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CONVERSION TABLE

For those readers who prefer to use inch-pound units of measurement, the
following conversion table is provided:

Multiply metric unit

millimeter (mm)

millimeter per annum (mm/a)

meter (m)

meter per day (m/d)

meter per hour per meter
[(m/h)/m]

meter per meter (m/m)

kilometer (km)

meter squared per day (m2/d)

square kilometer (km2)

cubic meter (m3)

cubic meter (m3)

cubic meter (m3)

cubic meter per second (m3/s)

‘cubic meter per day (m3/d)
cubic meter per annum (m3/a)

Titer (L)

liter per second (L/s)
millidarcy (md)

microgram per liter (pg/L)
milligram per liter (mg/L)
degree Celsius (°C)

1/

="For concentrations less than about 7,000 mg/L.

National Geodetic Vertical Datum of 1929 (NGVD of 1929):

OO = Wwwoo

[

by

.03937
.03937
.281
.281
.0

.0
.6214
.76

0.3861

264.
35.
35.
35.

15.

.31

2

. 0008107

31
31
31

. 2642

85

.002725

1.
1.

(°F = 9/

0t/
0t/
5°C + 32)

To obtain inch-pound unit

inch (in.)

inch per year (in./yr)

foot (ft)

foot per day (ft/d)

foot per hour per foot

- [(ft/h)/ft]

foot per foot (ft/ft)

mile (mi)

square feet per day
(ft2/d)

square mile (mi2)

cubic foot (ft3)

gallon (gal)

acre foot (acre-ft)

cubic foot per second
(ft3/s)

cubic foot per day
(ft3/d)

cubic foot per year
(ft3/yr)

gallon

gallon per minute
(gal/min)

foot per day (ft/d)

part per billion (ppb)

part per million (ppm)
degree Fahrenheit (°F)

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" and is referred to

as sea level in this report.
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REGIONAL HYDROLOGY OF THE BLANDING-DURANGO AREA,
SOUTHERN PARADOX BASIN, UTAH AND COLORADO

By M. S. Whitfield, Jr., William Thordarson, W. J. Oatfield,
E. A. Zimmerman, and B. F. Rueger

ABSTRACT

Regional hydrologic studies have been conducted in the Paradox basin in
Utah and Colorado by the U.S. Geological Survey for the U.S. Department of
Energy, as part of a national program to evaluate the suitability for storing
radioactive wastes in bedded salt deposits. The Blanding-Durango area is one
of five areas that comprise the Paradox basin, in which the U.S. Geological
Survey is making studies. This area encompasses approximately 12,000 square
kilometers, or about 40 percent of the basin. A thick sequence of salt beds
underlies most of this structural basin.

Rock units that underlie the area have been grouped into hydrogeologic
units based on their hydraulic interconnection and water-transmitting
properties. An evaporite confining bed that consists primarily of halite
separates an upper ground-water system from a lower ground-water system. In
the study area, the lower ground-water system is not hydrologically connected
with the upper ground-water system or to surface water, except locally; some
interconnection occurs near the Abajo Mountains, where intense fracturing and
faulting exist.

Aquifers in the study area generally are isolated from the salt beds by
bounding confining beds; as a result, ground water in the Blanding-Durango
area has Tittle or no contact with salt beds. No brines in this study area
were observed to flow to the biosphere.

The upper aquifer, principally the Mesozoic sandstone aquifer, probably
is the most permeable hydrogeologic unit in this study area. Hydraulic-head
data from oil, gas, and water wells indicate a regional flow direction
southwestward toward the San Juan River. Potential for recharge to the upper
ground-water system increases toward higher altitudes, where precipitation is
greater and temperature is cooler. A large part of potential recharge water
is lost through ‘evaporation and transpiration by phreatophytes. In the
principal recharge areas, an estimated 2 percent of average annual
precipitation reaches the zone of saturation. The principal element of
ground-water discharge is through evapotranspiration from phreatophyte areas.
Phreatophytes cover approximately 56 square kilometers, of which 29.5 square
kilometers are on the flood plains of the San Juan and Mancos Rivers; here,
ground water is at shallow depths and is readily available to phreatophytes.
An estimated total of 33 x 10® cubic meters of ground-water discharge is
evapotranspired per year from phreatophyte areas in the Blanding-Durango area.

The lower ground-water system does not have recharge or discharge areas
within the study area. Recharge areas occur primarily north and northeast of



the study area. The regional hydraulic-head gradient is southwestward toward
discharge sites along the Colorado River in the Grand Canyon area.

General water quality from more permeable zones in the upper ground-water
system is acceptable for domestic, industrial, and municipal use. Water from
the Tower ground-water system generally is saline to briny as a result of
local natural downward flow from the Paradox Member of the Hermosa Formation
across relatively impermeable strata that have been structurally breached.
The lower ground-water system also probably has been contaminated by drilling
through salt beds, using drilling muds containing large concentrations of
chloride.



INTRODUCTION

The U.S. Geological Survey has conducted a series of geohydrologic
investigations, funded by the U.S. Department of Energy under Interagency
Agreement DE-AI97-79ET 44611, related to the potential isolation of high-level
radioactive wastes in the Paradox basin, Utah, and Colorado. The Paradox
basin was chosen for exploration because the salt beds of the basin are
believed to be sufficiently thick and to have physical, chemical, and
mechanical properties desirable as a storage environment. As part of the
investigations, this report presents geohydrologic information for the
southern part of the Paradox basin of Utah and Colorado, the Blanding-Durango
area. Various geological, geophysical, and hydrological studies were made to
evaluate selected bedded salt structures and their regional environment.

Purpose and Scape

The purpose of this report is to describe the regional hydrogeologic
systems in the Blanding-Durango area and to establish their relationship tq
the geologic and hydrologic conditions associated with bedded salt in order to
help assess salt as an effective storage medium for radioactive wastes.
Interpretations are based principally on existing data; however, well
inventories, phreatophyte mapping and stream-flow measurements were made
during 1978, 1979, and 1980.

Location and Extent of the Study Area

The regional geographic setting of the Paradox basin relative to other
areas in the conterminous United States underlain by salt is shown in
figure 1. The areal extent of the Paradox basin in southeastern Utah and
southwestern Colorado, and the Blanding-Durango study area described in this
report, is shown in figure 2. The study area encompasses about 12,000 km?2, or
about 40 percent of the Paradox basin. Approximately 60 percent of the area
described in this report is in Utah, and the remaining 40 percent is in
Colorado. The southern and western boundaries of the study area are
approximately the same as the edge of the Paradox basin, and the northern and
eastern boundaries coincide with the drainage divides. The largest community
in the study area, Durango, Colorado, is in the southeastern part of the area.
Blanding and Monticello, Utah, and Cortez, Colorado are other large towns in
the study area.

Previous Work

Many reports describe the geology and regional correlation of
stratigraphic units of southeastern Utah. Baker (1936, p. 17) compiled an
extensive bibliography of such literature. This 1ist is not repeated here;
however, several papers are cited that describe early geologic investigations
of the study area.
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Witkind (1964) described stratigraphic units in the Abajo Mountains
(Utah) near Monticello. Ekren and Houser (1965) described geology, petrology,
and stratigraphic characteristics of geologic units 1in the Sleeping Ute
Mountain (Colorado) area, and briefly discussed water resources in that area.
Iorns, Hembree, and Oakland (1965), in a regional study of the Upper Colorado
River Basin, presented basic data and summarized hydrology of a large area
that includes the study area. Baars' (1966) discussion of pre-Pennsylvanian
paleotectonics includes some hydrologic characteristics of the stratigraphic
units involved. Feltis (1966), in his reconnaissance of regional ground-water
data, described the occurrence and quality of water in aquifers of eastern
Utah. A regional report by Hanshaw and Hill (1969) includes potentiometric
maps, hydrologic interpretations, and chemical analyses of water from aquifers
ranging in age from Mississippian to Permian. Haynes, Vogel, and Wyant's
(1972) geologic and structural map of the Cortez quadrangle aided considerably
to understanding the geology of the area. Reports published to provide
geologic and hydrologic information in the Paradox basin for determining the
suitability of salt deposits for waste storage include those by Hite and
Lohman (1973), Hite (1977), Rush and others (1980), and Wollitz and others
(1982). The first three reports describe the geology of salt anticlinal areas
and contain references to many of the geologic reports published concerning
the Paradox basin.

Interstitial hydraulic conductivity and transmissivity of sandstones of
Permian and Mesozoic age in the Colorado Plateau have been described by Jobin
(1962). A discussion of the relationship between permeability of Mesozoic
sandstones to uranium ore deposits is given in Johnson and Thordarson (1966).
Ground-water circulation in the western Paradox basin has been described by
Thackston and others (1981).

