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management of the State's water resources and to
ensure optimum utilization of the carbonate aquifers
as a significant component of the overall resource.

Nevada is the most arid State in the Nation, and
faces rapid population growth and increasing demands
for water. These increasing demands have sparked con-
siderable interest in the largely unexplored carbonate-
rock aquifers as a future water supply. Historic sources
of water—surface water (streams and lakes) and
ground water in localized sand-and-gravel aquifers—
are used or appropriated nearly to (and in some valleys,
beyond) their estimated sustainable yield in many
areas, and thus, without stricter resource management
or new sources of water, expectations of continued
growth in some parts of Nevada may be limited.

The State of Nevada passed Senate Bill 277 in
1985 and entered into a cooperative effort with the
Federal Government for the study and testing of the
carbonate-rock aquifers of eastern and southern
Nevada. The overall study plan (U.S. Department
of the Interior, 1985, p. 4 and 9) called for a 10-year
program to systematically study the 50,000 mi? of
Nevada underlain by the carbonate-rock province.

A.

OREGON

The southern part was studied during the first 3 years of
the program and the results of that effort are the topic
of this report.

Funds supplied by the State, the Las Vegas Valley
Water District, and the City of North Las Vegas were
matched by Federal funds supplied by the U.S.
Geological Survey and the Bureau of Reclamation.
Technical work has been done by a study team consist-
ing of personnel from the U.S. Geological Survey, the
Desert Research Institute, and the Bureau of Recla-
mation.

Purpose and Scope

Each 3-year study proposed in the overall pro-
gram is designed to address the following three ques-
tions:

1. Where is water potentially available in the
aquifers?

2. How much water potentially can be withdrawn
from the aquifers?

3. Whateffects might result from development of
the aquifers?

Basin and Range
Province

Figure 1. Location and general extent of (A) Basin and Range Province, and (B)
Great Basin and carbonate-rock province. Figure 1A modified from Bedinger and
others (1983); figure 1B modified from Harrill and others (1983, fig. 8).
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the full rock section leaving only isolated blocks of car-
bonate rock. In still other areas, the thick layers of the

Paleozoic rock section were pulled along and deformed
but remained largely intact above lower layers of car-

bonate rocks and the noncarbonate, Precambrian sedi-
mentary rocks (Wernicke and others, 1984, p. 490 and
fig. 9; Guth, 1988). In all these examples, depending on
the juxtaposition of carbonate and noncarbonate rocks,
the thinned and deformed rocks might function as bar-
riers to flow or might function as extensive and contin-
uous aquifers.

During much of the time when extension of the
Basin and Range Province was taking place, volcanism
was active in parts of the province (Stewart, 1980,

p- 98-104). On all sides of the carbonate-rock province
in southern Nevada, thick, expansive layers of volcanic
rocks were deposited and in part remain today. Some
volcanic rocks are permeable and constitute aquifers,
whereas others are less permeable and constitute aqui-
tards (Winograd, 1971). North of the study area and
beneath the Nevada Test Site, these rocks constitute
important local aquifers (Fiero, 1968; Blankennagel
and Weir, 1973). Within the study area, however, vol-
canic rocks are generally not continuous or thick
enough to form regional aquifers comparable to the
carbonate-rock aquifers.

As a result of these various forces, the originally
flat-lying carbonate rocks are today complexly
deformed and faulted into blocks and folds wherein
rocks of all ages may be intermingled. The previous
depositional "layer cake" structure of the sedimentary
rocks has been transformed into a complex mixture of
carbonate and noncarbonate rocks that separate and
underlie basins partly filled with unconsolidated sedi-
ments, and the original stratigraphic thicknesses of the
rocks commonly have been greatly modified to their
present-day thicknesses.

Avenues for Ground-Water Flow Through the
Carbonate Rocks

The carbonate rocks are generally dense and
brittle, and, where unbroken, are nearly impermeable.
The unbroken carbonate rocks impede ground-water
flow—because after deposition they consolidated
under the great weight of sediments deposited on top
of them and because, as a result, most of the original
spaces between the grains or crystals making up the
rocks have been compacted or sealed by cementation
and recrystallization processes.

