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CONVERSION FACTORS

Inch-pound units in this report may be converted to metric (International
System) units by using the following conversion factors:

Multiply By To obtain
acre 0.4047 hectare
cubic foot per second (ft3/s) 0.028317 cubic meter per second
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
per foot (ft™1) 3.281 per meter
foot squared (ft2) 0.0929 meter squared
foot squared per day (ft2?/d) 0.0929 meter squared per day
gallon per minute (gal/min) 0.06309 liter per second
inch (in.) 2.540 centimeter
inch per foot (in/ft) 8.333 centimeter per meter
inch per year (in/yr) 2.540 centimeter per year
inch squared per pound (in?/1b) 0.1450 kilopascal™!
mile (mi) 1.609 kilometer
square mile (mi?) 2.590 square kilometer
ton, short (t) 0.9078 metric ton

Temperature in degree Fahrenheit (°F) may be converted to degree Celsius
(°C) by use of the following equation:

°C = 5/9(°F-32)

Temperature in degree Celsius (°C) may be converted to degree Fahrenheit
(°F) by use of the following equation:

°F = 9/5(°C)+32.

The following terms and abbreviations also are used in this report:
microsiemens per centimeter at 25 degrees Celsius (uS/cm)
milligrams per liter (mg/L)
millidarcys (mD)

Sea level: 1In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.
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GEOHYDROLOGIC EVALUATION OF THE UPPER PART OF

THE MESAVERDE GROUP, NORTHWESTERN COLORADO

By S.G. Robson and Michael Stewart

ABSTRACT

Coal mining in Routt and Moffat Counties of northwestern Colorado has
produced large areas of spoils and disturbed land that have the potential of
degrading the surface and ground-water quality of the region. This investi-
gation of the geology and hydrology of the bedrock aquifers in the area was
undertaken to define the important characteristics of the hydrologic system
and to evaluate the future impacts of mining on water quality.

Regional aquifers in the Trout Creek Sandstone Member of the Iles
Formation and Twentymile Sandstone Member of the Williams Fork Formation
and an important local aquifer are the principal water-yielding units in the
2,000-foot-thick sequence of shale, sandstone, and coal underlying the study
area. The structural complexity of the region, coupled with rugged topog-
raphy, cause the irregular outcrop of the aquifer units, primarily on the
back slopes of the cuestas and elevated limbs of several anticlines. The
aquifers are recharged by infiltration of precipitation in the elevated
outcrops. Ground water generally moves at rates of 1 to 30 feet per year
toward topographically low areas in Twentymile Park and the valleys of the
Yampa River and its local tributaries. Discharge occurs by upward leakage
through confining layers, lateral flow to stream valleys on low-lying
outcrops, and evapotranspiration.

Solute-transport modeling indicates that movement of poor quality water
from spoil aquifers will not significantly degrade the water quality in the
bedrock aquifers. Mining primarily will affect surface-water quality through
direct discharge of poor quality water into the streams from springs and seeps
that develop in the spoil.

INTRODUCTION

Large reserves of bituminous to subbituminous coal are present in the
upper members of the Cretaceous Mesaverde Group in northwestern Colorado
(pl. 1). In the Williams Fork Mountains of Routt and Moffat Counties, coal
production increased by 260 percent from 1970 to 1980, at a time when total
coal production in the United States increased by about 50 percent. Three
large open-pit mines and several smaller mines in Routt County produced 4 to
7 million tons of coal per year from 1980 to 1986. Past mining activities in
the county have produced in excess of 9,000 acres of mine spoils and disturbed
land. The areal extent of these areas can be expected to increase in size as
mining continues. Mine spoil and disturbed land have the potential to degrade
ground-water and surface-water quality by providing increased potential for
leaching of soluble minerals.



Private industry, Federal, State, and local regulatory agencies, and
the general public are faced with growing needs for hydrologic information
pertaining to the natural environment of coal producing regions and the
effects of mining-imposed changes on the environment. A study by the U.S.
Geological Survey, in cooperation with the Colorado Department of Natural
Resources, Mined Land Reclamation Division, the U.S. Office of Surface Mining
Reclamation and Enforcement, and the U.S. Bureau of Land Management was done
to meet such needs in Routt and Moffat Counties through an investigation of
the geology and hydrology of the Williams Fork Mountain coal region (fig. 1).
The study involved a detailed investigation of the ground-water hydrology of
the eastern part of the area, where coal has been mined for almost a century
and for which geohydrologic data are prevelant, and a more general overview
of the geology and hydrology of the western part of the area, where mining
has not been extensive and for which geohydrologic data are sparse.

The objectives of the more detailed investigation of the eastern part of
the area include:

1. Defining the extent, thickness, lateral continuity, and structural
configuration of the principal bedrock aquifers;

2. Mapping aquifer characteristics, potentiometric surfaces, and
dissolved-solids concentrations in the principal bedrock aquifers;

3. Estimating the water budget and the rate and direction of ground-
water movement for the area;

4. Defining dominant water-chemistry composition, dissolved-solids
concentrations, and principal geochemical mechanisms; and

5. Estimating the effects of mining activities on ground-water levels
and dissolved-solids concentrations in the bedrock aquifers by use
of mathematical models of the aquifers.