Numbering System for Hydrologic Sites

Location numbers for hydrologic sites in this report are based on the
rectangular subdivision of the public lands, referenced to the Salt Lake base
line and meridian in Utah and the New Mexico base line and meridian in
Colorado. The 1location number consists of three units: the first is the
township either north (Colorado) or south (Utah) of the base lines; the second
unit, separated from the first by a slant, is the range east (Utah) or west
(Colorado) of the meridian; the third unit, separated from the second by a
dash, designates the section number. The section number is followed by as
many as three letters that indicate quarter section, quarter-quarter section,
and quarter-quarter-quarter section. The letter "a" designates the northeast
quarter of each subdivision; the letter "b" designates the northwest quarter;
the letter "c¢" designates the southwest quarter and the letter "d" designates
the southeast quarter. For example, the well in Utah with location
number 41/25-17cbd is in the SE4%NW4SW4% of sec. 17, T. 41 S., R. 25 E., Salt
Lake base 1ine and meridian. If the location of a hydrologic site is not
accurately known, only part of the location number or letter designation is
given. The location of sites shown on plates 1 and 2 is identified only by
township, range, and section, unless the letters are needed to distinguish
among sites.



HYDROLOGIC ENVIRONMENT

Physiography and Drainage

The Blanding-Durango area is the southern part of the Paradox basin. The
Paradox basin is a major subdivision of the Colorado Plateau Province (as
defined by Fenneman, 1946). The Paradox basin, according to Hite and Lohman
(1973, p. 4), is not a definable physiographic feature, but rather is defined
as the area of the Colorado Plateau Province that is underlain by a sequence
of evaporites, mostly halite (salt) beds, of Pennsylvanian age.

Despite the existence of Tlocalized high topographic relief, gently
dipping sedimentary units characterize much of the area. Steeply dipping
units occur adjacent to igneous intrusives, such as the Abajo Mountains and
Sleeping Ute Mountain, as well as along an eroded monocline, Comb Ridge in
Utah (p1. 1). The top of Sleeping Ute Mountain 1is 1,200 m above the
surrounding area, which ranges in altitude from about 1,500 m in McEimo Creek
(Utah-Colorado) to 1,800 m on mesas north of McElmo Creek. Altitudes
generally exceed 1,500 m in the southernmost part of the study area and
increase to more than 2,000 m northward. Near the town of Durango and near
the Abajo and the San Juan Mountains, the altitude is about 3,000 m above sea
level. In the southwestern part of the study area near the San Juan River
(Utah), altitude decreases to about 1,300 m.

The major river in the study area is the San Juan River, a perennial
stream and a tributary to the Colorado River. It acts as the drain for two
major tributaries: the La Plata River and the Mancos River 1in Colorado.
McETmo Creek and Cottonwood Wash in Utah are tributaries that are intermittent
in flow in all or part of their reach. These tributary drainages flow south
and southwest to the San Juan River, which discharges from the southwestern
part of the study area (fig. 3). The San Juan River has eroded increasingly
older rock units as it flows westward across the southern end of the report
area. Just outside the study area at the Goosenecks (p1. 1) of the San Juan
River in Utah, it flows on the Hermosa Formation, the oldest geologic unit
exposed near the study area. The La Plata and Mancos Rivers and McEImo Creek
are important for irrigation of croplands. These streams head in the San Juan
Mountains in Colorado and have segments of minor perennial flow. A1l other
flow is short-term response to snowmelt and infrequent storm runoff. Springs
are abundant in the mountains; some of them flow throughout the year.

June and July are generally the months of maximum flow, resulting from
spring snowmelt mostly upstream from the report area. During most of the
remainder of the year, the streams have much lower flow with minimum flow
generally occurring during September and October. Perennial streams are
maintained mostly by ground-water contributions, irrigation runoff, and
discharge from surface-water reservoirs during these low-flow periods.
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Precipitation

Precipitation for the study area was first measured and recorded at
Mancos in 1898, Durango in 1900, and at Monticello in 1902. Since then,
abundant precipitation data have been collected, as summarized in several
tables and illustrations in this section of the report.

A summary of average annual precipitation at weather stations in and near
the study area is given in table 1. Location of the stations are shown on
figure 4. Because some of the periods of record for precipitation are short
in relation to the records at Monticello and Durango, all short-term station
averages were adjusted to the longer-term means (table 1). These values were
then plotted on a graph (fig. 5) to determine the general relation of
precipitation to altitude in the area. As shown, average precipitation
systematically increases with altitude from about 170 mm/a at an altitude of
1,300 m to 900 mm/a or more at altitudes of 3,000 m. These precipitation
values approximate the entire precipitation range for the study area.

Areal distribution of precipitation in the study area is shown in
figure 4. Average annual precipitation on the mesas and flatlands ranges from
about 150 to 500 mm. Potential average annual evaporation is estimated to be
1,000 to 1,250 mm (Iorns and others, 1965, plate 8). Therefore, mesas and
flatlands are arid to semiarid. At higher altitudes, in the Abajo Mountains,
Sleeping Ute Mountain, and San Juan Mountains, precipitation exceeds 600 mm/a;
the climate is subhumid to humid, because the quantity of precipitation is
similar to the quantity of potential evaporation.

The Blanding-Durange area, according to Pyke (1972, fig. 36), is in a
precipitation zone characterized by maximum precipitation in August. Monthly
distribution of precipitation is shown in figure 6 for Monticello and Durango.
Both stations have similar distribution patterns: (1) A dry period from
November through June; and (2) a wetter period from July through October.
Precipitation patterns in the lower, more arid southwestern part of the study
area are somewhat more erratic because of fewer storms.

To evaluate the long-term hydrologic character of the area, short-term
measurements have to be put into a long-term perspective; information is
presented in figures 7 and 8 to show that perspective. As seen in figure 7,
for the period of recorded precipitation, dry conditions prevailed during
1900-04, 1930-39, and 1942-78. Moist conditions are noted during 1905-29 and
1940-41. These modern short-term variations in precipitation are typical of
the short-term cycles occurring since 1130, based on tree-ring chronologies in
figure 8. Prior to that time, climatic conditions probably were more moist.

In conclusion: (1) Recent precipitation probably reflects a continuation
of the general trend since 1130, with no long-term increases or decreases in
overall climatic dryness; (2) more moist and more dry periods, similar to
those recorded since that date, will probably occur in the future; (3) moist
conditions similar to those for 700-1130 are possible sometime again in the
undetermined future.
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Figure 5.--General relationship between precipitation and altitude in and
near the Blanding-Durango area. Based on data from National
Weather Service.
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CUMULATIVE DEPARTURE FROM AVERAGE ANNUAL PRECIPITATION, IN MILLIMETERS
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Figure 7.--Cumulative departure from average annual precipitation, based

on measured precipitation at Durango, Colorado, and Monticello,
Based on data from National Weather Service.
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Estimated volume of average annual precipitation is about 4,400 x 10% m3
within the study area (table 2). These estimates are based on the altitude-
precipitation relation shown in figure 5.

Runoff

Three potential sources of runoff exist in the study area: (1) Melting
mountain snow during the spring; (2) infrequent summer and early fall showers;
(3) surplus water from trans-basin diversion from the Dolores River northeast
of the study area for irrigation.

Most of the study area has an average annual rate of runoff less than
10 mm. North of Durango, at higher altitudes, the rate of average annual
runoff increases rapidly to a maximum value of about 250 mm/a (fig. 9).
Streams draining the high mountains usually are perennial, with small flood
peaks, caused by slow snowmelt. Flow in streams at lower altitudes is
sporadic. Storms in the study area generally are short~duration, high-
intensity summer thunderstorms that cause local flooding. At all other times,
streamflow is nonexistent, unless it is sustained by ground-water discharge or
surplus water from irrigation.

Imported water in addition to normal streamflow is used to irrigate
approximately 59.5 km?2 of farmland near the headwaters of the Mancos River,
La Plata River, and McElmo Creek between May and October (fig. 10). As much
as 91.5 x 106 m® of water per annum is used for irrigation. A large part of
the irrigation water 1is transpired and evaporated from soil; the remainder
percolates downward to the saturated zone of the upper ground-water system.
Locally, water from the recharged upper ground-water system may move laterally
to discharge into streams.

Trans-basin diversion from the Dolores River is about 158.5 x 106 m3/a.
This diversion, coupled with flow regulation by reservoirs, probably is
responsible for maintaining flow in the upstream reach of McEImo Creek during
the drier parts of the year.

Hydrogeologic Units and Structural Features

The 50 stratigraphic units that underlie the study area are summarized in
table 3 (in pocket); they have been grouped into 10 hydrogeologic units
according to their hydraulic interconnection and water-transmitting
properties, which 1is related to their general Tlithology. The six
hydrogeologic units above the evaporite hydrogeologic units comprise the upper
ground-water system, and the three hydrogeologic units below the evaporite
comprise the lower ground-water system.

The lithology of rocks underlying the study area is diverse. Siltstone,
mudstone, shale, and intrusive rocks generally have low hydraulic
conductivities and, therefore, transmit little water. Sandstone,
conglomerate, gravel, dolomite, and limestone have a wide range of hydraulic
conductivity; however, they generally are more transmissive than the
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siltstone, mudstone, shale, and intrusive rocks. Sandstone and conglomerate
may have both primary and secondary permeability; in carbonate rocks,
particularly dolomite, characteristically secondary permeability dominates.
Salt and gypsum at great depths below land surface have a plastic character
and are commonly self-sealing when fractured; as a result, they transmit even
less, if any, ground water. Although alluvial deposits commonly have very
significant hydraulic conductivities; in the study area, they are relatively
thin and generally unsaturated. However, along the upstream reaches of the
San Juan River and along the Mancos River, alluvial deposits are thicker and
are generally saturated (pl. 1).

