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METRIC CONVERSIONS

The inch-pound units used in this report may be converted to SI metric
units by use of the following conversion factors:

Multiply inch-pound unit By To obtain metric unit

inch (in.) 25.40 millimeter

inch (in.) 2.540 centimeter

inch per year (in/yr) 2.540 centimeter per annum

foot (ft) 0.3048 meter

cubic foot per second (ft3/s) 0.02832 cubic meter per second

mile (mi) 1.609 kilometer

square mile (mi2?) 2.590 square kilometer

acre 4.047x1073 square kilometer

acre-foot (acre-ft) 1.233x1073 cubic hectometer

acre-foot per year 1.233x1073 cubic hectometer per annum
(acre-ft/yr)

acre-foot per square mile 0.476 cubic hectometer per
(acre-ft/mi?) square kilometer

ton 0.9072 metric ton

ton per year (ton/yr) 0.9072 metric ton per annum

Water quality term used in this report is:
microsiemens per centimeter at 25° Celsius (uS/cm).

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 mean sea level. NGVD of 1929 is

referred to as sea level in this report.

vi



GROUND-WATER CONTRIBUTION TO THE SALINITY OF THE
UPPER COLORADO RIVER BASIN

By James W. Warner, Frederick J. Heimes, and Robert F. Middelburg

ABSTRACT

A reconnaissance level study was conducted to estimate the ground-water
contribution to the salinity of streamflow in the Upper Colorado River Basin.
Salt-load estimates were derived from a mass balance using measurements of the
quantity and quality of base flow. Ground-water inflow was considered to
represent the bulk of the streamflow during the winter months of low flow.

A one-time sampling of the base flow of streams in the Upper Colorado
River Basin was conducted in December 1977 and January 1978. Data on
discharge and specific conductance and samples for chemical analysis were
collected at 142 sites in the Upper Colorado River Basin upstream from the
confluence of the Colorado and Green Rivers. Available data were used for
other areas in the Upper Colorado River Basin. In some of these areas, data
were obtained from local and regional studies. Elsewhere, data were obtained
from records from streamflow-gaging stations operated by the U.S. Geological
Survey.

The study area was divided into two major regions; the Green River basin
(referred to here as the Green River region) and the Colorado River basin
upstream from the confluence with the Green River (referred to here as the
Colorado River region). These two regions were divided into nine subregions.
The annual salt load contributed to streams by ground water in these
subregions ranged from 30 to 93 percent. In general, the salt load
contributed by ground water was larger in the Colorado River region than in
the Green River region. The Colorado River region had an overall average
ground-water salt-load contribution of 69 percent of the total compared with
38 percent for the Green River region.

The estimated total base-flow salt load of the Upper Colorado River Basin
above the confluence of the Colorado and Green Rivers was 3.8 million tons per
year. This is about 55 percent of the total annual salt load. Diffuse
ground-water discharge to streams accounts for most of the base-flow salt
load. However, significant increases in the salt load along fairly short
reaches in certain locations result from the surface-water solution of salts
in the Upper Cretaceous shales, mostly the Mancos Shale; ground-water
discharge from highly saline formations, such as the Paradox Member of the
Hermosa Formation of Pennsylvanian age; and from point sources, such as the
highly saline mineral springs near Glenwood Springs, Colo., and Dotsero, Colo.



INTRODUCTION

The Upper Colorado River Basin upstream from the confluence of the
Colorado and Green Rivers produces about 7 million tons of salt annually
(Bentley and others, 1978). The salinity (as measured by dissolved-solids
concentration) of the Colorado River and numerous tributary streams is a major
concern to agricultural, industrial, and public water-supply users. The
average annual salinity of the Colorado River has almost doubled during this
century (Iorns and others, 1965). Although predictions are that salinity
concentrations may again double by the year 2000, some recent studies have
indicated a reduction in the increasing annual trend of the salinity
concentrations (Kircher and others, 1984). The salinity of the Colorado River
results in substantial economic damages to water users both in the United
States and Mexico.

