystones underlying basalt.__._____ 32
Fossils:
Discus cronkhitei ... 27
Euconulus?.__. 27
Gastrocopta holzingeri_
Oreohelir subrudis__. .. _._______..__._
Pupilla blandi_______

Vallonia gracilicosta__
Zonitoides arboreus. . _
Fractures in basalt_
Frost rubble_.___.___

Glaciation_____________________.____. . _ 11,15, 44
pre-Bull Lake(?)_._____.__
Glaciers, Alaska Range___._
Grand Mesa... ..o oo _.____ 13,14, 20,30, 36
aberrant quartz-rich cobbles and pebbles
of Lands End Formation
deseription. ... ... ... ..
gravel-capped terraces.
icesheet______.__________
1CeCaAPS. - .
landslide bench..._ ... ___ . .. ______
stratigraphic sections of till of lands End
Formation_._____.__. ... 14

Pige
Grand Mesa Formation. . .. ..... 9,15,19,36,37,38
gravel from alluvial terraces . _......___.. 46
lower tillmember_. _.________ ... ... ___ 20
mudflow and fan gravel....__.__.__.__._. 29
older and middle terrace gravel..___..___. 27
pediment gravel ... ... ... ... 29
Pinedale(?) deposits. ... ... ... 20
stratigraphic section of till__.__._.._.__._. 16
[ 711 PR, 14,43
upper tillmember_. ... ... 25
P70 1 1) ¢ U 25
younger terrace and fan gravel ... 28
Grand Mesa glaejer...........__.._. 37
Grand Valley quadrangle 27

Gravel, alluvial terraces of Grand Mesa
Formation ... ... 45
Gravel characteristics, sumimary of . _______._. 46
Green River Formation.. ... ... 4,29 31
marlstone - 46
oil shale. .. el 9,28

H

Harrison, P. W, cited-. ... 40
High Mesa, pediment - 9

Holmes, C. D., cited.
Holms Mesa_ ..o oo ceeceee e

Ice extent during Grand Mesa time_....__.__. 25
Ice lobe in Leon Creek
Ice sheet, Grand Mesa.-
Tcecaps, Grand Mesa

Introduetion - oo oo oo oo oo e
J,K

Judson, Sheldon, cited.._..._.._- 2

Krumbein, W. C., cited_ 39

Kuenen, P. H.,cited._ ... 18

L

Lands End Formation._ .- ... ... 14
aberrant quartz-rich cobbles and pebbles

on Grand Mesa_.... ..o 18

alluvial gravels._...___. [, 45

terrace and fan gravel __________ ... 19

L7111 (U 14, 43

L7030 0 o VIR 16

Lands End quadrangle_ .. ... .. ... 14,18

Landslidebench__.. .. ...._._- 4, 24,25,27, 30, 44, 45

Battlement Mesa... ... cooooaoa- 30

Grand Mesa. - oo 30,31

Landslide blocks adjacent to Grand Mesa,
recent movement____.__ ... __
Landsides. - v o ocooeem oo
La Sal Mountains. . . -cooocenmaoooan
Late Tertiary, summary of history -
Leon Creek .- oo ooeiaee

Leon Creek drainage.._.
Location and size of area.
Lohman, 8. W., cited
Low-terrace and flood-plain deposits, post-
Pinedale(?) .- oo 35




50

M
Meadows quadrangle___
B T W
Mesa Creek. - oo ool
Mesa Creek drafnage. ... .. ...
Mesa Lakes. . oo
Mesa quadrangle. ..
Mesaverde Formation. ... ________.._______
Methodsofstudy . .. ... __
Moisture source regions. .
Molinaquadrangle. .. __._..__.______________
Moraine, vicinity of Deep Creek
Moraines_ ... 44
Mormon Mesa- . ..ol 12,37,38
stratigraphic seetions. .._._._____.________ 12
Morrisanio Mesa_ ... .. 19, 29, 30
Mosquito Creek. ... ... . ... ... 27
Mudflows. .. 45
BigCreek____ . ... 37,38
post-Pinedale(?) _.._ ... _..___________ 37
o
Ohio Creek Formation_ _...._._..______.__.__. 28
Oil shale, Green River Formation_ __.._.__._. 9,28
0Old Man Mountain, colluvium.____..._.._._. 13
P
Palisade________.___ ... 6
Parachute Creek 2
Pediment gravel, Grand Mesa Formation____ 29
pre-Bull(?) Lake deposits.._...._._..__... 9
Peninsula. ... 27
Perdok, W. G., cited 18
Peteand Bill Creek. .. __.________ ... __. 27
Physiographie setting. . ... ___._ ... . _______
Piceance Creek basin.____________.___________
Pinedale deposits, till_ .
Pinedale Glaciation_ .. _______.______ L.-23,27,43, 44
Pinedale glaciers._ ... __ .. ... 27
Pinedale till ... ... 43
Pinedale(?) deposits, Grand Mesa Formation. 20
Pinedale(?) Glaeiation. ... ____.___________. 27
Platean Creek.. .. ________.__ 5,12, 19, 22, 27, 35, 44, 45
Plateau Creek drainage. ... ... ... ... 26, 28
gradient___.______.____