Excluding the alluvium (table 3), two aquifers comprise the upper ground-
water system and are referred to as the Cutler aquifer and the Mesozoic
sandstone aquifer. In the northern part of the Paradox basin, the Cutler
aquifer was not considered a major aquifer (Rush and others, 1981). Because
af an increase in permeable strata from intertonguing of thick sandstone units
of the Cutler Formation in the study area, it was appropriate to treat this
unit as an aquifer.

Lower Paleozoic Aquifer

The lower Paleozoic aquifer includes mostly limestone and dolomite, which
are generally porous and permeable. The Leadville Limestone of Mississippian
age or equivalents are the principal water-yielding units in the Tlower
ground-water system. The formation consists of a lower dolomitic unit and an
upper limestone unit. The dolomite generally has greater porosity and
permeability than the 1limestone (Hanshaw and Hill, 1969, p. 271; Hood and
Danielson, 1979, p. 14). This predominantly limestone formation occurs only
in the subsurface in the Blanding-Durango area. The unit is exposed a short
distance north of Durango, Colorado, but pinches out in the subsurface along
the Uncompahgre Plateau north of these exposures. Transmissivity values for
the Leadville obtained from drill-stem tests in the western Paradox basin
range from less than 1.4 x 1073 to more than 5.4 m2/d (Thackston and others,
1981, p. 215). According to Neff and Brown (1958, p. 108), some of the
Devonian rocks are permeable and transmit water as part of the lower Paleozoic
aquifer.

Cutler Aquifer

The Cutler aquifer principally is composed of the Cutler Formation and is
dominantly sandstone, with some mudstone, siltstone, and limestone present in
lower members. Thin sandstone beds that overlie the Cutler Formation also are
included in this aquifer. These beds comprise the Hoskinnini Member of the
Moenkopi Formation (table 3). During Permian time, uplift and erosion
occurred in the Uncompahgre Plateau, and a large volume of coarse sediments
accumulated in the Paradox basin, which was near the source area. Finer
sediments were carried farther westward and deposited as the Halgaito and
Organ Rock Tongues of the Cutler Formation. These two tongues are
intercalated with two eolian sandstone units, the Cedar Mesa Sandstone and
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DeChelly Sandstone Members. The two fine-grained tongues are relatively
impermeable layers above and below the Cedar Mesa Sandstone Member, from which
significant spring-flow occurs (Witkind, 1964, p. 81).

Mesozoic Sandstone Aquifer

The Mesozoic sandstone aquifer in the study area consists of a sequence
of 15 rock units, predominantly sandstone, that thickens to the northwest
(table 3). Most of the volume of this aquifer is unsaturated throughout most
of the study area; however, perched water bodies are common and yield small
supplies to wells and springs. The principal water-yielding units are the
Wingate, Navajo, Bluff, and Dakota Sandstones, the Slick Rock Member of the
Entrada Sandstone, and the Morrison and Burro Canyon Formations (Hite and
Lohman, 1973, p. 9; Huntoon, 1977, p. 5; Hood and Danielson, 1979, p. 14).
Thin permeable units occur within Mesozoic confining beds.

Springs commonly occur at the base of the more permeable units, such as
sandstones in the Bluff, Navajo, and Wingate Sandstones. Springs are
discussed in more detail in a later section of this report.

Evaporite Confining Beds

Evaporite confining beds of the Paradox Member of the Hermosa Formation
that separate the upper and lower ground-water systems are nearly impermeable
(Rush, 1980, p. 15); they generally form a hydraulic boundary between the two
systems, except perhaps locally in the grabens near the Abajo Mountains
(pl. 1). Here, some recharge from precipitation may be infiltrating to the
lower ground-water system. The presence of sodium chloride water in
equivalents to Leadville strata, which Tie below the saline facies of the
Paradox Member, was suggested by Hanshaw and Hil1l (1969) as being the result
of downward cross-formational flow of saline water from the Paradox Member.
They believed that cross-formational flow could only occur in areas where the
normal stratigraphic sequence has been disrupted. Locally, the conduits of
these flows might be caused by faulting or folding in areas such as the
Verdure graben, or by diapirism-induced pinchouts of the salt adjacent to salt
anticlines. These structurally related pathways, if permeable, would allow
water to flow past and dissolve the Paradox salt, then flow downward into the
Leadville equivalent carbonates. Gaping surficial cracks filled with alluvium
are common in the graben area (Biggar and others, 1981), which serve as
recharge areas during intense rains.

Stratigraphic units that transmit little water occur immediately above
and below the evaporite confining beds. These confining beds, in addition to
providing a hydraulic barrier between aquifer systems, also provide a barrier
between the salt and overlying and underlying aquifers. Lower and Middle
Pennsylvanian confining beds contain a large percentage of shale that provides
separation between the bottom of the evaporite confining beds and the
underlying lower Paleozoic aquifer. Overlying the evaporite confining beds
are shale and mudstone that separate the evaporite confining beds from the
Cutler aquifer (table 3).
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Outcrop Patterns

The outcrop pattern of the hydrogeologic units in the study area is shown
on plate 1. The most widely outcropping units are those of the upper
ground-water system. The oldest rocks crop out just outside the southwestern
part of the study area, near Mexican Hat, where the San Juan River has incised
beds of the upper member of the Hermosa Formation. The principal mapped
faults (Hintze and Stokes, 1964; Andrews and Hunt, 1956) also are shown on
plate 1. Numerous faults and associated fractures in the northwestern and
southeastern part of the study area locally may control the lateral and
vertical direction and rate of ground-water flow.

Drili1-Stem Tests

Formation-fluid recovery rates during drill-stem tests of petroleum-
exploration wells are related in part to permeability of the tested zones.
Results of 242 tests are summarized in table 4. This table is based on
results of drill-stem tests that are summarized in tables 14 and 15 in the
Supplemental Data section at the end of this report. Tabulation of fluid-
recovery rates shows that the Cutler Formation has the fastest recovery rate;
thus, it probably has a relatively appreciable effective permeability. Some
bias probably 1is introduced, however, because several of the hydrogeologic
units have too few tests to constitute an adequate number of samples, and many
of the tests are for wells in established oil fields, where permeability is
known to be favorable for production. The Hermosa Formation, in addition to
containing evaporites, also includes some marine shelf facies, as in the Aneth
area (Utah), where porosity and permeability are much more than in the
formation as a whole. These are especially favorable as oil or gas
reservoirs; therefore, they have been intensively explored and tested by
drill-stem tests.

Values of transmissivity and hydraulic conductivity for all the
individual hydrogeologic units generally are not known. Based on the
lithology, grain size, and drill-stem tests of the strata that comprise these
units (table 3), relative permeability ranking, not including the alluvial
aquifer, probably is as follows:

Rank Unit

o

Most permeable Mesozoic sandstone aquifer

N Cutler aquifer
Lower Paleozoic aquifer
Tertiary and Cretaceous confining beds
Mesozoic confining beds
Upper and Middle Pennsylvanian confining beds
Middle and Lower Pennsylvanian confining beds
Lower Paleozoic and Precambrian confining beds
Least permeable Evaporite confining beds

A map of the relative potential of the upper ground-water system to yield
formation fluid (fig. 11) serves as an approximate index of permeability
distribution in the study area. This map is based partly on rates of fluid
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recovery and partly on reported yields of water wells; however, data do not
show an orientation of permeability patterns that easily can be related to
geologic framework of the study area.

Permeability and porosity have been determined for cores of Cretaceous
and Pennsylvanian rocks from oil-test wells in areas thought to have hydro-
carbons; these date are presented in table 5. Values of permeability obtained
from a limited number of cores may not be representative of the average
permeability of the aquifer. Laboratory permeameter results may be quite
different from those obtained by means of pumping tests conducted in the
field. Because undisturbed samples of unconsolidated rock are virtually
impossible to obtain, one has to be aware that the core samples may have
undergone some degree of change in porosity, packing, and grain orientation,
which alters the permeability of the rock. Core-laboratory analyses define
the permeability of pieces of a core, usually in 0.3-m increments. These
values were averaged for the entire length of the core and reported as
"average permeability." Interstitial permeabilities of core samples to
nitrogen gas for sandstone of Mesozoic and Permian age were measured by Jobin
(1962, table 31); these permeability values are given in table 6.

Ground-Water Occurrence

Water in the rocks of the study area occurs as: (1) Water in the
unsaturated part of the upper ground-water system that originates as recharge
from local precipitation and is percolating downward toward the underlying
zone of saturation; (2) percolating water trapped by an impervious stratum in
the unsaturated part of the ground-water system and perched above the zone of
saturation; and (3) water in the saturated part of the upper regional
ground-water system, and in the saturated Tower regional ground-water system.
In the Tower ground-water system, the principal component of flow is in a
horizontal direction. Water enters and leaves the study area from beyond its
boundaries and is part of a large, regional flow system (Hanshaw and Hill,
1969, p. 271).

The potential for water to recharge the saturated zone of the upper
ground-water system indirectly increases with increasing precipitation. In
the study area, precipitation generally increases toward the north, and it may
be assumed that the potential for ground-water recharge has a similar pattern.
Where ground-water recharge occurs, water commonly percolates vertically
through as much as several hundred meters before reaching the zone of
saturation and becoming a part of the upper regional flow system. Part of the
perched water may be discharged from shallow depths by evaporation,
transpiration of phreatophytes, and springs, thereby not reaching the
saturated zone.