Most carbonate rocks of southern and eastern
Nevada have been fractured, brecciated, and otherwise
broken during the complex deformational history of the
area (Hess and Mifflin, 1978, p. 16). Because the car-
bonate rocks are dense and brittle, many openings
caused by extensional deformation are clean, smooth
fractures or joints. Most of the noncarbonate sedimen-
tary rocks, when deformed, will break into well-graded
fragments (as for quartzite) that reconsolidate into
impervious rock or will yield ductally (as for shale)
and, in either example, will not result in significant
openings through which water can flow. Some open-
ings (fractures) that form in carbonate rocks can be
excellent paths for ground-water flow. Carbonate rocks
containing many fractures and interbreccia openings
are commonly much more permeable than they would
be if unbroken.

In addition to being brittle and subject to fractur-
ing, the carbonate rocks have the special property of
being relatively more soluble in water than most other
rock types. Consequently, under the right geochemical
conditions, they will dissolve when in contact with
water. This is why in many parts of the world limestone
terranes are riddled with caves and sink holes (Fair-
bridge, 1968, p. 582). The rock that once filled these
large and extensive openings has simply been dis-
solved by water flowing through the openings. In
Nevada, geochemical conditions that allow dissolution
of the carbonate rocks are not common and therefore
these landforms and openings are present only locally.
The amount of rock that can be dissolved prior to the
water becoming saturated depends on conditions that
add acid to the water and make it corrosive in the rocks.
The most important limiting conditions are probably
the small volumes of water (relative to more humid set-
tings) flowing through the rocks and the relatively
small quantity of acid produced by the thin soils and
vegetation in the ground-water recharge areas in
Nevada (Fairbridge, 1968, p. 582; Winograd and
Thordarson, 1975, p. C115). Both of these conditions
are attributable to the aridity of the State. The relatively
small quantity of water flowing through the rocks
means that less water is available to dissolve the rock.
As a consequence, water becomes "saturated” with car-
bonate ions after flowing only a short distance through
the aquifers. Once saturated the water does not dissolve
more rock until geochemical conditions change such
that the water becomes undersaturated with respect to
carbonate ions.

GENERAL HYDROGEOLOGY 1
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Regardless of these limiting conditions, some
carbonate rocks of Nevada are slowly dissolved and
carried away by ground water flowing through frac-
tures. The dissolution widens the openings and allows
even more water to flow through the rocks, increasing
the overall permeability of the rock masses (Kem-
merly, 1986). Although some dissolution occurs along
fracture faces, unmodified fractures and joints are more
common than solution-enlarged fractures in southern
Nevada. This suggests that the dissolution process con-
tributes to creation of large-scale permeability, but
probably is not as important as simple, sustained frac-
turing of the rocks (Winograd and Thordarson, 1975,
p. C1; Alan M. Preissler, Dwight L. Schmidt, and Gary
L. Dixon, U.S. Geological Survey, written communs.,
1986-87).

Hydraulic Properties of the Carbonate Rocks

Winograd and Thordarson (1975, p. C17) report
that carbonate rocks in 13 cores collected at the Nevada
Test Site had matrix porosities ranging from 0.4 to 12.4
percent of the total bulk rock volume, with a median
value of 5.5 percent. These values are in the range sug-
gested by borehole geophysical logs obtained during
the present study (Berger, 1992). Only about 20 percent
of the matrix porosity is interconnected and "effective”
in allowing throughflow of water (Winograd and Thor-
darson, 1975, p. C17).

While most ground-water flow through the car-
bonate rocks of southern Nevada is assumed to be
through fractures and solution openings, the amount of
water actually stored in these openings is uncertain.
Small, open fractures and joints generally constitute
less than 1 percent of the total volume of rock (Wino-
grad and Thordarson, 1975, p. C18; Alan M. Preissler,
U.S. Geological Survey, written commun., 1987),
which is less than the effective porosity of the rock
matrix reported by Winograd and Thordarson (1975,
p. C17). Large fractures and joints are likely to be even
less common than smaller ones, and, although highly
permeable, only comprise a very small volume of the
aquifers. Even though water moves more easily
through large open fractures near and along major fault
zones, most of the water stored in the carbonate rocks
is in the extensive volumes of less fractured rock
between major fault zones. This water moves slowly, if
at all, because of low matrix hydraulic conductivities
and would be yielded to wells at only moderate rates.