Objectives of the general overview of the western part of the area include:

1. Defining the extent, thickness, and lateral continuity of the
principal bedrock aquifers;

2. Determining the general hydrologic relations between components
of the hydrologic system; and

3. Determining general directions of ground-water flow.

Purpose and Scope

This report describes the characteristics of the hydrologic system in
the study area. The hydrologic characteristics are based on hydrologic data
that consisted of approximately 400 lithologic or geophysical well logs, 2,400
water-level measurements made in cased wells, 1,600 chemical analyses of
ground- and surface-water samples, and other published or unpublished docu-
ments, maps, and tables. Some of the data are proprietary and confidential.
The majority of the data pertain to the eastern part of the study area. The
availability of data affects the hydrologic interpretations that can be made
and is the principal reason for the differences in study objectives for the
eastern and western parts of the area. The hydrologic characteristics of the
eastern part of the study area were corroborated and better defined by use of
mathematical models of the ground-water flow and solute-transport systems.
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Location

The 280-mi? study area is located in Routt and Moffat Counties in north-
western Colorado (fig. 1). The area is east of Craig and is bounded on the
north by the Yampa River and on the northeast and south by the outcrop of the
Trout Creek Sandstone Member of the Iles Formation. The Williams Fork Moun-
tains have altitudes of more than 8,300 ft and extend from south of Craig to
the southern margins of Twentymile Park (a broad intermountain valley in the
eastern part of the area). The study area is drained by numerous ephemeral
or discontinuous perennial streams. Trout Creek and its tributaries, Fish,
Foidel, and Middle Creeks, are the principal perennial streams in the area.

Previous Research

Previous research within the area generally concerned evaluation of coal,
0il, and gas reserves. Extensive coal reserves in the Williams Fork Mountains
have attracted the attention of geologists since the 19th century. Coal
investigations in the Williams Fork Mountains through the early 1920's are
described in Bass and others (1955):

The general region was traversed and mapped geologically
by S.F. Emmons (1887), geologist with the 40th parallel survey
in 1872, 4 years before Colorado was granted statehood. A geologic
description, including a map, is given in his report on the region.
Four years later the region was visited by C.A. White (1878 and 1889),
a geologist with the Hayden survey. Topographic and geologic maps
and descriptions, which are contained in reports of that survey, call
attention to the extensive coal deposits.

In the late eighties and early nineties, rumors that a rail-
road would be built into this region stimulated exploration, immi-
gration, and settlement. Geologists and mining engineers employed by
the proposed Denver, Northwestern Pacific (later the Moffat) Railroad
investigated the resources of the area. From 1886 to 1905 several
articles about coal in the area were published. These included papers
by F.F. Chisholm (1886), L.S. Storrs (1902, p. 435-436), G.C. Hewett
(1889, p. 376), R.C. Hills (1893, p. 354-358), H.F. Parsons and C.A.
Liddell (1903), and W. Weston (1904), 1909, and 1914). A geologic
report describing the coal deposits of the area was published by the
U.S. Geological Survey in 1906 (Fenneman and Gale, 1906). Exploitation
of the coal on a relatively large scale followed the arrival of the
railroad in 1906. The coal in and near Twentymile Park was described
by Campbell (1923).

Following Campbell's report, little work pertaining to coal was done
within the area until the mid-1950's and the publication of a U.S. Geological
Survey Bulletin by Bass and others (1955). Later investigations of coal
reserves include work done by Horn (1959), Miller (1975), and Ryer (1977).

In 1977-78, the U.S. Geological Survey Conservation Division conducted an
extensive drilling program and published geological and geophysical informa-
tion pertaining to all the holes (Brownfield, 1978a, 1978b; Bronson, 1979).



In 1979-80, Dames and Moore prepared several quadrangle coal-resource maps
that were published by the U.S. Geological Survey (Dames and Moore, 1979,
1980a-h).

Investigations of oil and gas reserves began in the 1920's with studies
on anticlines in the area (Crawford and others, 1920; Willson, 1920; Collinms,
1921). Later, Sears (1924) published a report on the geology and gas pros-
pects in the area. Parts of the Williams Fork Mountains were included in
0il and gas investigation maps by Bradley (1945) and Dyni (1966).

Numerous theses have been written about parts of the area, including
the works of Willson and Collins mentioned above. Blackmer (1939), Beattie
(1958), Kerr (1958), Kucera (1962), Lauman (1965), Buffler (1967), Masters
(1967), and Kiteley (1980) all wrote geological theses pertaining to parts
of the study area.

Examination of surface and subsurface hydrology did not begin until the
mid-1970's. Brogden and Giles (1977) published a reconnaissance ground-water
hydrology report about a large area of Routt and Moffat Counties, which
included most of the study area. Hounslow and Fitzpatrick (1978) and
McWhorter and others (1979) published reports containing hydrologic informa-
tion collected within the area. A regional environmental impact statement
(U.S. Department of the Interior, 1976) contained some regional hydrologic
information, while several unpublished site-specific studies for permit
applications examined the hydrology of areas likely to be affected directly
by mining activity. Warner and Dale (1981) made the first attempt to model
the area in order to predict effects of mining on ground-water quality; how-
ever, their results were compromised by lack of data.
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REGIONAL GEOLOGIC SETTING

The Williams Fork Mountains are at the extreme southeastern end of the
Sand Wash basin, one of several basins within Colorado that contain Cretaceous
rocks. The Sand Wash basin is bordered on the east by the Park Range and on
the south and west by the White River uplift and the Axial anticline (fig. 7).

Depositional History

Rocks of the Cretaceous Iles and Williams Fork Formations constitute the
Mesaverde Group. These rocks and the overlying Lewis Shale were deposited
during a 5-million-year timespan that began approximately 70 million years
ago (Berman and others, 1980). Marine and nonmarine deposition occurred
during two major regressive-transgressive phases extensive enough to move
the strandline through the area. The first regressive phase began with the
strandline situated 25 mi west of Craig, trending northeast to southwest
(fig. 8, line 1). The seas regressed eastward out of the study area, and
local deposition occurred under nonmarine deltaic conditions. A subsequent
transgression moved the strandline back through the area, until the strandline
was 10 mi west of Craig (fig. 8, line 3). A second regression moved the
strandline back to the east, again resulting in nonmarine conditions pre-
vailing in the study area (fig. 8, line 4). A final westward transgression
resulted in the return of marine conditions and moved the strandline west of
Craig (fig. 8, line 5).
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The resulting stratigraphy has marine deposits that thicken toward the
east and nonmarine deposits that thicken toward the west (fig. 8). The thick
Trout Creek Sandstone Member of the Iles Formation and Twentymile Sandstone
Member of the Williams Fork Formation were formed near the landward margins of
the marine rocks at the regressive (upper) boundary of the marine sequence.