The BLM (U.S. Bureau of Land Management) is responsible for regulating
all land and water use on Federal (public) lands under its jurisdiction and
for controlling the salinity of streamflow in the Colorado River basin.
Public lands administered by BLM comprise about 44 percent of the 62 million
acres of land in the Upper Colorado River Basin within Colorado, Utah, and
Wyoming. BLM is conducting a study on the feasibility of salinity control in
the Upper Colorado River Basin. The objective of the BLM study is to identify
ambient salinity levels, to identify salt transport mechanisms on public
lands, and to formulate ways to control or reduce salt contribution. BLM
needs to be able to delineate surface- and ground-water salt contributions
from all sources.

BLM entered into a cooperative agreement with the U.S. Geological Survey
to study the salt-load contribution from ground-water sources in the Upper
Colorado River Basin in Colorado and adjacent parts of Wyoming and Utah
upstream from the confluence of the Green and Colorado Rivers (fig. 1). The
area of intensive study is that part of western Colorado drained by the
Colorado, Gunnison, Dolores, White, Yampa, and Green Rivers. This study was
limited to ground water and other sources that are defined as those not
resulting from man's activities. Data for this study were collected only
within Colorado. Salt-load contributions from ground water were determined
from available data for the parts of the study area in Utah and Wyoming.

HYDROGEOLOGIC SYSTEM

Precipitation and Streamflow

The Upper Colorado River Basin consists of both low, arid watersheds that
yield little streamflow and of high, mountainous watersheds that contribute
large amounts of streamflow. Average annual precipitation ranges from less
than 8 in. in some of the low, arid areas to more than 50 in. in the high,
mountainous areas. Most of the streams in low, arid watersheds are ephemeral
or intermittent. Runoff in these streams is generally derived from high
intensity spring and summer thunderstorms. Because of the meager
precipitation, little recharge reaches the water table in these areas and
little or no base flow discharges to these ephermeral streams. The high,
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mountainous watersheds produce the major perennial streams. Much runoff
occurs in the spring and early summer and is caused primarily by melting of
the mountain snowpack. The base-flow period is generally from late summer to
early spring of the following year. During this time, streamflow is
relatively uniform and consists primarily of ground-water discharge.

Geology and Ground Water

Hydrogeologic conditions in the Upper Colorado River Basin are complex.
The geology of the area is the principal factor controlling the occurrence,
movement, and the chemical quality of ground water. Rocks underlying the
study area are mainly consolidated sedimentary deposits. Igneous and
metamorphic rocks comprise most of the mountainous regions. Unconsolidated
alluvial deposits border and underlie most of the major streams. Ground water
occurs in all of the geologic formations in the study area. However, because
of the diverse hydraulic properties and mineral composition of these
formations, the quantity and chemical quality of the ground water varies
considerably.

The source of almost all of the ground water in the study area is
precipitation that falls within the study area. The principal areas of
ground-water recharge are in the higher elevation areas. Normally, ground
water moves only a short distance from the area of recharge to points of
discharge. However, in some instances, ground water may move relatively long
distances from the area of recharge to points of discharge. For instance,
water in the Leadville Limestone of Mississippian age (table 1) moves many
miles from the area of recharge to points of discharge. Most ground water is
discharged to streams as diffuse nonpoint sources, discharged into the
atmosphere by phreatophytes, or discharged from springs.

The rate and quantity of ground-water movement primarily depend on the
hydraulic conductivity of the geologic formation and the hydraulic gradient.
In general, alluvial deposits, other unconsolidated sedimentary deposits, and
limestones have the largest hydraulic conductivities and are capable of
transmitting water readily. Shales have the least hydraulic conductivity and
are capable of transmitting water only slowly. Water movement in many
consolidated sedimentary rocks and igneous and metamorphic rocks is primarily
through fractures. The density and the degree of fracturing of the rocks
determine the amount of water that can be stored and the rate at which it can
be transmitted. Extensively fractured rocks are capable of transmitting water
considerable distances.