outwash plains. -
summary of gravel characteristics.-

Plateau Creek flood plain_ .. _ _.______________

fans of basalt debris._____________________
Plateau Creek valley 28

Post-Pinedale(?) deposits, alluvial, eolian, and
lake faeies__ ... ___________ 54
colluvial facies._____._____ - £
low terrace and flood plain._ - 35
Pre-Bull Lake(?) deposits._ .. __ - 9
Pre-Bull Lake(?) glaciation_._._.____._.______ 43
Precipitation._________________ P 42
Preglacial River - 18
Pre-Quaternary geology .- ... ... _._.______ 8
Previous work.__________ JE 4
Profiles, Colorado River_.________ 40, 42
Project Gasbuggy.-_..._____._._ e 2
Purposeofstady._ ... ___.____________________ 2

INDEX
Q Page
Quaternary, summary of history._..___.______ 43
Quaternary deposits, major facies__._________. 9
Quaternary geology._ - - ... ... __.__..___.._.. 9
R
Rainfall . ... aea..- 5

Reconstructed profiles of the Colorado River. . 40
Reiche, Parry, cited
Retzer, J. L., cited_

Roan Cliffs. ... .. . ... SR 29
Roan Creek. . ... ... 28
Rockslides, causesandage..___....__._.____.__ 30
Rulisongasfield._.____ .. ... 2
S
Schumm, S. A, eited..___.__________. . ___.. 42
Sediment yield and runoff, effect of climatic
change__ .. ... . 42
Sheep Flats. . ..o 26
Skyway quadrangle_ .. __ ... ... 20
Stump blocks. ... ... 4,30, 36, 44

Slump rocks, talus, and solifluction deposits,
undifferentiated as to formation. . 50

Snow course stations__._____________.________ 6
Snow survey reports._________________________ [
Sojl..... e e 16
on till of Lands End Formation 16

on upper till member of Grand Mesa
Formation.__.___ . ... __._____.__ 25
Soil ereep-— . ..ol 36

Soil horizons:
A soil horizon, till of Grand Mesa For-
mation ... ... _._.._ 16,18
till of Lands End Formation.. 14,16
B soil horizon, loess of Lands End Forma-

tion._ . 17

on terrace gravels of pre-Bull(?) Lake
deposits. .. .- o ... 11
till of Grand Mesa Formation. . 16,17, 23
till of Lands End Formation___.__ 14,16,23

Bea soil horizon, loess and till of Lands
End Formation_________.________ 17

on terrace gravels of pre-Bull(?) Lake
deposits__.__ ... 13

C soil horizon, till of Grand Mesa Forma-
tion. ... 23
till of Lands End Formation_________ 23
C'ca soil horizon, on pediment gravels__.__ 10

on terrace gravels of pre-Bull(?) Lake
deposits. . ___ .. 11
till of Grand Mesa Formation._....__. 16
till of Lands End Formation._______. 17
Soil profiles on terrace gravels. _ 12
South Side Irrigation Canal.______._____.__.__ 36

Speight, Robert, cited.__.____________________ 24
Spring Creek. .. ...
Spruce Mountain.

MeSa. .« 14
tills on Chalk Mountains..___._....__..._. 11
Stratigraphy . oo oo 8
Stream aggradation and degradation - 42
Strueture_ . ... 8
Summary of age and correlation of glacial
deposits_. ... ____...______ 43
Summary of late Tertiary and Queternary
history. ... 43
T
Talus aprons, base of basalt ¢liffs_ _________.__ 36
Taughenbaugh Mesa_ ___..__________________. 19, 29
alluvial gravel .. _ 11
buried soil 13
Taylor, Dwight, identification by ... __.__.... 27
Temperature. . ..« ... s 5,45
Terrace and fan gravel, Lands End Forma-
tion__ ... .. 19
pre-Bull(?) Lake deposits...._..___..__._. 11
Till, Grand Mesa Formation....__._._____._. 14,43
Lands End Formation.____.._..___._____. 14,43
Pinedale deposits_._ ... ______._ ... 43
pre-Bull(?) Lake deposits...__........_... 11
Topography ... __ ... 4,30, 38,37
badland_ ... 35
glaciated landslide beneh_ . ______________. 21
Toreva-blocks. See Slump blocks.
U
Unaweep Canyon.- .. .. .- <.
Uncompahgre Plateau
T1.8. Soil Conserv. Service, cited._.__________. 6
U.S. Weather Bureau._ ... ____. 3
v
Vega Reservoir__.___._ .. ... 26
Vegetation._ _____ . 34,38
Vegetation zonation. .. _________.___._ .. ... 4
w
Wallace Creek. ... - . ... 27
Wasatch Formation_ . _________ .. ____ ~.- 29,36
claystones. ... 36, 45
‘Wasatch Mountains. .. 24
Weathering profiles. ... . . ... 28
West Leroux Creek __._________________. ... 25
‘White River Uplift__ . 18
‘Whitewater Creek_.________. 18
Windger Flats ... 35
gravel . . - 12
Y
Yeend, W.E.,cited ... ... 20

U. S. GOVERNMENT PRINTING OFFICE : 1969 O - 325-259