Stratigraphy

The multiple migrations of strandlines through the area resulted in
stratigraphic relations that are complex and often poorly correlated. Sedi-
ments deposited during nommarine conditions sometimes are of varied lithology,
limited lateral continuity, and contain many facies changes. Also, numerous
minor transgressive-regressive pulses during deposition produced local strand-
line migrations superimposed on the larger phases. The deposits are classi-
fied into two thick beach sandstones (the Trout Creek Sandstone Member of the
Iles Formation and the Twentymile Sandstone Member of the Williams Fork Forma-
tion), three thick marine shales (those underlying the Trout Creek and Twenty-
mile Sandstone Members, and the Lewis Shale), and several intervening sections
that contain marine and nonmarine rock.

Iles Formation

Trout Creek Sandstone Member

The Trout Creek Sandstone Member is the upper part of the Iles Formation
(pl. 1) and is the basal unit studied in this work (fig. 9). Type locality
for the Trout Creek Sandstone Member is in the northeastern part of Twentymile
Park along Trout Creek (Fenneman and Gale, 1906, p. 26). The unit thickness
is fairly consistent, and this bed is considered the most reliable marker bed
within the area (Bass and others, 1955, p. 155). The Trout Creek conformably
overlies marine shales of the main body of the Iles Formation. The upper con-
tact of the Trout Creek is conformable and very distinct and is the boundary
between the Iles and Williams Fork Formatioms.

The Trout Creek Sandstone Member consists of massive, white to light-
gray, moderately well-sorted, fine- to very fine-grained quartz arenite. The
sandstone consists of about 90 percent subangular quartz and 10 percent black
subangular chert. 1Individual sandstone grains are undeformed and have tan-
gential grain-to-grain contacts, which indicates that little or no compaction
has occurred. The few sedimentary structures present include trough cross-
bedding and planar laminations (Ryer, 1977). Widely spaced fractures were
present in some outcrops. Silica cementation mormally is present but varies
in amount at different locations. As a result, samples range from friable to
well indurated; almost all surface samples are moderately to well indurated.
Core samples generally are well indurated. Sandstone thicknesses reported in
the literature seem to indicate a regional eastward thickening, from 75 ft at
Pagoda (Konishi, 1959) to 132 ft in the vicinity of Oak Creek (Kucera, 1959);
however, local variation in thickness is substantial. For example, the sand-
stone isolith map (fig. 10) indicates a sandstone thickness of less than
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Figure 10.--Aggregate sandstone thickness of the Trout Creek Sandstone
Member of the Iles Formation in the eastern part of the study area.
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100 ft in the north-central part of Twentymile Park; thickness increases to
140 ft or more near the northern and southern outcrops. Data are inadequate
to map sandstone thickness in the western part of the study area, and the
regional trend in thickness is uncertain.

Williams Fork Formation

Most of the rocks exposed in the study area are part of the Williams Fork
Formation (pl. 1). Rocks of the Williams Fork Formation were first named by
Hancock (1925). The upper and lower formational contacts are conformable.

The lower contact, with the Iles Formation, is distinct and is easily identi-
fied by the relatively coarse grain size and presence of black chert in the
underlying Trout Creek Sandstone Member (Ryer, 1977). The upper contact, with
the Lewis Shale, is transitional; the criteria used by Bass and others (1955)
for separating the two formations are unknown. The sediments underlying the
contact are nonmarine; the Lewis Shale is marine. The transitional zone
between the two is about 10 ft thick, defining a relatively narrow zone in
which to place the actual contact. The thickness of the Williams Fork Forma-
tion ranges from 1,100 ft at Mount Harris to 2,000 ft at the western study
area boundary (Bass and others, 1955, p. 157). The increase in thickness
occurs at the top of the formation where the formation thickens and the Lewis
Shale thins. The Williams Fork Formation in the study area originally was
classified in three segments (Bass and others, 1955); however, the fourfold
classification used by Ryer (1977) is more representative and is used here.
The four segments are the lower coal-bearing member (hereinafter referred to
as the lower member), the middle shale member (hereinafter referred to as the
middle member), the Twentymile Sandstone Member, and the upper member (fig. 9).

Lower member

The lower member contains extensive reserves of bituminous coal (Bass and

“others, 1955). The lower boundary is the distinct contact between the under-
lying Trout Creek Sandstone Member of the Iles Formation, a beach deposit, and
the finer grained deposits of the lower member (Ryer, 1977). In the eastern
part of the study area, the upper contact is between the nonmarine sandstones
and mudstones of this member and the overlying marine shales. In the western
part of the study area, where the overlying marine shale is absent, the con-
tact is arbitrarily set approximately 50 ft above the uppermost thick coal
seam (fig. 9). The dominant lithologies are gray to black siltstones, silty,
fine-grained sandstones, and limey shales interbedded with coal seams. Toward
the west, the section becomes sandier and coalbeds tend to be thinner and more
numerous. The thickness of this member ranges from 300 ft in the east to

450 ft in the west, primarily because of facies changes across the area. In
the eastern part of the area, data enable mapping, and the total sandstone
thickness in this member ranges from 100 to 200 ft, thickening to the west
(fig. 11). Shale thickness ranges from 100 to 200 ft, thickening to the east
(fig. 12).
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Figure 11.--Aggregate sandstone thickness of the lower member of the
Williams Fork Formation in the eastern part of the study area.
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Coal within this interval is mined extensively in the eastern part of
the study area. Three seams--the Wolf Creek, the Wadge, and the Lennox--are
extensive and continuous enough to have been named. The Wolf Creek coal is
located 40 to 100 ft above the top of the Trout Creek Sandstone Member. This
seam ranges from 0 to 18 ft in thickness over short horizontal distances and
is of poor quality because of shale stringers. The Wolf Creek seam currently
is not extensively mined. The Wadge coal seam lies 230 ft above the Trout
Creek. It is a clean, continuous coalbed that ranges in thickness from 6 to
14 ft. This is the major source of coal at the three large operating open-pit
mines and the one large underground mine in the eastern part of the study
area. The Lennox seam is about 60 ft above the Wadge seam. It is about 4 ft
thick and has been eroded away throughout most of the uplifted margin of the
eastern area.