The hydraulic conductivity is a measure of the
capacity of a rock to allow water to move through it and
is directly proportional to its permeability. Winograd
and Thordarson (1975, p. C17) report that matrix or
primary hydraulic conductivities of carbonate rocks in
those same 13 cores range from 0.000003 to 0.01 ft/d.
The median value was 0.00001 ft/d. To provide an
example of how low this median conductivity is, and
how impermeable the rocks are, methods described by
Skibitzke (1963, p. 293-297) predict that a 12-in. diam-
eter well that extends 500 ft beneath the water table in
a water-saturated mass of unfractured carbonate rocks
that is suddenly bailed dry would take more than 17
years to refill to within 1 ft of the undisturbed (static)
water level.

As aresult of fractures, and to an unknown extent
because some of these openings have been enlarged by
dissolution, the hydraulic conductivities determined in
field-scale aquifer tests are much larger than reported
matrix conductivities. Available measurements of
hydraulic conductivity from aquifer tests at 39
carbonate-rock wells in southern and eastern Nevada
are listed in table 1 with locations shown in figure 5. Of
these tests, 33 are reported results and 6 are from tests
made as part of this study. Another source of estimates
are specialized hydraulic tests called "drill-stem tests”
commonly done in oil-test wells. For completeness,
table 2 is included here; it summarizes results from
13 such wells in carbonate rocks. These results were
assessed for their usefulness in defining the properties
of deeper parts of the aquifers (as part of the present
studies and as reported in McKay and Kepper, 1988),
but, at present (1989), unresolved differences have
been noted between the "population” of aquifer proper-
ties determined by drill-stem tests as opposed to aqui-
fer tests in water wells. These differences are discussed
in more detail in a later section of this report, but the
drill-stem test results are not included in the following
statistical description of aquifer properties.

Hydraulic conductivities of the fractured rocks
range from 0.01 to 940 ft/d and have a median value of
4.5 ft/d (table 1). The number of wells at which various
orders-of-magnitudes of hydraulic conductivity were
measured is shown in figure 5. Of the wells in table 1,
the median value of hydraulic conductivities is the
same as at a well near Mercury, Nev.—Army Well 1.
This median hydraulic conductivity also is comparable
to that of basin-fill aquifers composed predominantly
of sand. Hydraulic conductivities for the most produc-
tive carbonate-aquifer wells are comparable to those
for clean gravels (described by Bear, 1979, table 4-1).

12 Distribution of Carbonate-Rock Aquifers and the Potential for Their Development, Nevada, California, Arizona, and Utah
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Figure 5. Estimated transmissivity and hydraulic conductivity of carbonate-rock aquifers in southern and eastermn
Nevada; (A) Location of wells at which test provide estimates of aquifer properties, (B) frequency distribution of esti-
mated transmissivities, (C) frequency distribution of estimated hydraulic conductivities.

[Notably, the median is much less than the hydraulic
conductivity at the MX wells in Coyote Spring Valley
(about 900 ft 2/d), and productivity of the MX wells is
correspondingly higher (3,400 gal/min pumped with
only 12 ft of water-level decline compared to 455
gal/min with 85 ft of drawdown at Army Well 1). In
fact, the aquifer at the MX wells has a higher hydraulic
conductivity than aquifers at 38 of the 39 sites at which
test results are available.]

18

The median value of the conductivities estimated
from the water-well tests is 430,000 times greater than
the matrix conductivity of the rock. The practical
importance of this difference between matrix conduc-
tivities and fractured-rock conductivities is suggested
by the following example: a 500-ft deep, 12-in. diam-
eter well penetrating fractured, water-saturated carbon-
ate rock having a hydraulic conductivity equal to the
median above would take only 21 minutes to refill to
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within 1 ft of the static water level after suddenly being
bailed dry in comparison to the long time (17 years)
necessary in unfractured carbonate rocks.