In the vicinity of the San Juan River, all permeable strata below the
altitude of the river are saturated with water, except where oil and gas
occur. In general, depth to the saturated zone increases with distance from
the river, because of increase in altitude of the land surface. Depth to the
saturated zone may exceed several hundred meters beneath highlands in the
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Table 6.--Interstitial permeability of Mesozoic and Permian
sandstones
[From table 31 of Jobin (1962)]

Mean interstitial

Formation Location ::gzzs ggf:?:?l;;;y;as
(millidarcies)
Mesaverde Group Mesa Verde National Park, Colo. 26 162
Dakota Sandstone and McEimo Canyon, southwest of Cortez, Colo. 4 186
Burro Canyon Formation
Comb Ridge, west of Blanding, Utah 4 813
Morrison Formation, Brushy McElmo Canyon, southwest of Cortez, Colo. 2 10
Basin Member
Morrison Formation, Salt McElmo Canyon, southwest of Cortes, Colo. 10 263
Wash Member
Morrison Formation, McEImo Canyon, southwest of Cortez, Colo. 7 589
Westwater Canyon Member
Morrison Formation Comb Ridge, northwest of Blanding, Utah 10 813
Bluff Sandstone McElmo Canyon, southwest of Cortez, Colo. 4 3,240
Bluff, Utah 11 1,100
Entrada Sandstone McEimo Canyon, southwest of Cortez, Colo. 9 1,440
Comb Ridge, west of Blanding, Utah 10 138
Comb Ridge, west of Bluff, Utah 5 26.3
Carmel Formation McElmo Canyon, southwest of Cortez, Colo. 2 .00
Comb Ridge, west of Blanding, Utah 2 21.4
white Canyon, east of Hite, Utah 3 53.7
Navajo Sandstone McEImo Canyon, southwest of Cortez, Colo. 8 178
Comb Ridge, west of Bluff, Utah 13 398
Comb Ridge, west of Blanding, Utah 5 525
Kayenta Formation Comb Ridge, northwest of Blanding Utah 9 138
Comb Ridge, west of Bluff, Utah 6 282
Wingate Sandstone Comb Ridge, west of Bluff, Utah 5 63.1
Comb Ridge, west of Blanding, Utah 6 115
Chinle Formation, Deer Flat, east of Hite, Utah 10 282
Shinarump Member
Chinle Formation, Moss Deer Flat, east of Hite, Utah 7 891
Back Member
Chinle Formation Comb Ridge, west of Bluff, Utah 3 1.10
Dolores Formation Dolores River Canyon, northeast of Cortez, Colo. 5 .00
Cutler Formation wWhite Canyon, east of Hite, Utah 5 195
Dolores River Canyon, northeast of Cortez, Colo. 3 56.2

l1Represents an average of horizontal and vertical permeability.
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northeastern and northwestern parts of the study area; depth to the saturated
zone in the southern part of the study area may be as shallow as 30 m near the
San Juan River.

Because there were no large regional declines in hydraulic heads caused
by pumping reported within the study area, it is assumed that the volume of
ground water 1in storage only has been affected 1locally. The long-term
production of o0il from the equivalent of the Leadville Limestone, near Aneth
has not created a noticeable cone of depression in the potentiometric surface
of the lower ground-water system (fig. 12). The lower ground-water system
probably is totally confined by overlying evaporites and confining beds with
negligible hydraulic conductivity. Locally, mounds occur in the upper ground-
water system under areas of extensive irrigation, indicating local recharge by
downward percolation from fields and canals. The 1location of the area
irrigated in the Blanding-Durango area is shown in figure 10.

GROUND-WATER FLOW

Inflow to the Ground-Water Systems

Potential sources of inflow to the upper ground-water system include
recharge from precipitation, 1local infiltration in sandy channels of
tributaries of the San Juan River, and subsurface inflow to the study area
from adjoining areas.

Inflow to the lower ground-water system is by lateral ground-water flow
from outside the report area. Evaporite-confining beds prevent vertical flow
between the upper and lower ground-water systems, except in the area west of
Comb Ridge, where evaporite confining beds thin to a thickness of 17 m or
less, and possibly near the Abajo Mountains, where confining beds are
faulted. Hydraulic-head data indicate that the two aquifer systems generally
function independently within the study area. In addition, no indisputable
evidence of natural mixing of the two different waters occurs near the contact
of these two aquifers and their confining beds. Occurrences of oil and gas
below depths of 52 m in a well drilled into the lower member of the Hermosa
Formation in the San Juan Canyon in 41/19-27, indicates that the lower member
is a confining bed in this locality (Baker, 1936, p. 89). Here, interbedded
shales prevent appreciable vertical flow of water.

Recharge from Precipitation

A part of the precipitation that falls in the study area infiltrates to
the ground-water reservoir. In this section of the report, only a minimal
estimate is made of annual quantity. An empirical method of estimating
average annual ground-water recharge from precipitation in desert regions was
developed by Eakin and others (1951, p. 79-81). Recharge was estimated as a
percentage of the average annual precipitation within an area. Geographic
zones in which average precipitation ranges between specified limits were
delineated on a map, and a percentage of precipitation was assigned to each
zone; this percentage represented assumed average recharge from average annual
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precipitation in that zone. Such an estimate was calculated for the north-
western part of the Paradox basin (Rush, Whitfield, and Hart, 1981), where
very little, if any, runoff reaches regional streams and flows from the area.
In the Blanding-Durango area, potential for such surface-water outflow is much
larger because of greater precipitation and runoff rates; under these
conditions, the estimation method of Eakin and others (1951) is not valid.
However, if a recharge rate of only 2 percent is assumed for the areas
receiving the most precipitation (areas above 2,100 m in altitude), a minimum
approximation of annual recharge would be about 33 x 106 m3.

Most water in the upper ground-water system originates as recharge from
precipitation in higher parts of the study area--around the Abajo Mountains,
Sleeping Ute Mountain, La Plata Mountains, Mesa Verde National Park, and
topographic ridges between adjacent drainage basins. These recharge areas are
similar to recharge areas on the Navajo Indian Reservation, where altitude is
predominantly above 1,981 m, and where annual precipitation is more than
356 mm (Cooley and others, 1969, p. A4l).

Recharge to the Lower Ground-Water System

Recharge to the Tlower ground-water system occurs mainly east and
northeast of the study area, as indicated by potentiometric contours in
figure 12. These contours are based mainly on data from drill-stem tests of
oil and gas exploration wells. Drill-stem test data for both the upper and
lower ground-water systems were evaluated by techniques described by
Bredehoeft (1965) and Hackbarth (1978). Selected drill-stem data are included
in tables 14 and 15 in the Supplemental Data section at the end of the report.

Where the lower ground-water system crops out beyond the study area and
boundaries of the Paradox Basin, it receives recharge from precipitation and
from streams that cross the outcrops. Water in the Tower ground-water system
generally flows southwestward beneath the study area. Vertical flows may
occur near the Abajo Mountains where overlying confining beds either are
breached by the intrusion of magmatic rock or are faulted.

Outflow from the Ground-Water Systems

OQutflow from the upper ground-water system includes evapotranspiration,
springflow, discharge to the San Juan River, subsurface outflow, and discharge
by wells. Of these, only subsurface outflow occurs from the Tower
ground-water system.

Evapotranspiration
Ground water 1is discharged by transpiration of phreatophytes and

evaporation from soil where the water table is shallow. These areas primarily
are the flood plains of the San Juan and Mancos Rivers, and along ephemeral
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streams such as Montezuma Creek. Along ephemeral streams, discharge is
principally drainage from perched zones of saturation and short-term runoff
resulting from storms and snowmelt.

The area covered by phreatophytes is approximately 56 km2, of which about
29.5 km?2 are on the flood plains of the two perennial streams, the San Juan
and the Mancos Rivers (pl. 2). Generally, where stands of salt cedar, willow,
cottonwood, and salt grass grow, the water table is less than 6 m below the
land surface. Greasewood, salt bush, and rabbit brush can be supported, where
the water table is 3 to 15 m below land surface. A dense growth of
phreatophytes occurs along the San Juan River downstream from its confluence
with the Mancos River to Mexican Hat. The density and size of salt cedar and
greasewood plants are greater in that area than anywhere else in the Paradox
basin. Using pan-evaporation data from a hydrologic station at Mexican Hat,
0.46 m3/s of river water was calculated to have been lost along this same
reach by evaporation from the river surface. Evaporation losses from the
moist sand surfaces adjacent to the San Juan River were not included in this
calculation. In addition, for this same reach of the river, a total of
0.41 m3/s of ground water was calculated to be discharged through
evapotranspiration from phreatophyte areas. Thus, the San Juan River and its
tributaries serve as major discharge areas of ground water through
evapotranspiration.