The availability of recharge to the formation also determines the amount
of water that can be transmitted. A permeable formation in an arid region
where potential recharge is slight would transmit small quantities of water.
Also, a relatively impermeable formation in an area of significant
precipitation might still transmit only small quantities of water.

Chemical quality of ground water is dependent on the mineral composition
and hydraulic properties of the aquifer, such as surface area of contact,
porosity, and rate of water movement. Because water moves slowly through most
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aquifers, the water has time to dissolve soluble mineral constituents. Most
igneous and metamorphic rocks are composed primarily of silicate minerals,
such as quartz, that are not readily soluble. Water from these rocks
generally contains few dissolved solids. Some sedimentary rocks in the basin,
primarily shales of marine or lacustrine origin, contain large amounts of
readily soluble minerals. The abundance of soluble minerals, in conjunction
with the small permeability of these shales, results in large concentrations
of dissolved solids in the water. Coarse-textured sedimentary rocks, such as
sandstones, contain fewer soluble minerals and have relatively large
permeabilities. Therefore, water in these rocks generally contains fewer
dissolved solids than water in shales.

A list of the major hydrogeologic units in the Upper Colorado River Basin
is given in table 1. The potential that each geologic formation has for
contributing saline waters is presented in table 1. The general locations of
the major hydrogeologic units within the Upper Colorado River Basin is shown
in figure 2.

Precambrian rocks underlie the headwaters of most of the major streams in
the study area. The dissolved-solids concentration of this water is very
small, generally less than 100 mg/L (milligrams per liter), but because the
volume of water coming in contact with the Precambrian rocks is so great, they
contribute most of the salt to streams in the study area. Some formations,
such as the Paradox Member of the Hermosa Formation of Pennsylvanian age,
discharge very small quantities of extremely saline ground water and produce
large salt loads downstream. The sources of these mineralized waters are
black shale containing interbedded anhydrite and dolomite and beds of potash
salt and halite. The sedimentary formations that contribute most
significantly to the salinity level (dissolved-solids concentration) of the
Colorado River are Upper Cretaceous marine shales in hydrogeologic unit 7
(table 1). These shales normally discharge small quantities of moderately
saline ground water. Soluble salts dissolved from the marine shales by
overland runoff and by eroding streams that cross extensive outcrops of the
shales cause the largest increase in salinity.

DATA COLLECTION AND METHOD OF ANALYSIS

Discharge and water-quality data were collected at 142 sites in the
Upper Colorado River Basin upstream from the confluence of the Colorado and
Green Rivers in December 1977 and January 1978. The data-collection sites
were located so that the salt load from individual aquifer groups could be
identified, thus allowing the results of this study to be more readily
transferred to other areas. A one-time sampling program was conducted. The
assumption was made that the ground-water discharge from aquifers remains
nearly constant during the year and also from year to year. That is, the
variation of the ground-water discharge to streams during the year is assumed
to be minimal, but no calculation was made to verify this. The year-to-year
variation of ground-water discharge to the streams was evaluated by comparing
base-flow hydrographs from streamflow-gaging stations operated by the U.S.

12
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Figure 2.--Major hydrogeologic units in the Upper Colorado
River Basin (structural features not shown).
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Geological Survey with data collected during this study. In general, the
variation was no more than 20 percent. The data were collected in this study
following an abnormally dry year; thus, the calculated salinity contributed to
the streamflow by ground water may be smaller than the long-term average.

Although the assumption is made that the ground-water discharge is from
natural sources in several areas, such as the Grand Valley, lower Gunnison,
and lower Green River reaches, there may be an unquantified amount of
irrigation return flow adding to the base-flow salinity load.

Specific conductance and streamflow measurements were made at all sites,
and samples were collected for chemical analyses at 78 of the sites. The
chemical analyses are presented in table 11 (see Supplemental Information at
back of report). A regression analysis of specific conductance versus
laboratory-determined dissolved-solids concentration was performed for each
basin in which chemical-analysis samples were taken. The results of this
regression analysis were used to calculate the dissolved solids at sites where
only specific conductance was measured.