West of Hayden Gulch, coal seams in this member are thinner, more numer-
ous, and generally not accessible by strip mining. Much less is known about
these coals; therefore, correlation of the Wolf Creek, Wadge, and Lennox coals
is not well defined west of Hayden Gulch.

Middle member

The middle member of the Williams Fork Formation is defined by the under-
lying contact with the lower member and an upper transitional, conformable
contact with the overlying Twentymile Sandstone Member. Lithology of the
middle member varies from marine shale in the eastern part of the study area
to nonmarine gray siltstone, silty sandstone, and brown sandstone in the
western part of the study area. There are few coal seams in this interval,
and those present generally occur in the middle of the member in the far
western part of the study area. Several sandstones 30 to 100 ft thick are
present in the western part of the area. Thickness of this member ranges from
600 ft in the east to 450 ft in the west, primarily because of a facies change
and stratigraphic climbing of the overlying Twentymile Sandstone Member. The
middle member generally is 500 to 600 ft thick in the eastern part of the area
(fig. 13). Outcrops of marine shale generally are less resistant than the
outcrops of sandstone in the overlying and underlying units; the shales gen-
erally erode to form broad, gently sloping landforms. Shale thickness
increases gradually across such outcrops.

Twentymile Sandstone Member

The Twentymile Sandstone Member, first named by Fenneman and Gale (1906),
is very similar in appearance and origin to the Trout Creek Sandstone Member
(Bass and others, 1955, p. 153); it is a white to light gray, moderately
well-sorted, fine- to very fine-grained quartz arenite. The unit contains
about 90 percent subangular quartz and 10 percent black, subangular chert and
is moderately to well indurated. The cementing agent primarily is silica in
the harder samples and clay in the softer samples. Tangential grain-to-grain
contacts of outcrop samples indicate that little or no compaction has occurred.
Thickness and character of the Twentymile Sandstone Member are more varied
than in the underlying Trout Creek Sandstone Member. In the eastern part of
the study area, the Twentymile Sandstone Member has an average thickness of
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Figure 13.--Thickness of the middle member of the Williams Fork
Formation in the eastern part of the study area.
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about 100 ft and ranges in thickness from 80 to 180 feet. This large range
and the seemingly random distribution of thickness preclude isopach mapping.
The lower transitional contact between the beach sand of the Twentymile and
the underlying marine shales is moderately well defined. The upper contact
with the siltstones and fine-grained sandstones of the upper member is less
well defined. In the western part of the area, the thickness is about

100 feet; however, rocks above and below the Twentymile Sandstone Member tend
to be coarser silty sandstones or sandstones that produce poorly defined
boundaries, particularly at the base.

Upper member

The upper member of the Williams Fork Formation includes all rocks
between the top of the Twentymile Sandstone Member and the base of the Lewis
Shale. Rocks in this member primarily are dark-gray mudstones, siltstones,
and limey shales interbedded with sandstones 20 to 30 ft thick. Coal seams,
some thick enough to be mined, occur near the top of the member in the east
and from the base through the middle of the interval in the west. Thickness
of the upper member increases from 300 ft in the east to 850 ft in the west.
The combined thickness of the upper member and the Twentymile Sandstone Member
is about 420 ft in Twentymile Park.

Lewis Shale

The Lewis Shale (pl. 1) is a dark~gray to black, homogeneous marine shale
deposited during the last regional transgression (Zapp and Cobban, 1960).
Erosional remnants of the lower part of the formation are located near the
axis of the synclinal basin in Twentymile Park. A narrow outcrop of shale
connects these exposures with the more extensive exposures located to the
southeast of Hayden and Craig. The total thickness of the shale varies
markedly throughout the area because of erosional thinning. In Twentymile
Park, maximum thickness is about 700 ft; in the smaller synclinal basin to the
west, a maximum thickness of about 500 ft is attained (fig. 14). The full
stratigraphic thickness of the Lewis Shale is present only locally in the area
east of Craig where the shale is conformably overlain by the Lance Formation.
The shale attains a maximum thickness of about 2,300 ft in this area.

Lance Formation

The Lance Formation (pl. 1) is a transitional marine-deltaic sequence of
interbedded gray shale and buff to tan, soft, fine-grained sandstone and a
few coal beds (Bass and others, 1955). The only exposure of the formation in
the study area occurs south of the Yampa River to the east of Craig, where it
attains a maximum thickness of 300 to 400 ft.
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Figure 14.--Thickness of the Lewis Shale in the eastern part
of the study area.
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Structure and Faulting

Principal structural features within the study area are a result of the
Laramide orogeny. This structural folding and mountain-building event began
in Late Cretaceous time, 65 to 70 million years ago, and continued inter-
mittently into late Eocene time (Tweto, 1980). The orogeny moved the epi-
continental sea from Colorado for the final time. The resulting regional
structure is shown in figure 7.

The major structure in the study area, the Hayden syncline (fig. 15),
is the farthest southeastern extension of the Sand Wash basin. The Hayden
syncline is located just east of Hayden, Colo. Smaller structures in the
study area can be divided into eastern and western forms. These differing
structural forms are important because they affect topography, vegetation,
surface drainage, and ground-water movement.