Hydraulic Characteristics of Associated
Noncarbonate Rocks

Aquifer properties of intervening noncarbonate
sedimentary rocks are somewhat less well known.
These rocks are principally shale, siltstone, and quartz-
ite. Shale commonly is relatively soft and deforms duc-
tilly (bending rather than breaking) or by shattering
into clay size particles. Quartzite is a brittle rock and is
made up of tightly cemented or recrystallized quartz
sand. Observations at outcrops indicate that quartzites
commonly have been broken into very small fragments
(Alan M. Preissler, U.S. Geological Survey, written
commun., 1987). When fractured, these rocks are
believed to be much less permeable than fractured
carbonate rocks (Motts, 1968, p. 289; Winograd and
Thordarson, 1975, p. C40). However, there are few
data upon which to base this belief. Aquifer tests have
been conducted at four wells tapping noncarbonate
rocks at the Nevada Test Site (table 1). The median
hydraulic conductivity determined from these tests is
0.015 ft/d (300 times smaller than the median conduc-
tivity of the carbonate-rock aquifers but still 1,500
times larger than that of the carbonate-rock matrix).
Winograd and Thordarson (1975, p. C43) suggest that
the few, low discharge springs present in the noncar-
bonate sedimentary rocks in southern Nevada also may
indicate lower hydraulic conductivities.

Volcanic rocks, which were deposited about the
same time as the basins were forming, are an important
sequence of intervening rocks between the basin-fill
deposits and the carbonate rocks beneath many basins
of eastern and southern Nevada. Thick layers of these
rocks are exposed also in many mountain ranges. The
volcanic rocks have a wide range of permeabilities
depending on their depositional history and range from
excellent aquifers to barriers to ground-water flow
(Winograd, 1971). In southern Nevada these rocks
are less common than farther north, except near the
Nevada Test Site, Caliente, and just north of Lake
Mead (pl. 1).

Source, Occurrence, and Movement of Water

The water moving through and stored in the car-
bonate rocks is derived from precipitation—rain and
snow—within the carbonate-rock province and on sev-
eral mountain ranges adjacent to the province. Annual
precipitation ranges from less than 3 in. in some of the
southern valleys (for example, the Amargosa Desert
and Death Valley [pl. 1]) to greater than 30 in. in some
of the highest mountain ranges (for example, the Ruby
Mountains [fig. 1}), and depends primarily on altitude
(Hardman and Mason, 1949, p. 10). Virtually all the
precipitation on the basin floors and most of the precip-
itation in the mountains is evaporated or transpired
(used by plants) before the remainder recharges either
the basin-fill aquifers or the carbonate rocks. Some pre-
cipitation may become surface runoff, which then
either infiltrates to recharge ground water or is con-
sumed by evapotranspiration.

The process through which water enters
(recharges) the carbonate-rock aquifers is not com-
pletely understood. In some areas, for example, the
Ruby Mountains in northeastern Nevada (Johnson,
1980, p. 17-18) and the Spring Mountains of southern
Nevada (Winograd and Thordarson, 1975, p. C92),
recharge to the carbonate-rock aquifers primarily is by
downward percolation of water through the thin soil
zone and into the carbonate rocks within the moun-
tains. In other areas, water enters the carbonate-rock
aquifers by leaking down through basin fill. This form
of recharge is difficult to delineate because it occurs at
depth beneath the basin fill and depends on aquifer
properties and hydrologic conditions that are not ade-
quately defined. The water involved in this interaquifer
flow can easily be "double counted” (as part of the
basin-fill resource AND as part of the carbonate-rock
resource) unless interchanges between basin fill and the
carbonate aquifers are well understood. Geochemical
tracing of water has been used to good advantage in
identifying recharge source areas in selected basins in
southern Nevada (Emme, 1986; Lyles and Hess, 1988;
Noack, 1988). Because of the aridity of the region and
the mountainous terrain of the Basin and Range Prov-
ince (fig. 1), recharge to the carbonate-rock aquifers at
low altitudes, from direct leakage from overlying
perennial streams, is rare in southern Nevada.
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Once water infiltrates into the carbonate-rock
aquifers it generally will flow downgradient to one or
more discharge areas at rates of flow that vary consid-
erably in space. Because ground water flows downgra-
dient from areas of high head to areas of lower head
(Mifflin, 1968, fig. 5) at rates that depend on the perme-
abilities of the rocks, the rate of flow through the car-
bonate rocks depends on the openings in the rocks and
the hydraulic gradients, that is, the gravity and pressure
forcing the water along. The path that water follows as
it moves downgradient may be quite circuitous owing
to geologic and hydrologic barriers; however, the paths
are ultimately toward some area where water is dis-
charging from the aquifers.