Total tran%?iration by phreatophytes in the Blanding-Durango study area
is about 33 x 10® m3/a. This estimate is based on an estimated average annual
rate of transpiration of about 1.0 m by salt cedar, cottonwood, and willow,
and about 0.1 m by greasewood, salt bush, rabbit brush, and salt grass. These
rates are based on research done by Lee (1912), White (1932), Young and Blaney
(1942), Houston (1950), Robinson (1965), and Harr and Price (1972) in other
areas. In the study area, about 30 km? are covered by salt cedar, cottonwood,
and willow, and about 26 km?2 are covered by greasewood, salt bush, rabbit
brush, and salt grass.

Discharge to Streams

Location of water in streams during a low-flow period, as determined by
aerial observation, 1is shown in figure 13. Reaches of tributaries to the
San Juan River, in which water flowed during low flow in October 1979, are
shown. Low-flow stream measurements along selected reaches of major
tributaries in the study area indicate that they are not receiving large
quantities of ground-water discharge from the upper ground-water system. The
lower ground-water system probably is not hydrologically connected with the
upper ground-water system, or to sources of surface water in the study area,
except perhaps in the Abajo Mountains.

Water discharges from the upper ground-water system into the San Juan
River, as well as to reaches of Cottonwood Wash, McElmo Creek, the Mancos
River, and the La Plata River. This observation is supported by the following
data: (1) Instantaneous measurements of streamflow (as listed in table 7);
(2) distribution of potentiometric contours for the upper ground-water system
(pl. 2); and (3) evapotranspiration survey (as shown on pl. 2). The location
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Table 7.--Stream-discharges for Cottonwood Wash, McElmo Creek, Mancos River,
La Plata River, and San Juan River, showing average annual, and low-flow measurements
TA11 discharges expressed in cubic meters per second; see figure 3 for site and station locations]

Cottonwood Wash

Data point Site 1 Station 2
Average arnual discharge -- 2.1 x 1071
Period of record - 1964-78
Low fiow 2.2 x 1072 dry
Date of measurement 10-19-79 10-19-7¢

McETme Creek

Data point Station 3 Station 4 Station 5 Site 6
Average annual discharge 6.8 x 1071 10.5 x 1071 12.7 x 1071 --
Period of record 1872-77 1972-77 1951-77 --

Low flow 5.1 x 1072 1.8 x 1071 6.2 x 1071 4.8 x 1071
Cate of measurement 10-19-79 10-19-79 10-19-79 10-18-79

Mancos River

Data point Station 7 Station & Site 9
Average annual discharge 1.9 x 1071 1.4 --
Period cf record 1577 only 1920-43, 1951-77 --
Average annual discharge 1.9 x 107! 1.8 x 107! --

1977 cnly 1877 only 1977 only --

Low flow 2.8 x 1071 0.09 x 1071 1.6 x 1071
Date of measurement 10-19-79 10-18-79 10-19-79

La Plata.River

Data point Station 10 Station 11
Average annual discharge 12.5 x 1071 9.4 x 1071
Period of record 1917-77 1920-77
Low flow 6.6 2.4
Date of measurement 10-19-79 10-19-79

San Juan River

Data point Site 12 Station 13
Average annual discharge -- 7.1 x 10t
Period of record - 1914-78

Low flow 2.0 x 101 2.1 x 10%
Date of measurement 10-20-79 10-20-79
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of discharge-measurement stations and sites that will be discussed in this
section of the report are shown in figure 3. Ground-water flow to Cottonwood
Wash in October sustained streamflow at site 1, but not at station 2.
Measured flow at site 1 was 2.2 x 1072 m3/s (as listed in table 7). Farther
downstream, at station 2, no flow was observed; however, ground-water flow
toward the wash was being discharged by phreatophytes (pl1. 2). Between
station 2 and the San Juan River, phreatophyte distribution was intermittent.
At the time of the low-flow measurements, no streamflow in Cottonwood Wash was
reaching the San Juan River (fig. 13). All the observed low flow either was
evaporated or had reentered the upper ground-water system beneath the wash.

At station 3, on the headwaters of McEimo Creek, a Jow-flow rate of
5.1 x 107! m3/s was measured (table 7). Discharge from the upper ground-water
system occurs here, as shown by the potentiometric contours on plate 2.
Regulation by reservoirs affects streamflow at this station, following periods
when return flow from irrigation flows back into surface streams. Therefore,
discharge from the upper ground-water system for this station cannot be
determined quantitatively.

Streamflow at station 4 is Tless than would be expected (table 7),
probably because of significant transpiratjon by salt cedar and cottonwoods.
Hydraulic-head distribution near station 4 is not well known. Relatively
large flows occur in the reach of McElmo Creek upstream from station 5 during
low-flow periods (table 7). No importation and regulation of water occurs in
this area, and discharge from the upper ground-water system is inferred.
Potentiometric contours (pl. 2) support this assumption.

Discharge from the upper ground-water system occurs along the Mancos
River (as shown by potentiometric contours on plate 2). Flow at station 8 is
considerably less than at station 7 and site 9 during low-flow periods
(table 7).

Discharge for the La Plata River at station 10 was 6.6 m3/s on
October 19, 1979. On this same date, farther downstream at station 11, the
discharge had decreased to 2.4 m3/s. Extensive irrigation in the upstream
reach of the La Plata River is shown in figure 10. Diversion and regulation
are not important considerations here, and water availability is limited to
ground water and infrequent summer rainfall. Lack of water at station 11
results from evapotranspiration.

Low-flow measurements at site 12, site 6, and station 13 indicate that
water is lost at a rate of 1.88 x 107! m3/s between site 12 and station 13.
However, potentiometric contours indicate that water is discharging from the
upper ground-water system along the San Juan River. A rapid rate of
evapotranspiration adjacent to the San Juan River is presumed to be the major
cause of water loss during lTow flow.
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Spring Discharge

A total of 259 springs were found on 7.5-minute and 15-minute topographic
quadrangles of the Blanding-Durango area. The actual number of springs is
probably greater, as many very small intermittent springs probably went
unnoticed or unreported, because of negligible flow or remoteness of location.
Many springs that flow in spring and early summer are dry by fall and become
intermittent. The number of perennial springs is estimated to be 36. A
summary of the number and type of springs associated with the various rock
units is provided in table 8.

In the study area, springs occur as contact, artesian, or fracture
springs. Most are contact springs; they occur in all the stratigraphic units
except the Mancos Shale. Contact springs generally .are concentrated along
canyon walls, where a less permeable unit is overlain by a more permeable
unit. Artesian and fracture springs occur in areas adjacent to igneous
intrusives, where surrounding sedimentary-rocks have been fractured and domed
upward. Major water-movement controls in the Wingate Sandstone are vertical
joints and bedding planes. Cross-bedding 1is the control in the Navajo
Sandstone. Seepage springs are numerous and occur along stream channels and
in mountains.

Alluvial and eolian sandstones in the Morrison, Cutler, and Dakota-Burro
Canyon Formations have most of the spring discharge. The Navajo, Wingate, and
Bluff Sandstones, as well as the Mesaverde Group and the Tertiary volcanic
rocks also have a significant number of springs, but these springs have
smaller yields than those in the preceding group (table 8). The greatest
concentrations of springs occur along Comb Ridge, in the extreme western part
of the area. There, the greatest density of springs is located in 42/20 and
43/20, along the contact between the Navajo Sandstone and the underlying
Kayenta Formation (pl1. 1). Springs in the north-eastern part of the area are
associated with younger rocks; springs in the southwestern part are associated
with older rocks of the region, reflecting the general outcrop pattern.

Published data on rate of flow of springs are sparse. Measurements were
made for three springs during October 1978. Two of these springs were issuing
from the Moss Back Member of the Chinle Formation: Notch Spring (35/20-6) and
Crystal Spring (33/19-27). Notch Spring was flowing 0.13 L/s and Crystal
Spring was flowing 0.19 L/s. Sweet Alice Spring (33/18-34), issuing from the
Cedar Mesa Sandstone Member of the Cutler Formation, was flowing 0.16 L/s.
These rates probably are representative of spring flows of the area, based on
recharge, runoff, and precipitation data.

Well Discharge

One hundred thirty-seven water wells were selected from the Utah and
Colorado State Engineer's application forms to provide representative ground-
water data for the Blanding-Durango area. Two wells were picked per township
in order to provide regional coverage; these selected wells are listed in
table 9. An attempt was made to field-check all these wells for water level,
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specific conductance of water, yield, and use, but all such data were
collected at only a few wells. Water readily is available at shallow depths
from stratigraphic units in the upper ground-water system. The only wells
inventoried that penetrated the lower aquifer system were 0il wells; these are
discussed as drill-stem tests in the sections, Subsurface Inflow and
Subsurface Outflow, of this report.

Of the 35 wells inventoried, most were small-diameter, small-yield wells
primarily used for rural domestic and livestock purposes. Water wells also
are used for municipal, industrial, and irrigation water supplies. Some of
these wells are entirely «cased, and the <casing penetrating the
water-transmitting unit is either screened or perforated. Yields range from
0.06 to 14.2 L/s. The Navajo Sandstone is the major unit yielding water to
shallow wells.

Total annual outflow from the upper ground-water system by means of
pumpage for rural domestic, livestock, municipal, and industrial uses in the
study area was estimated to be 413 x 108 L. The sparse population and
scarcity of industrial and agricultural pursuits in this area mean that demand
for large quantities of water is small; thus, pumpage remains a minor part of
the outflow budget.