Available data were used for all other parts of the study area. In some
areas, data were available from local and regional studies of the Upper
Colorado River Basin (lorns and others, 1964, 1965; Price and Arnow, 1974).

In the Yampa River basin, extensive measurements of the quantity and quality
of streamflow were made as part of a 3-year river-basin assessment (Steele and
others, 1979). Extensive streamflow and quality of water data also were
available for the upper Green River (Lowham and others, 1976). Discharge and
water-quality data obtained at streamflow-gaging stations operated by the

U.S. Geological Survey also were used.

Calculation of the salt load transported in base flow was made using a
mass-balance equation. The salt load was determined by:

S=ACQ (1)
where: S = salt load, in tons per year;
A = conversion factor = 0.985;
C = dissolved-solids concentration of base flow of the stream,
in milligrams per liter; and
Q = base-flow discharge of the stream, in cubic feet per second.

The computed base-flow salt loads are based on the assumption that point
measurements at various sites are representative of the mean ground-water
contribution to the total annual salt load. Adjustments for reservoir effects
were made to computed base-flow salt loads in some of the subbasins.

The reservoir adjustments for both discharge and salt load were computed
by setting the outflow discharge and salt load equal to the measured inflow
and salt load.

The adjusted dissolved-solids concentration is calculated using
equation 1 rewritten as:
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c= S (2)

AQ

where: the equivalent dissolved-solids concentration, in mg/L;
the adjusted salt load, in tons per year;
the adjusted discharge, in cubic feet per second; and

the conversion factor.

C
S
Q
A

Calculations of the salt-load contributions to streams by major springs
were made by directly measuring the spring discharges and indirectly by
evaluating the chemical quality of the water. In June 1979, data were
collected for 14 mineral springs (see table 12, Supplemental Information at
back of report). In some places (Glenwood Springs, Colo., Dotsero, Colo., and
Steamboat Springs, Colo.) the springs flow directly into the stream channel
and direct measurement of the discharge is not possible. 1In these situations,
measurements of the salinity of the river upstream and downstream from the
springs, the salinity of the spring itself, and a measurement of the discharge
of the river were used to compute the approximate spring discharge to the
river. It was assumed that the river discharge was much greater than the
spring discharge, and, therefore, the streamflow upstream and downstream from
the spring discharge was assumed constant. Using this assumption, the spring
discharge was approximated by the equation:

QrCrb-QrCra

Qs = —F(g (3)

where: Qs spring discharge, in cubic feet per second;

Qr = river discharge, in cubic feet per second;

Crb = salinity of river downstream from the spring discharge,
in milligrams per liter;

Cra = salinity of river upstream from the spring discharge,

in milligrams per liter; and
Cs = salinity of spring, in milligrams per liter.

GROUND-WATER SALINITY CONTRIBUTION

The study area was divided into two major regions: the region drained by
the Colorado River and tributaries upstream from the confluence with the Green
River and the region drained by the Green River and its tributaries. Each of
these two major regions was divided into subregions (fig. 1). These
subregions correspond closely with the subregions of the Upper Colorado River
Basin shown on the hydrologic unit maps of Colorado (U.S. Geological Survey,
1976), Wyoming (U.S. Geological Survey, 1977), and Utah (U.S. Geological
Survey, 1975).
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Colorado River Region

Most of the flow of the Colorado River originates on the western slope of
the Rocky Mountains in Colorado. Areas in Utah contribute only minor amounts
of the flow. The drainage area of the Colorado River in western Colorado and
eastern Utah is about 27,000 mi%?. The average flow of the Colorado River
upstream from the confluence with the Green River is about 4.6 million
acre-ft/yr (Bentley and others, 1978). The mean annual dissolved-solids
concentration is about 610 mg/L, and the mean annual salt load is about
3.8 million tons.