Water leaves the carbonate-rock aquifers by
discharging at springs, by leaking into overlying and
underlying aquifers, by transpiring through plants, by
evaporating from areas where the water table is near
the land surface (such as playas), and by discharging
into rivers or streams (such as in the middle reaches of
the Amargosa River [pl. 1]; Mifflin, 1968, p. 22). In
some places, water leaves the carbonate rocks of
Nevada by subsurface flow into adjacent States.

SUMMARY OF PROGRAM ACTIVITIES,
1985-88

Activities during 1985-88 focused on determin-
ing the potential for development of the carbonate-rock
aquifers in southern Nevada, largely north of Las
Vegas. The activities included:

* Collection of basic hydrologic data such as
high-altitude precipitation rates, ground-water
levels in selected wells, and flow rates in
selected springs and streams.

* Geologic mapping of the structure and stratig-
raphy of the carbonate rocks and younger
basin-fill deposits.

* Geophysical measurements and interpreta-
tions employing measurement of the density,
electrical, and magnetic properties of the rocks
and sediments.

* Geochemical sampling and inferences char-
acterizing ground water and flow paths using
the isotopic composition and chemical constit-
uents in the water.

« Compilation of hydraulic properties esti-
mated from available aquifer and drill-stem
tests in the carbonate rocks.

* Drilling, logging, and hydraulic testing of
wells into the basin-fill and carbonate-rock
aquifers.

¢ Measurements of ground-water evapo-
transpiration rates by native plants near key
springs.

* Synthesis of the results of these specific activ-
ities, together with previous and concurrent
studies.

Together these activities have increased our
understanding of ground-water flow in the carbonate-
rock aquifers of southern Nevada. This section sum-
marizes the goals, accomplishments, and conclusions
of each activity. The summaries are intended to
describe the approaches and kinds of conclusions
obtained by the activities. This section does not pro-
vide detailed descriptions of the work. For details or
clarification, the interested reader should consult the
separate reports describing these activities and results.

Basic-Data Collection

A network of gages‘and other monitoring sites
provides information on key hydrologic parameters,
and documents existing conditions in the carbonate-
rock aquifers. The basic data network consists of 8
springflow gages (where flow is monitored continu-
ously), 59 miscellaneous springflow measurement sites
(where flow is monitored on a annual or semiannual
basis), 4 observation-well recorder sites, 11 other wells
used as observation wells for regular measurements of
water level, and 15 high-altitude precipitation storage
gages. Locations of all the monitoring sites are shown
in figure 6. Results of this network are presented by
Pupacko and others (1988, p. 45-50, 57-58, 60-61, 221,
226, 260) and Pupacko and others (1989, p. 44-47, 50,
55,57, 187,213-214, 216, 246). Results of monitoring
spring discharge and ground-water levels in the
carbonate-rock aquifers are summarized below
as examples of the utility of these basic data.
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Figure 6. Sites where springflow, ground-water levels, high-
altitude precipitation, and evapotranspiration have been
monitored in carbonate-rock province of Nevada.