Rural domestic

Withdrawals of ground water by rural populations were estimated, based on
census figures. Consumption figures for homes with indoor plumbing and for
homes without plumbing were applied, based on local economic conditions and
local depths to water. Human consumption of ground water was estimated to be
185.6 x 106 L for 1980.

Livestock

Ground-water consumption by livestock was estimated by multiplying the
species population by a consumption figure obtained from the U.S. Bureau of
Land Management. Animal populations were obtained from the Utah and Colorado
State Agricultural Statistics Reports (1981). These animal census figures are
based on January counts; populations may vary widely during the marketing
year. Consumption figures were adjusted in areas having surface-water
supplies. Livestock ground-water consumption during 1980 is estimated to have
been 178.6 x 108 L.

Municipal

The town of Bluff in San Juan County, Utah, pumped 43 x 10% L of water
during 1980 from three wells open to sandstones of the Glen Canyon Group. The
town of Monticello drilled 13 wells during the 1977 drought, but has relied on
jts historical spring supply and surface-water runoff sources from pediment
gravels in the wetter years since then. These wells completed in the Dakota
and Burro Canyon Formations probably were used during the dry 1981 season.
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Thirty-two kilometers south of Monticello, the town of Blanding also uses its
normal surface-runoff sources and diversion from Indian Creek for its water
supply. Water from the headwaters of Indian Creek is diverted by an aqueduct
southward to Blanding. Considerable runoff from the north slope of the Abajo
Mountains occurs in Indian Creek during the spring and early summer. The town
has plans to set pumps in three old wells of varying depths, that are
completed in the Navajo and Dakota Sandstones and some intervening formations,
to meet its municipal demands. The town of Dove Creek, Colorado, pumped
17.1 x 10% L of water during 1980 from two wells screened in the Dolores River
a]}uvium; these wells are located about 10 km northeast of Dove Creek in
41/18-14.

Industrial

The largest single consumer of ground water in the study area is the
Energy Fuels uranium mill on White Mesa, about 10.5 km south of Blanding in
37/22. Four wells are located in section 28, and one well in the southwestern
corner of section 22. They are completed in the Navajo Sandstone and are
capable of producing a total of 45.4 L/s of water. Pumpage from these four
wells was about 6.0 x 10% L during 1980. A sixth and new well located in the
southeastern corner of section 33 1is completed through the Navajo into the
Wingate and is capable of producing 12.6 L/s of water. No water supplies have
been developed from the lower ground-water system in the study area.

Baseflow

Potentiometric contours for the upper ground-water system on plate 2 show
that ground water has a general flow direction to the southwest, where it
discharges into the San Juan River and its tributaries; along the western
boundary of the study area, flow is westward toward the Colorado River
(pl. 2).

The potentiometric contours of hydraulic-head data obtained from drill-
stem tests of o0il and gas wells for the lower ground-water system (fig. 12)
shows that water in this system has a regional flow direction also toward the
southwest, where it probably discharges ultimately into the Colorado River in
southern Utah and northern Arizona. In the Grand Canyon, and in the Canyon of
the Little Colorado River, the Mississippian strata that are herein referred
to as the lower ground-water system are equivalent for the most part to the
Redwall Limestone. Large springs discharge from this unit on the north wall
of the Grand Canyon. These springs provide freshwater to the park
headquarters located on the South Rim and may be from a flow system that flows
west of the Paradox basin from the recharge area in the Uinta Mountains.
Cooley (1976) observed springs discharging into the Canyon of the
Little Colorado River containing dissolved solids ranging from 2,320 to
3,970 mg/L.

An estimate of baseflow to the San Juan River was made during a very low

water period in July 1959, before the Navajo Dam was built. Baseflow in this
report is defined as ground water contributed to a stream. Total estimated
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baseflow in the San Juan River between the gaging stations at Shiprock,
New Mexico, and Bluff, Utah (this station is actually at Mexican Hat, Utah),
was 0.81 m3/s (table 10) as calculated from surface-water data of the
U.S. Geological Survey (13859). The river gain per kilometer of river length,
163 km, was 5.0 L/s. A river gain similar to this was determined on
October 20, 1979, during a time when the Navajo Dam on the San Juan River near
Navajo City, New Mexico, was releasing surface water (table 11). Low-flow
streamflow measurements from downstream from the confluence of the Mancos and
San Juan Rivers and the gaging station at Mexican Hat (a distance of 124.7 km)
indicate a baseflow of about 0.51 m3/s, after subtracting inflow from McElmo
Creek, the only tributary flowing into the San Juan River, and also
subtracting the release of water from Navajo Dam during this low-flow period
(fig. 3). The gain per kilometer of river length, 124.7 km, was 4.1 L/s.
This baseflow is considered to be from the upper ground-water system.

Estimated total baseflow to the San Juan River of 0.51 m3/s between the
Mancos River and Mexican Hat, Utah, *and 0.81 m3/s between Shiprock,
New Mexico, and Mexican Hat, Utah, are small values of ground-water inflow.
However, no large ground-water contributions from springs occur, and baseflow
must be from percolation through the rocks, so baseflow is expected to be
small. During very dry seasons, the San Juan River ceases flowing, and no
large springs in the river bed were observed, further indicating 1little
ground-water baseflow. An example of the San Juan River ceasing to flow
occurred at Mexican Hat from August 24 through 27, and on August 29, 1939;
during this same month from August 24 through 25, a low flow of 0.23 m3/s was
measured at Shiprock, New Mexico (U.S. Geological Survey, 1959).

Another approach is to estimate ground-water baseflow using estimated
average interstitial hydraulic conductivity of 0.33 m/d (400 md), from
table 6; total thickness of sandstones in the upper ground-water system of
427 m; average river flood-plain width of 1,130 m; and an average gradient of
0.012 m/m from plate 2; and substituting into the formula Q = KIA, one obtains
Q = 0.022 m3/s as follows:

i

Q=0.33m/d x 0.012 2 x 427 mx 1,130 m
m

1,910 m3/d = 0.022 m3/s ,

where
Q = baseflow, in cubic meters per second;
K = hydraulic conductivity, in meters per day;
I = hydraulic gradient, in meters per meter; and
A = cross-sectional area, in square meters.

This estimated baseflow, Q, probably would be much larger if the hydraulic
conductivity through faults and fractures could have been used, but the total
baseflow rate probably would be 1 m3/s or less. Another indication that total
baseflow to the San Juan River is small is that more than 0.2 m3/s is
estimated to be maintaining the flow in the perennial reaches of tributaries
flowing into the Colorado River in Glen Canyon and into the San Juan River
(Cooley and others, 1969).
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Table 10.--Estimated baseflow to the San Juan River
between gaging stations at Shiprock, New Mexico, and near
Bluff, Utah, July 24-30, 1959

Stream inflow Cubic meters per second
San Juan River at Shiprock, New Mexico 0.38
McETmo Creek . 0056
Mancos River .00
Total (rounded) .39
Stream outflow
San Juan River near Bluff, Utah .61
Evapotranspiration! .59
Total 1.20
Baseflow: Stream outflow minus stream inflow .81

1Based on a transpiration rate of 2.1 millimeters per day, water-
surface area of 1.1 square kilometers, and a vegetated flood plain of
22.7 square kilometers.
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Table 11.--Estimated baseflow to the San Juan River between the
mouth of the Mancos River and the gaging station near
Bluff, Utah, October 19-20, 1979

Stream inflow Cubic meters per second
San Juan River below mouth of Mancos
River (Station 12) 20.34
McETmo Creek (Station 6) .52
Total 20.86

Stream outflow

San Juan River near Bluff, Utah

(Station 13) 20.50
Evapotranspiration?! .87
Total 21.37

Baseflow: Stream outflow minus stream inflow 0.51

1Based on a transpiration rate of 2.1 millimeters per day, water-
surface area of 11.37 square kilometers, and a vegetated flood plain of
16.7 square kilometers.
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Water may seep from the San Juan River into the Lower and Middle
Pennsylvanian confining beds of the lower member of the Hermosa Formation, at
the top of the lower ground-water system in the San Juan Canyon west of Comb
Ridge (0'Sullivan, 1965). The San Juan River at an altitude of 1,256 m is
156 m above the 1,100-m potentiometric contour shown for the Tlower
ground-water system in this area (fig. 12). Therefore, the San Juan River is
a potential losing stream in the San Juan River Canyon; however, the confining
beds may prevent appreciable losses from the river, if these beds do not have
open vertical fractures.

INFLOW-OUTFLOW BALANCE

During the long term, most natural ground-water systems approach dynamic
equilibrium; that is, inflow equals outflow and water in ground-water storage
remains nearly constant. A water budget for the Blanding-Durango area is
shown in table 12. Although the budget is very approximate and incomplete,
some useful conclusions can be obtained from it on the basis of relative
volumes of water for each of the inflow and outflow elements. Conclusions for
the upper ground-water systems are: (1) The principal element of ground-water
loss 1is through transpiration by phreatophytes; (2) all other elements of
outflow are relatively small; (3) estimated average annual outflow from the
system is about 33 x 10° m3; (4) both the rates of recharge from subsurface
inflow and runoff inflow are unknown; however, subsurface inflow is probably
several times 1larger than recharge from runoff; and (5) based on the
information in table 2, average annual precipitation totals about
4,400 x 10® m3. Using a recharge rate of only 2 percent, the estimated annual
recharge in the study area would be approximately 33 x 10% m3.