The Colorado River region was divided into five subregions: the
Colorado, Colorado lower headwaters, Colorado upper headwaters, Gunnison, and
Dolores (fig. 1).

Colorado Upper Headwaters Subregion

The drainage area of the Colorado upper headwaters subregion is about
6,000 mi2 (fig. 1). The average annual precipitation above 9,000 ft altitude
ranges from about 25 to about 50 in. and is mostly snow. Below 9,000 ft,
the average annual precipitation ranges from about 12 to about 25 in.

Measurements of specific conductance and stream discharge at 52 sites
were made in the subregion (fig. 3). At 23 of the sites, samples were
collected for chemical analysis. A linear regression (fig. 4) of specific
conductance measured at 22 of the sites versus dissolved-solids concentration
determined in the laboratory was used to calculate the dissolved-solids
concentration at the 29 nonmeasured sites. One site (site 52, table 2)
Colorado River below Glenwood Springs, Colo., was not included in the
regression because localized impacts alter its ability to be representative of
conditions farther up in the subregion. Values of discharge, specific
conductance, dissolved-solids concentration, and salt loads for each site are
presented in table 2. For purposes of discussion, the Colorado upper
headwaters subregion was divided into four subbasins: Blue River, Eagle
River, Roaring Fork River, and the main-stem Colorado River upper headwaters
(fig. 3).

Blue River

The Blue River subbasin includes the drainage area of the Blue River and
tributaries upstream from the confluence with the Colorado River. The Blue
River has its headwaters in a steep mountainous area south of the main stem of
the Colorado River. Igneous and metamorphic rocks are exposed at higher
elevations in the subbasin. At lower elevations, Upper Cretaceous shales in
hydrogeologic unit 7 (table 1) crop out principally along the eastern side of
the Blue River, and the Dakota Sandstone of Early Cretaceous age crops out
principally along the west side of the river. Downstream from Dillon
Reservoir, alluvial deposits occur along the main channel of the Blue River.
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Figure 4.--Linear regression of specific conductance versus
dissolved-solids concentration: Colorado upper headwaters
subregion.

Flow in the Blue River is regulated by Dillon and Green Mountain
Reservoirs. The capacity of Dillon Reservoir is about 254,000 acre-ft, which
is approximately equal to the average annual flow of the Blue River. Dillon
Reservoir stores water for transmountain diversions. Green Mountain Reservoir
is 20 mi downstream from Dillon Reservoir and has a capacity of about 147,000
acre-ft. Green Mountain Reservoir stores replacement water for the
Colorado-Big Thompson diversion project located near Grand Lake and for
irrigation in the Colorado River basin. The mean annual dissolved-solids
concentration of the Blue River is less than 100 mg/L.

Seven sampling sites were selected in this subbasin (figs. 3 and 5;
table 2). The estimated dissolved~solids concentration at the sites upstream
from Dillon Reservoir (sites 1-3) ranged from 42 to 90 mg/L, reflecting the
predominance of igneous rocks in this area. Dissolved-solids concentrations
at the sites downstream from Dillon Reservoir (sites 4-6) were affected by
Dillon and Green Mountain Reservoirs, and estimated values ranged from 68 to
about 120 mg/L. The dissolved-solids concentrations at sites 4 through 6 were
adjusted to avoid the effects of storage in the reservoirs. The adjusted
dissolved-solids concentration ranged from 63 to 65 mg/L. The relatively
small concentrations of dissolved solids at all sites in the Blue River
subbasin are a reflection of the relatively insoluble igneous rocks underlying

18
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EXPLANATION

v SAMPLING SITE AND NUMBER
(TABLE 2 AND FIGURE 3)

(700) SALT LOAD, IN TONS PER YEAR

Dillon Reservoir

(2400) Y 4

River

(11,200) ¢ 5

Green Mountain
Reservoir

(11,200) @ 6

Blue

(11,200) & 7

Figure 5.--Drainage system and salt load: Blue River subbasin.

most of the subbasin. No historical data were available for comparison with
sample data.