The structural form of the study area from Hayden Gulch (about 10 mi
southwest of Hayden) to the western boundary is basically a homocline dipping
to the northeast at a 10 to 15° angle. One fold, the Buck Peak anticline
(pl. 1), occurs in the far northwestern area. The structure of this anticline
does not extend to the surface. The Buck Peak anticline axis trends north-
west, parallel to regional strike, and oblique to minor fold axes in the west.
Relief on this fold is estimated at 400 to 500 ft. A fault occurs just south
of and parallel to the fold axis. Several smaller folds of similar alignment
also are present.

The structural form of the area east of Hayden Gulch has a different
origin and configuration. The primary tectonic feature affecting this region
is the north-south trending Park Range (fig 7). Secondary structures, super-
imposed on the regional structure, complicate the structure in the eastern
part of the study area.

Three generally north-south trending synclines are the principal second-
ary structures. The westernmost, here termed the Sage Creek syncline, is a
northward-plunging asymmetrical syncline, underlying Sage Creek Reservoir.
The asymmetry produces 50 to 60° dips and a northwestern strike in outcrops
along the steeper western flank and 10 to 20° dips and a northeastern strike
along the eastern flank (pl. 1). The second syncline seems to be a southward
extension of the larger Hayden syncline. It also is northward plunging and
asymmetrical. Outcrops on the western flank strike north to northwest and dip
50 to 60°; those on the eastern flank strike east to northeast and dip 10 to
25°. The Twentymile Park syncline is the largest and easternmost of the three
synclines. It is a triple-plunging syncline that forms a small structural
basin underlying Twentymile Park. The northward plunging southern limb is
asymmetrical. Outcrops strike northeast and dip 20 to 35° along the eastern
flank. The southward-plunging northern limb is symmetrical, although offset
by faulting. Both flanks dip 10 to 35° to the southeast or southwest. The
northernmost part of the syncline again plunges to the north, although struc-
tural features in this area are poorly defined.
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Three principal anticlines occur in conjunction with the synclines in the
eastern part of the area (pl. 1). The Tow Creek anticline plunges toward the
southwest and is the largest of the four anticlines; it has 3,000 ft of ver-
tical relief. The Tow Creek anticline has been stripped to its core in the
Mancos Shale, which underlies the Mesaverde Group, hydraulically isclating its
eastern and western flanks. The Sage Creek and Fish Creek anticlines are sub-
parallel anticlines southeast of Hayden; both plunge northward. Of the two,
the Sage Creek anticline is larger, tighter, and has more vertical relief.

The eastern flanks of all three anticlines are much steeper than the western
flanks. Outcrops on the eastern flanks commonly dip 30 to 60°; those on the
western flanks commonly dip 10 to 20°. The steep-ended flanks resulted from
compressive stresses produced by the north-south trending Park Range as it
formed east of the study area.

Faults are more common east of Dry Creek. Although Bass and others
(1955) mapped several surficial fault traces on the western flank of the Tow
Creek anticline and to the northeast and south of Twentymile Park, many more
faults are known to exist in the subsurface. Difficulty in identifying fault
offset and orientation from lithologic or geophysical logs precluded most
additional mapping. Numerous northwest-trending faults located south of
Twentymile Park exhibit vertical offset of less than 100 ft, as measured in
the dip slope south of Foidel Creek. Some of these offsets may result from
strike-slip movement on the dip slope as indicated by slickenslides observed
in coal mines in this area (Richard Tifft, Twentymile Coal Co., oral commun.,
1985). Vertical offset ranges from 0 to 400 ft along the fault, or fault
zone, located within the study area to the northeast of Twentymile Park. In
addition to offset, faulting in this area has created an extensively fractured
zone of rock within or between several fault planes that parallel the fault
trace shown on plate 1.

Structural warping and faulting in the eastern part of the study area is
indicated by the configuration and lateral extent of the bedrock formations.
The top of the Trout Creek Sandstone Member has 3,200 ft of structural relief,
between the trough of the Twentymile Park syncline and the southern outcrops
of the formation (fig. 15). The basin underlying Twentymile Park contains two
structural lows, one on the Twentymile syncline, the other at the southern end
of the Tow Creek anticline. The combination of structure and topography pro-
duces an irregular, contorted outcrop line that delineates the limit of the
water-yielding units considered in this study. The deformed and faulted
structure of the Trout Creek Sandstone Member in the Iles Formation is
expressed in the structure map of the base of the Twentymile Sandstone Member
in the Williams Fork Formation (fig. 16). Structural relief on this surface
exceeds 1,700 ft. The two structural low areas in the Trout Creek Sandstone
Member also are evident in the structure of the base of the Lewis Shale
(fig. 17). Maximum structural relief on the Lewis Shale is about 1,100 ft.

CLIMATIC CONDITIONS

All surface water and ground water in the study area is the result of
precipitation. Changes in climatic conditions such as precipitation,
temperature, wind, and evaporation can cause large and rapid changes in
streamflow and more gradual changes in ground-water flow. The changes in
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107-07'30" of the Lewis Shale. Dashed where approximately
' located. Hachures indicate depression. Contour
interval, in feet, is variable. Datum is sea level

3 — ANTICLINE-Arrow indicates direction of plunge

—-x——b— SYNCLINE-Arrow indicates direction of plunge
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Figure 17.--Structural altitude of the base of the Lewis Shale in the
eastern part of the study area.
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ground-water flow primarily occur through changes in ground-water recharge.
Climatic conditions affect ground-water recharge by means of changes in pre-
cipitation, evapotranspiration, vegetation, weathering, and landform and soil
development. Principal climatic factors include precipitation, temperature,
wind, and evaporation.