For the lower ground-water system, conclusions are: (1) Total inflow and
outflow are about equal because water lost by leakage, if any, is small,
compared to water discharged from the study area; (2) because the evaporite
geohydrologic unit virtually is an impervious confining bed, almost all inflow
to and outflow from the system is subsurface ground-water flow; (3) the volume
of water moving through the system is unknown, but probably represents a
nearly constant large volume of water. Southwest of the study area, the
Redwall Limestone (Leadville Limestone equivalent) yields large quantities of
water to Blue Spring in the canyon of the Little Colorado River (Cooley and
others, 1969, p. A-9). These conclusions are based on the assumption that no
interchange of water occurs between the upper and lower ground-water systems.
However, some recharge to the lower system may occur near the Abajo Mountains.

GENERAL CHEMICAL CHARACTER OF WATER

Data for ground-water chemistry in the Blanding-Durango area are
presented in table 13. This table summarizes data contained in reports by
Feltis (1966) and Hutchinson and Brogden (1976) and data obtained from the
Petroleum Information data bank and the U.S. Geological Survey's water-quality
WATSTORE system. Some of these sources commonly express concentrations in
parts per million (ppm) rather than milligrams per liter (mg/L); the two units
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Table 12.--Water budget for the ground-water systems

Estimated average
annual amount
(million cubic meters)

Budget element

Upper ground-water system

Inflow
Recharge from precipitation-------=-===-=-=------cuuounu- 33
Recharge from runoff originating from precipitation
falling outside the report area--------------------- <0.1
Recharge from infiltration of regional
streamflow--------=--------------------------------- <0.1
Subsurface inflow---=------------=-=-----mmmmmme <0.1
Total inflow (rounded)---------=-==-==-==--------c-----—- 133
Qutflow
Evapotranspiration-------=---------------------------- 33
Springflow---=-=----------------------oo-oooo—ooeoo oo <0.1
Discharge to streams------==-==-=-=-=vc---—-—-wo——-u- <0.1
Subsurface outflow to San Juan River------------------ <0.3
Wells--=---------m oo 0.4
Total outflow (rounded)--------=---==---===-------wo--—-—u- 33.9
Lower ground-water system
Subsurface inflow----=-=====------------mmm oo Unknown
Subsurface outflow----------------------------o--cwooooooo- Unknown; probably
about equal to
inflow.

lAssumed to be about equal to total outflow.
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are equivalent at dissolved-solids concentrations less than about 7,000 mg/L.
For this study, in table 13, units of measure are milligrams per liter for
values equal to or less than 7,000 mg/L, and parts per million for values more
than 7,000 mg/L.

Springs commonly occur in recharge areas; water from these springs
typically has smaller concentrations of dissolved solids than ground water
that has travelled long distances through rock. Dissolved solids generally
are greater in deeper parts of structural basins, such as in deeper parts of
the San Juan basin (Berry, 1959, p. 131), and in the Paradox basin. 1In
general, predominant ions are calcium and bicarbonate in water from springs in
sandstone, or in water from wells completed in sandstones near recharge areas.

Predominant ions in water from shale are sodium and bicarbonate; sulfate
and chloride ions are also abundant. As noted by Hanshaw and Hill (1969,
p. 285), sulfate becomes the increasingly dominant anion as dissolved solids
decrease. Large differences in water chemistry in a single aquifer in the
study area may indicate either local differences in recharge sources, presence
of structural barriers, or major lithologic changes.

Quaternary Alluvial Aquifer

Water in flood-plain and terrace deposits of the Quaternary alluvial
aquifer had dissolved-solids concentrations ranging from 209 to 870 mg/L,
based on the results from 30 samples from the Southern Ute Indian Reservation
in southwestern Colorado (Hutchinson and Brogden, 1976). The average
dissolved-solids concentration in water from wells completed in flood-plain
deposits was 486 mg/L, and in water from wells completed in terrace deposits,
it was 418 mg/L. Water in the aquifer generally contained Tlarge
concentrations of calcium, sodium, bicarbonate, sulfate, and chloride. Water
in 6 of the 26 wells sampled contained more than 500 mg/L of dissolved solids.

Tertiary and Cretaceous Confining Beds

Analyses of water samples from the San Jose and Animas Formations in the
southeast corner of the study area (pl. 1) indicate that water in these units
contains large concentrations of dissolved solids. Average dissolved-solids
concentration was 1,610 mg/L for the San Jose Formation and 776 mg/L for the
Animas Formation. Water from these units generally contained 1large
concentrations of sodium, calcium, bicarbonate, sulfate, and chloride.

Analyses of water samples from the rocks of Cretaceous age, namely,
Kirtland Shale, Pictured Cliffs Sandstone, Lewis Shale, C1iff House Sandstone,
Menefee Formation, and Mancos Shale, indicate that ground water in these units
is also high in dissolved solids. Chemical analyses from these rocks are
predominantly from 31 wells and 6 springs in the Southern Ute Indian
Reservation, in southwestern Colorado (Hutchinson and Brogden, 1976). Water
from the springs had a dissolved-solids concentration that ranged from 402 to
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3,118 mg/L. Water from the wells has dissolved-solids concentration ranging
from 181 to 4,450 mg/L. Dissolved-solids concentrations in water from 33 of
the 37 wells and springs exceeded 500 mg/L (Brogden, Hutchinson, and Hillier,
1979). Water in these units contained large concentrations of sodium,
calcium, bicarbonate, sulfate, and chloride.

Mesozoic Sandstone Aquifer

Predominant ions 1in water discharging from springs in the Mesozoic
sandstone aquifer generally are calcium and bicarbonate. Sodium, bicarbonate,
and sulfate were predominant ions in spring water from the Dakota Sandstone
and Burro Canyon Formation, probably because of ground-water contact with
adjacent shale beds. In general, dissolved-solids concentrations in water
from springs did not exceed 500 mg/L, whereas in water from wells, this
concentration generally was exceeded.

Sodium, bicarbonate, -and sulfate generally were predominant ions in water
from wells. Calcium and chloride also were predominant in water from a few
wells. A summary of water-chemistry data from individual sandstone units is
presented in table 13.

Mesozoic Confining Beds

Predominant ions in water from the Mesozoic confining beds are calcium,
sodium, bicarbonate, and sulfate in both wells and springs. In some wells and
springs, chloride 1is an additional predominant ion. Dissolved-solids
concentrations in water from the wells and springs generally exceeded
500 mg/L.

The Sonsela Sandstone Bed of the Petrified Forest Member of the Chinle
Formation does not crop out in the study area; in the subsurface it may yield
minor quantities of water, as it does in the Navajo Reservation to the south
(Cooley and others, 1969, p. 7 and 52). Dissolved-solids concentration in
water from wells in the Navajo Reservation ranged from 353 to 1,810 mg/L.

Analyses of two samples from the same well in the southwestern part of
the study area show that the Shinarump Member of the Chinle Formation contains
a sodium bicarbonate water. Dissolved-solids concentrations were 387 and
477 mg/L for these samples. No water-chemistry data from wells were obtained
for the Moenkopi Formation.

Cutler Aquifer

Five analyses are available from the DeChelly Sandstone Member of the
Cutler Formation and the correlative Coconino Sandstone, all from the
southwestern part of the area. Three samples indicate a sodium potassium
chloride water. Another analysis is from a sodium potassium sulfate sample,
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and the last is from a mixed water, with sodium and potassium the dominant
cations and with chloride concentration slightly greater than that of sulfate.
Dissolved-solids concentrations ranged from 2,370 mg/L to 52,187 ppm.

Upper and Middle Pennsylvanian Confining Beds

Samples from 2 springs 1in the Rico Formation had dissolved-solids
concentrations of 719 and 3,070 mg/L. Sulfate is the dominant anion.

Evaporite Confining Beds

Because of extensive exploration for oil and gas in the Paradox Member of
the Hermosa Formation, water-chemistry data from drill-stem tests are
plentiful from the permeable interbeds found within this evaporite sequence,
which as a whole are a confining bed. Approximately 80 percent of the water
samples are a sodium potassium chloride type. The other samples represent
mixed brines, with calcium usually the predominant cation and with significant
concentrations of sodium, potassium, and magnesium. Chloride is always the
dominant anion. Dissolved-solids concentrations ranged from 6,730 mg/L to
381,436 ppm, and averaged 202,700 ppm, based on analyses of 23 samples from
wells. Dissolved-solid concentration is greatest toward the east, decreasing
toward the western 1limit of evaporite deposition near Bluff (Mayhew and
Heylmun, 1965, p. 24).

Middle and Lower Pennsylvanian Confining Beds

Other chemical analyses are available from the Hermosa Formation, but the
member from which the samples were taken 1is not known; therefore, these
analyses are not included. No chemical analyses were obtained in the study
area for the Molas Formation.