The Blue River subbasin (site 7) discharged an adjusted estimated annual
base flow of 188 ft3/s and a salt load of 11,200 tons (fig. 5). The
adjustment factors for Dillon Reservoir and Green Mountain Reservoir resulted
in an increase of 27 ft3/s above the measured base flow and a salt load of
6,400 ton/yr less than measured salt loads. This adjustment was applied to
all affected downstream sites.

Eagle River

The Eagle River subbasin includes the drainage area of the Eagle River
and tributaries upstream from the confluence with the Colorado River.
Cambrian and Ordovician limestones and dolomites crop out in the headwaters
region west of the Eagle River and upstream from Avon, Colo. Pennsylvanian
and Permian sandstones, limestones, dolomites, and shale crop out in the
headwaters east of the Eagle River upstream from Avon. Downstream from Avon,
there are large areas of the Eagle Valley Evaporite, which contain thick salt
beds. In addition, localized deposits of pre-Tertiary conglomerates,
sandstones, and shales crop out in this reach.
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The mean annual dissolved-solids concentration of the headwaters of the
Eagle River is about 100 mg/L. At its mouth, the Eagle River has nearly
triple that concentration, about 300 mg/L, and an average annual discharge of
about 400,000 acre-ft (420 acre-ft/mi?).

Five sampling sites were selected in this subbasin (figs. 3 and 6;
table 2). Dissolved-solids concentrations in the Eagle River at the upstream
sites were about 140 mg/L at Redcliff, Colo. (site 8), and 190 mg/L at Avon
(site 9). These concentrations are small and indicate the relative
insolubility of the metamorphic and carbonate rocks comprising much of the
drainage area upstream from the sampling points. Dissolved-solids
concentrations ranged from 494 to about 780 mg/L at the three sites downstream
from Avon (sites 10-12), reflecting the contribution from extensive exposures
of Eagle Valley Evaporite deposits in the drainage areas upstream from these
three sites. Soil disturbance caused by extensive ongoing development around
Avon also may be related to the larger salinity concentrations downstream.

A water-quality station is on the Eagle River upstream from Gypsum Creek
(site 11). The average dissolved-solids concentration in the Eagle River at
this site during December, January, and February of water years 1976-77 was
678 mg/L. The dissolved-solids concentration of the sample collected was
731 mg/L or about 8 percent larger. The discharge at this station is measured
below Gypsum Creek. The 2-year base-flow average was 183 ft3/s. The combined
discharge for Eagle River upstream from Gypsum (site 11) and Gypsum Creek near
the mouth (site 12) at the time the sample was collected was 198 ft3/s or
about 8 percent larger than the 2-year base-flow average. The Eagle River
subbasin discharged an estimated average base flow of 198 ft3/s and an annual
salt load of 135,000 tons (fig. 6).

EXPLANATION

79 SAMPLING SITE AND NUMBER
(TABLE 2 AND FIGURE 3)

,§ (15,600) SALT LOAD, IN TONS PER YEAR
[« 4]
(15,600) @ 9
;:) 10 Brush Creek
S| (34,600)

"

{118,000 12 Gypsum Creek

(16,800)

(135,000)

Figure 6.--Drainage system and salt load: Eagle River subbasin.
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Roaring Fork River

The Roaring Fork River subbasin includes the drainage area of the Roaring
Fork River and tributaries upstream from the confluence with the Colorado
River. Igneous rocks underlie most of the headwaters of the main stem of the
Roaring Fork River in the southern part of the subbasin. Pennsylvanian and
Permian sandstones and localized areas of igneous rock and unconsolidated
deposits crop out in the headwaters region of most of the major tributaries
of the Roaring Fork River. At lower elevations the Upper Cretaceous Mancos
Shale crops out along the southwestern side of the Roaring Fork River, and
Lower Triassic, Pennsylvanian, and Permian sandstones, conglomerate, and
marlstones together with a mixture of basalt and unconsolidated deposi<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>