Spring Discharge

Continuous measurements (Pupacko and others,
1988, p. 48, 50, 61; Pupacko and others, 1989, p. 45-47,
57) indicate that the discharge from Muddy River
Springs remains nearly uniform at levels reported by
Eakin and Moore (1964) and Eakin (1964, p. 17) and
that the discharge from Corn Creek Springs also is
nearly uniform at about the rate measured during

1947-55 (Malmberg, 1965, p. 60). The locations of
these springs are shown on plate 1. The observed long-
term and short-term uniformity of discharge from these
springs is typical of most regional springs that dis-
charge from the carbonate-rock aquifers (fig. 7). The
continuing uniformity of these discharges indicates
that the springs have not been affected measurably by
pumping of nearby wells. Short-term fluctuations in
spring discharge are caused by changes in atmospheric
pressure, earth tides, local precipitation, or other
stresses. The basin-fill aquifers of the Upper Muddy
River Springs area are currently (1989) experiencing
increased pumping stress, and pumping from both the
basin-fill and carbonate-rock aquifers in adjacent areas
is expected to increase. Muddy Spring and Warm
Springs West, both located in the area, have not yet
shown long-term response to these pumping stresses.
During the summer of 1987, discharge from Muddy
Spring showed a slight decline that may or may not
have been related to summer pumping. Similarly, the
record of discharge from Comn Creek Ranch Spring, in
northern Las Vegas Valley, indicates that the spring has
not yet been affected by intensive pumping 11 mi far-
ther south in the valley. Discharge from Rogers Spring,
in a secluded part of the Black Mountains area near the
Overton arm of Lake Mead, reflects only natural
stresses.

Water Levels in Observation Wells

Measured static water levels in wells provide
valuable information about conditions in an aquifer.
For example, figure 8 shows water levels measured in
a well (MX well CE-DT-4) that penetrates the carbon-
ate rocks beneath Coyote Spring Valley, about 10 mi
from Muddy River Springs (pl. 1). The water levels
fluctuate about 0.2 ft seasonally with no apparent long-
term trend of change. As of 1988, no water has been
pumped from the carbonate-rock or basin-fill aquifers
in the immediate vicinity, but nearby industrial pump-
ing is planned for the near future. The nearest pumping
is from another well into the carbonate rocks about 6 mi
away (MX well CE-DT-6). The Moapa Valley Water
Company has pumped this well during summers since
1986. More observations are needed to determine if the
seasonal fluctuations measured in MX well CE-DT-4
are effects of this nearby pumping.

SUMMARY OF PROGRAM ACTIVITIES, 1985-88 21
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i Muddy Spring at LDS Farm near Moapa

DISCHARGE, IN CUBIC FEET PER SECOND

Com Creek Spring northwest of Las Vegas
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Figure 7. Flow rates of four springs that discharge from carbonate rocks in the study area, 1986-

89. Spring locations are shown on plate 1.

Geologic Mapping Activities

Geologic studies in a 1,800-mi? area north of Las
Vegas during 1985-88 included examination of the
geologic literature, wide-ranging reconnaissance of the
area, and detailed geologic mapping of areas selected
to resolve known geohydrologic problems concerning
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Figure 8. Water levels in MX well CE-DT-4, 1986-89. Well
penetrates carbonate-rock aquifer beneath Coyote Spring
Valley. Well location is shown in figure 36.

past and present ground-water flow through the
carbonate-rock aquifers. Geologic mapping and inter-
pretations entail developing maps that show outcrops
of rocks of all types and ages, together with structures
that deform or disrupt those rocks. The history of the
rocks and structures as well as their configurations at
depth are inferred from observed field relations, previ-
ous mapping, and regionakrelations. Mapping is gener-
ally based on a combination of detailed field obser-
vations and correlation of observations with aerial
photography and satellite imagery. Mapping was partly
or fully supported throughout the area indicated in
figure 9 (Guth, 1986, 1988; McBeth, 1986; Blank,
1988; Guth and others, 1988).

Geologic mapping with special attention to aqui-
fer configurations has shown that structural deforma-
tion subsequent to deposition of the carbonate rocks in
southern Nevada greatly complicated the originally
flat-lying carbonate rocks and thereby greatly compli-
cated the aquifer systems contained therein. Mapping
west of the Sheep Range during 1986-87 indicated that
many of the exposed (and buried) carbonate rocks were
pulled apart along low-angle faults during the last 15
million years (Guth, 1986; Guth and others, 1988).
Fault-bounded blocks of carbonate rocks have been
Jjuxtaposed against other blocks of rocks of lower
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