Lower Paleozoic Aquifer

A total of 16 chemical analyses were obtained from 14 drill-stem tests
and 1 swab test of the lower Paleozoic aquifer, penetrated by 14 wells in the
Blanding-Durango area. Because most of these analyses were analyzed in the
1950's, sodium-plus-potassium values obtained were mostly computed. This
older method of obtaining sodium-plus-potassium values precludes effective
checks on analytical accuracy. Analyses have been accepted as valid after
inspection and some general comparisons. Areal distribution of these samples
limits the scope of the conclusions that can be made on the basis of these
analyses, because wells penetrating this aquifer form an arc from the northern
end of Comb Ridge, along the San Juan River, to the Colorado border. No
analyses of water samples from this unit are available from the Colorado part
of the study area.
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The Leadville Limestone is the uppermost unit below the evaporite
confining beds for which data are available. Ten analyses of samples from
this formation are available. Nine of these analyses indicate sodium
potassium chloride water, with dissolved-solid concentrations that ranged from
31,600 to 239,459 ppm. A tenth sample, obtained from a well at 35/20-18, was
a sodium potassium sulfate water, with 5,560 mg/L of dissolved solids.

The Leadville Limestone probably has been contaminated by chloride
drilling muds or by drilling through overlying salt beds in quest of
hydrocarbons. Therefore, representative water analyses may be impossible.
Drillers' Tlogs commonly indicate a 1loss of circulation involving the
disappearance of thousands of gallons of mud into fractured limestone and
dolomite of this unit. Additionally, comparison of chloride concentrations
from wells located near and away from oil fields supports this possibility.
The water-quality data available for the Leadville Limestone do not provide
adequate regional coverage and do not provide a comparative historical base.
From the Canyon Mesa area of San Juan County, Utah, to the west and to the
southwest of the study area, chloride concentrations increase downgradient
from o0il fields. This trend occurs despite progressive thinning of overlying
salt beds in this direction, as they near the boundary of the Paradox basin.

Structural features (pl. 1) in the northwestern part of the study area
probably control the flow of water in the Leadville Limestone and affect water
chemistry. A series of east- and northeast-trending grabens near Monticello
provide a means for Tlocal vrecharge, or act as a barrier to general
southwestern flow of water in the upper ground-water system. These structural
features probably explain the anomalous chloride to sulfate ratios in the
northwestern part of the study area in the lower Paleozoic aquifer.

Two analyses of water from wells near the edge of the Paradox basin in
the northwest corner of the study area have greater concentrations of sulfate
relative to chloride. One of these wells produced a sample of sodium
potassium sulfate water. This well, located in 35/20-18, is in a narrow neck
where salt is not present, but where it exists on all sides, except to the
northwest. The other well is at 36/18-36. In this salient, thin salt beds
extend westward from the Paradox basin. Both wells are west of a series of
grabens (pl. 1) that trend north and northeast of their intersection with Elk
Ridge (Utah). The wells are also northwest of the Comb Ridge monocline, which
is parallel to Comb Ridge (pl. 1), and which may be faulted at depth. Both
structures may serve as potential paths for recharge of the Paleozoic strata,
or both may act as barriers separating two different flow patterns in the
southwestern part of the study area.

Water-chemistry data for six samples from five wells were obtained for
Devonian strata. All six samples represent sodium potassium chloride waters
with dissolved-solids concentrations that ranged from 33,665 to 158,882 ppm.
The sample from a well at 38/20-22 is on the edge of the salt-bed salient on
the west side of the study area, west of Comb Ridge. This sample has the
smallest dissolved-solids concentration and the greatest sulfate concentration
relative to chloride of all waters obtained from Devonian strata. This well
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is in a narrow neck, trending northward, where evaporite beds are thin or non-
existent above the Devonian. The Cutler aquifer crops out in this area,
providing the opportunity for recharge to other Paleozoic units.

Lower Paleozoic and Precambrian Confining Beds

Only one analysis is available of water from Cambrian rocks and no water
analyses are available from Precambrian rocks. The sample from Cambrian rocks
was collected from a well in 39/23-32, and represents a sodium potassium
chloride water with 182,246 ppm of dissolved solids. The sulfate
concentration in this sample was similar to that in water from other
formations in the vicinity.

Regional Streams

Surface water in the Blanding-Durango study area generally contains
dissolved-solids concentrations ranging from 250 to 3,200 mg/L. Dissolved-
solids concentrations in the primary stream in the area, the San Juan River,
range from about 250 to about 1,200 mg/L, with specific conductance ranging
from about 400 to about 1,600 microsiemens per centimeter!. Discharge and
water-chemistry changes occur primarily in response to the release of water
from the Navajo Reservoir. These releases mask the normal seasonal discharge
and water-chemistry values. For example, the greatest specific-conductance
measurement during 1977, at the San Juan River near Bluff gaging station, was
measured in July. In contrast, a measurement in July 1979 was the least for
that particular year. Generally, water in this river can be characterized as
a mixed type, with calcium, magnesium, and sodium the major cations, and with
sulfate the dominant anion. Calcium is nearly always the major cation, with
sodium usually second.

The Mancos River, a major tributary to the San Juan River, is a perennial
stream throughout most of its course. Water-chemistry data are available from
a gaging station (33/15-15) located approximately at the mid-point along the
river's course from the La Plata Mountains to the San Juan River. These
analyses indicate a mixed magnesium-calcium-sulfate type water. Dissolved-
solids concentrations range from about 1,600 to about 3,200 mg/L; discharge
usually is less than 1.0 m3/s. Sulfate always is the dominant anion, with a
concentration three to seven times that in the San Juan River. Bicarbonate is
15 to 20 percent as concentrated as sulfate in the Mancos River and is only
slightly more concentrated than bicarbonate in the San Juan River. Magnesium
and calcium are the important cations, with magnesium usually slightly more
concentrated. Magnesium in the Mancos River is approximately five times as
concentrated as it is in the San Juan River. Water-quality data from upstream
and downstream from the confluence of the Mancos and San Juan Rivers indicate
that the Mancos River, despite its small discharge, probably is responsible
for significant concentrations of the sulfate and magnesium in the downstream
reach of the San Juan River. The large sulfate concentrations in the Mancos
River are derived from leaching of Mancos Shale outcrops in the drainage

TEquivalent to micromhos per centimeter at 25° Celsius.
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basin. The San Juan River also flows through a large area of Mancos Shale
outcrops, but its flood plain is underlain by thicker alluvial deposits that
insulate it from the shale. Large magnesium concentrations in the Mancos
River probably are derived from erosion of the La Plata Mountains' igneous
center. This feature, at the headwaters of the river, is a Tertiary and
Cretaceous system of stocks, sills, laccoliths, and dikes, with Tlarge
quantities of magnesium enriched pyroxenes and amphiboles.

RELATIONSHIP OF THE GROUND-WATER FLOW SYSTEMS AND SALT BEDS

In the Blanding-Durango area, ground-water circulation primarily is
through three major aquifers (table 3). These aquifers generally are isolated
from evaporite beds by bounding confining beds. As a result, very little
circulating ground water has contact with salt beds of the Paradox Member of
the Hermosa Formation. In the confining beds, brines have been encountered
during drilling, but they probably have very slow rates of circulation. As a
result, salt solution and removal probably is very slow in the study area, as
opposed to other areas of the Paradox basin where salt occurs near or at land
surface (Konikow and Bedinger, 1978, p. 4).

Salt solution, where it occurs, probably involves circulation of water
along bedded surfaces of the salt sequence rather than vertically through the
sequence, because the impermeable nature of the salt beds probably prevents
water movement through the unit. Fracture zones, perhaps associated with
faulting and folding, would be the most favorable avenues of circulation for
dissolution of the salt beds from the bounding units.

Brines have been identified 1in the subsurface, but have not been
identified as ground-water outflow to the land surface. Dissolution of salt
beds, as would be evidenced by the existence of brine springs or ground-water
discharges to regional streams, is not known to occur in the Blanding-Durango
area.

CONCLUSIONS

Storage of radioactive waste in salt deposits of the paradox basin has
been considered for several years (Hite and Lohman, 1973). Principal findings
of this study that are pertinent to an assessment of suitability of the
hydrogeologic systems to store and contain radiocactive waste 1in salt
anticlines of adjacent areas are:

1. Water in the upper ground-water flow system discharges to the
San Juan River--a major tributary of the Colorado River. Discharge
of water from the upper aquifer system to streambed channels of the
San Juan River and its tributaries during low-flow periods
primarily is through evapotranspiration from areas on flood plains
and maintenance of streamflow.

2. The lower ground-water system does not have known recharge or
discharge areas within the study area; subsurface inflow to this
system comes from recharge areas located north and northeast of
the study area.
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3. The upper and lower ground-water systems are separated regionally by
thick salt deposits in the Blanding-Durango study area of the
Paradox basin.

4. Potential exists in mountainous areas for downward leakage between
the upper and lower ground-water systems, where salt deposits are
thin, absent, or faulted.

5. No brines were found in this study area with outflow to the
biosphere.

6. Water in the upper ground-water system generally is fresh. Water
in the lower ground-water system generally is brackish or saline.

7. Ground-water flow disruptions by contiguous faults probably are
common 1in the upper ground-water system. These disruptions of
flow are not apparent in the lower ground-water system, perhaps
because available hydrologic data for the lower ground-water
system are scarce.

The above major findings do not preclude the potential for waste storage

in salt; however, they do not allow the prediction of detailed ground-water
flow rates and directions through this area.
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