Precipitation

Precipitation on the western slope of the Rocky Mountains primarily is
controlled by adiabatic cooling of eastward-tracking Pacific storm systems.
As the systems gain altitude in crossing the mountains, the air cools and
loses part of its moisture as rain and snow on the western slope and Con-
tinental Divide. Precipitation in the study area thus is correlated with
altitude. Mean annual precipitation ranges from 13.8 in. at Craig (altitude
6,190 ft) to more than 46 in. near the crest of Quarry Mountain (altitude
8,200 ft) southwest of Steamboat Springs. The relations between precipitation
and altitude (fig. 18) are based on data from 9 U.S. Weather Bureau (National
Oceanic and Atmospheric Administration, 1890-1987) gages and 20 U.S. Geo-
logical Survey or privately operated gages (fig. 19; table 1). Periods of
record ranged from 2 years to more than 90 years at Craig and Steamboat
Springs. Monthly precipitation data were used to regress the shorter record
stations in the eastern part of the study area against the longer record
stations to better estimate the 90-year mean annual precipitation (table 1)
in this area. Regressions of the 78-year mean annual precipitation at Hayden,
Yampa, and Pyramid were not done because the mean for the 78-year period was
not significantly different from the mean for the 90-year period. Stations
located in the Williams Fork and Willow Creek drainage areas are outside the
study area and did not correlate well with the distant longer record stations.
As a result, the 18- to 50-year periods of record for the Williams Fork and
Willow Creek stations were only used to estimate mean annual precipitation to
the southwest of the study area.

The relations between precipitation and altitude for the drainage areas
of the Williams Fork, Willow Creek, Grassy Creek, Trout Creek, Fish Creek, and
Foidel Creek generally are similar, indicating that precipitation increases
moderately with altitude in the southern and eastern parts of the study area.
A much more rapid increase in precipitation with altitude occurs along the
valley of the Yampa River west of Steamboat Springs. However, along the upper
valley of the Yampa River southwest of Steamboat Springs, mean annual precip-
itation decreases with altitude. These marked differences in the precipita-
tion patterns result from the complex interaction of storm movement and
topography. Precipitation increases when topographic features such as the
Williams Fork Mountains and the Yampa River valley enhance up-valley movement
of storms. Cross-valley movement of storms may produce a rain shadow effect
on the leeward slopes such as Twentymile Park, the upper reaches of the Yampa
River, and Oak Creek. The resulting relations between precipitation and alti-
tude range in slopes from 0.016 to -0.014 inches of precipitation per foot of
altitude depending on the configuration and orientation of topography with
respect to principal storm tracks.
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Table 1.--Precipitation station index

[NR, no regression]

Station . Regres- Mean
; . Period Regres- : annual
number Station Drainage - sion .
(figs name area of ston corre- precipi=
; record station! . tation,
18, 19) lation, R .
(inches)
1 Craig Yampa River  1894-1986 NR NR 13.8
2 Hayden (west of 1909-1986 NR NR 15.9
3 Mt. Harris Steamboat 1964-1966 5 ) 32.6
4 Milner Springs) 1964-1966 5 ) 20.5
5 Steamboat | 1891-1986 NR NR 23.3
Springs
6 Emerald l 1964-1966 5 (®) 46.6
7 Catamount Yampa River 1983-1985 5 0.84 28.4
Lake (southwest
8 Oak Creek of Steamboat 1964-1966 5 ® 22.8
9 Yampa Springs) 1909-1986 NR NR 15.9
10 Hamilton Williams Fork
River 1936-1986 NR NR 17.6
11 Pagoda | 1890-1912 NR NR 18.3
12 Willow Creek Willow 1930-1948 NR NR 21.5
13 Dunckley Creek 1905-1909 11 0.66 22.0
14 Seneca M Grassy Creek  1981-1985 2 0.84 17.6
15 Seneca L | 1978-1983 2 0.89 16.4
16 Y-6 J 1980-1983 2 0.80 19.2
17 Y-1 Sage Creek 1980-1983 2 0.83 20.6
18 A Trout Creek 1983-1985 2,5,9 0.84 15.0
19 Pyramid | 1910-1986 NR NR 20.0
20 Green | 1980-1983 2,5,9 0.85 13.2
21 Lower Foidel Foidel 1975-1981 2,5,9 0.84 15.0
22 2005 Creek 1982-1985 2,5,9 0.78 14.5
23 2001 | 1982-1985 2,5,9 0.71 13.9
24 Upper Foidel | 1975-1981 2,5,9 0.78 20.6
25 1002 Fish Creek 1982-1983 2,5,9 0.78 13.6
26 31001 | 1982-1983 2,5,9 0.80 12.6
27  Fish | 1980-1981  2,5,9 0.90 12.0
28 Skyline Oak Creek 1980-1985 2,5,9 0.91 13.2
29 Oak | 1980-1982 2,5,9 0.83 12.6

IMean of three monthly values was used for regression of three stations.
23now-course data, monthly correlation unavailable.
3Data not usable for figure 18.
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The isohyetal map (fig. 19) for the area shows the distribution of mean
annual precipitation. The map was developed using mean annual precipitation
data and relations between precipitation and altitude shown in figure 18.

Mean annual precipitation ranges from more than 36 in/yr on the crest of Mount
Harris to less than 14 in/yr in Twentymile Park and in the Yampa Valley near
Craig. Precipitation along the crest of the Williams Fork Mountains is
estimated to range from 20 to 24 in/yr.

The mean monthly precipitation pattern varies from east to west across
the study area. The mean monthly pattern for Steamboat Springs is character-
istic of conditions in much of the western United States--greater precipi-
tation in the winter, lesser precipitation in the summer. Precipitation
patterns at Craig and Hayden are more characteristic of conditions in the
study area; precipitation averages about 1 in/mo throughout the year (fig. 20).
Orographic effects are pronounced at Steamboat Springs, producing greater
winter snowfall than at Craig or Hayden.
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Figure 20.--Mean monthly precipitation and temperature distributions
near the study area.

32



Temperature

Mean temperatures at Steamboat Springs and Craig have a strong seasonal
correlation (fig. 20). Both curves have the same general shape but differ by
4 to 6 °F. This correlation indicates that factors that control temperature
are more uniform in the area than factors that control precipitation.

The normally dry, cloudless conditions that occur at this altitude
produce extreme seasonal and diurnal temperature fluctuations. Mean maximum
daily temperatures in July range from 80 °F in Steamboat Springs to 85 °F in
Craig. Mean minimum daily temperatures in January throughout the area are
approximately -2 °F. Diurnal temperatures may fluctuate throughout a range
of 40 °F or more at any time of the year.

Evaporation

Evaporation data for the study area are more limited than temperature
or precipitation data. Only seven evaporation sites are maintained in the
Colorado River watershed of western Colorado (table 2). Evaporation primarily
is a function of available heat, solar insolation, humidity, and wind. At
Hayden, the low humidity, intermittent winds, and small number of cloudy days
result in a pan evaporation rate from May to October of about 42 in. (table 2).
Using a pan coefficient of 0.7 (Kohler and others, 1959), lake evaporation is
estimated to be about 29 in., well in excess of mean annual precipitation in
most of the study area. Because information at Hayden is available only for
May to October, annual evaporation actually is larger. This results in a
precipitation-evaporation deficit, which greatly decreases the volume of water
available to recharge the aquifers. No wind and humidity data are available
for the study area. 1In general, the relative humidity is low, increasing only
during thundershowers and snowstorms. Actual wind effects are unknown.

SURFACE-WATER HYDROLOGY

Surface-water-hydrology data are important to ground-water studies
because knowledge of streamflow distribution and timing provides information
about when and where recharge or discharge to streams may occur. Surface-
water-chemistry data also provide information about ongoing surficial geo-
chemical processes and about the chemical composition of discharging ground
water.

Drainage Systems and Streamflow

Drainage systems and streamflow are affected by the origin and geographic
location of the stream. The Yampa River and the Williams Fork are the two
major streams that drain the study area. These streams are perennial
throughout the area and have a mean annual flow of 1,100 ft3/s (Yampa River
at Hayden) and 44 ft3/s (Williams Fork at Pagoda). The streams are located
near the northern and southern periphery of the area and flow nearly due west
across existing structural trends; both streams probably are antecedent and
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superposed (Hunt, 1969). Most of the smaller tributary streams follow struc-
tural trends, although some streams flow across the structure (pl. 1). Three
tributary stream systems--western, central, and eastern--are unique because of
differing structural settings.

The western system, which extends from the western study boundary to
Hayden Gulch, is the simplest system. This area is drained by gulches that
have formed on cuestas of the Mesaverde Group outcrop. Gullies are aligned
subparallel to each other down the front and back of the cuesta. All western
gulches begin along the cuesta ridges at altitudes less than 7,500 ft. Snow-
melt runoff occurs only during the spring, generally rising, peaking, and
receding within a few months (fig. 21, Stokes Gulch). This streamflow gen-
erally is small and occurs from March to July. Northward-draining gulches
flow later in the year than do southward-draining gulches because of larger
drainage areas, smaller gradients, and a northward aspect that delays snowmelt
runoff. Gulches in the western area may provide recharge to the ground-water
system only during the spring because they generally are dry by summer. Con-
versely, springs, seeps, and intermittent perennial base flow are evidence of
ground-water discharge to some reaches of the gulches.

The central stream system drains the Sage Creek and Fish Creek anticline
areas and the western side of the Tow Creek anticline (pl. 1). Within the
area are three perennial streams--Dry Creek, Sage Creek, and Grassy Creek--in
addition to numerous intermittent gulches. All streams originate in or near
the study area, generally at altitudes less than 8,000 ft. Dry Creek is a
subsequent stream draining the western flank of the Sage Creek anticline.
Sage Creek drains the central and eastern parts of the Sage Creek anticline
and flows across structural trends. Little streamflow data are available for
these two streams. Two tributaries, Hubberson Gulch and Watering Trough
Gulch, have 3 to 6 years of streamflow records that indicate ephemeral flow
conditions. Grassy Creek drains most of the Fish Creek anticline and the
western half of the Tow Creek anticline. Gain-loss measurements in Grassy
Creek indicate that the upper reach of the creek gains flow from the outcrops
of the Trout Creek Sandstone Member of the Iles Formation and from the
Williams Fork Formation (fig. 22; table 3). Downstream from Grassy Creek
station 4, which is at Routt County Road 29, the creek generally gains flow
during the spring through summer months. The dryer climatic conditions during
late summer and fall cause water levels in the alluvial aquifer and bedrock
formations to decline, and this reach of Grassy Creek may lose flow during
this time.

Streams in the eastern area differ from other streams in the study area.
The eastern area is drained by four main streams--Fish Creek, Foidel Creek,
Middle Creek, and Trout Creek--that converge south of Milner. Fish Creek,
the northernmost stream, drains Dunckley Park, flows across structural trends
in Fish Creek Canyon, and drains much of Twentymile Park. Fish Creek head-
waters are above 10,000 ft on the northern side of the Dunckley Flat Tops.
Mean annual flow at the gage in Fish Creek Canyon is about 13 ft3/s. Partial
records from four downstream gages indicate that Fish Creek is perennial,
although base flow decreases downstream. Foidel Creek begins near Eckman Park
at an altitude of about 7,600 ft and is the only creek in the eastern stream
system that originates in the study area. The relatively small drainage area
of Foidel Creek includes the southern part of Twentymile Park. Mean annual
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Figure 21.--Hydrographs of representative streams in the study area.
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flow is 2.7 ft3/s near the mouth of Foidel Creek. Base flow increases in

the downstream reaches where the creek is perennial except during unusually
dry years. An increase in streamflow of 0.08 ft3/s was measured across the
outcrop of Twentymile Sandstone Member (fig. 22, stations 1 and 3) on
September 17, 1986 (table 3). Middle Creek flows into Foidel Creek in the
eastern part of Twentymile Park. Middle Creek is similar to Foidel Creek but
drains a larger area; its headwaters are above 8,400 ft in altitude. Runoff
from Middle Creek peaks in the late spring and early summer. Mean annual
flow is 4.4 ft3/s near the mouth of Middle Creek. Streamflow measurements

in Middle Creek on September 17, 1986, indicate minimal change in flow in

a 5-mi reach of the creek between the outcrop of the Trout Creek Sandstone
Member (station 1) and the downstream outcrop of the Twentymile Sandstone
Member (fig. 22, station 3). Trout Creek is the largest stream draining the
study area. From its headwaters at an altitude of 11,000 ft, it has a peren-
nial base flow of 10 to 20 ft3/s to its confluence with the Yampa River near
Milner. Only the extreme southeastern part of the study area is drained by
Trout Creek. Fish Creek and Middle Creek are confluent with Trout Creek near
the eastern margin of the study area.

Streamflow gain-loss measurements made in numerous unnamed tributaries
to Fish Creek (fig. 22) indicate that perennial flow occurs in some reaches
of these streams. Most perennial flow is the result of ground-water dis-
charge from the upstream outcrops of thick sandstone beds near the margins
of the basin. Along the mountain front northwest of Twentymile Park water
levels in the sandstones generally are above stream level. This is the
result of recharge in the higher outcrops on either side of the stream valley.
The resulting base flow may extend downstream beyond the mountain front onto
the relatively impermeable strata of the Lewis Shale in Twentymile Park. In
some streams, base flow may become tributary to Fish Creek, but, more commonly,
the flow is lost to evapotranspiration along the channel or is captured in
stock ponds. Most reaches of the tributary streams north of Fish Creek are
ephemeral. In mid to late summer, the channels are dry or comnsist of alkali-
encrusted desiccated mud or marsh. Although hydrostatic heads in the under-
lying bedrock aquifers may be 200 to 300 ft above land surface in parts of
Twentymile Park, discharge from the aquifers to streamflow is not apparent
except at a few uncontrolled flowing wells. Shale in the middle member of
the Williams Fork Formation and in the Lewis Shale seems to form an effective
confining layer that limits ground-water discharge to streamflow in Twentymile
Park.

Springs are present throughout the study area and are an important source
of surface water during low-flow periods. Discharge from most springs is dif-
fuse and flows at a low rate. Springs are more prevalent in the western part
of the study area, where they provide small quantities of water to intermit-
tent streams in gulches.

Water Quality

Water quality in streams that drain the study area is affected markedly
by the geologic materials within the drainage areas. Surface-water flow and
water-quality data have been collected at 21 sites in or near the study area
(Maura, 1982, 1985; Turk and Parker, 1982). Eighteen of these sites (fig. 23;
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table 4) are on streams that drain stratigraphic intervals of (1) the lower
Iles Formation and older rock units, (2) the Trout Creek Sandstone Member of
the Iles Formation and the Williams Fork Formation, and (3) the Lewis Shale.
Data from sites 1, 2, and 3 (table 4) represent runoff from geologic materials
older than the Trout Creek Sandstone Member. These rocks generally are located
at higher altitudes and outside of the study area. Water in streams that

drain these geologic materials is a calcium bicarbonate type that generally

has dissolved-solids concentrations ranging from 100 to 400 mg/L. This

surface water is of better chemical quality than any other in the study area.

Data from sites 4 through 13 primarily represent runoff from the Trout
Creek Sandstone Member and from the Williams Fork Formation. Rocks in this
interval were deposited under a combination of marine, deltaic, and conti-
nental conditions. As a result, runoff is of a dissimilar chemical composi-
tion; generally, the water is either calcium magnesium bicarbonate or calcium
magnesium sulfate. Three of the 10 sites in this group (sites 11, 12, and
13) are located downstream from large strip mines, and water quality may be
affected by mine drainage. Dissolved-solids concentrations commonly range
from 300 to 800 mg/L in streams unaffected by mining activities. At sites
11, 12, and 13, dissolved-solids concentration commonly range from 300 to
3,000 mg/L.

Streams that primarily drain the Lewis Shale or the shale units in the
upper member of the Williams Fork Formation were sampled at sites 14 through
18. The marine sediments in these rock units markedly affect the surface-
water chemistry. The streams in this group generally have a magnesium sodium
sulfate water composition and dissolved-solids concentrations that commonly
range from about 1,000 to about 8,000 mg/L.

GROUND-WATER HYDROLOGY
Lohman (1972) defines an aquifer as "...a formation...that contains
sufficient saturated permeable material to yield significant quantities of
water to wells and springs.'" "...Significant quantities of water...'" in one
region for one application may be insignificant in other regions or for other
applications. The water-yielding units that are classified as aquifers in
this study generally produce such small sustained yields (about 0-10 gal/min)
that they would not be considered aquifers for many water-supply applications.
However, these water-yielding units are the principal source of water in the
local bedrock formations; they cause inflow to mines, and they supply usable
volumes of water to the few stock or domestic wells in the area. Therefore,
in this report, these water-yielding units are classified as aquifers.

Depositional Environments

Coal and associated deposits of the Iles and Williams Fork Formations
developed in marine and deltaic plain environments located close to the
shoreline (Weimer, 1976). Marine deposits of mudstone and shale generally
are thick and homogeneous. These deposits have low permeability and are
classified as regional confining beds. Near-shore marine deposits grade
upward into massive transitional sandston<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>