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FOREWORD

The research reported on herein was conducted under a Letter of Agreement dated
August 15, 1977, with the Las Vegas Valley Water District.
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ABSTRACT

Approximately the eastern one-third of the state of Nevada (40,400 miz) is
underlain by thick sequences of carbonate rocks. Review of existing information and
data pertaining to this area continues to support the hypothesis of widespread carbonate
aquiters. Large regional interbasin groundwater flow systems are developed in these
carbonate rocks and potentially contain large quantities of developable water. Caves,
wildeat oil and gas wells, springs and mines have been used to evaluate permeability
in the carbonate strata. Cambrian and Devonian age carbonate units probably contain
more zones of high permeabiiity. They bracket the lower carbonate aquitfer hydro-
stratigraphic unit which is highly tractured and solutionally moditied with measures of
coefficients of transmissiblity ranging up to 1,000,000 gpd/tft. If the results ot the
investigation of Great Basin regional carbonate groundwater flow systems prove that
large quantities of water are available and withdrawal of these waters would not
significantly lower the water table and prior appropriators could be ‘satisfied, then
appropriation of these waters might be accomplished, provided the Nevada State Engineer
was to determine that the withdrawal and beneficial use of this water was essential
tor the welfare ot the area. A Phase I exploration plan has been divided into two
major tasks. The first is to investigate the functioning of large regional carbonate
flow systems in the Great Basin. Groundwater recharge, discharge and movement and
aquiter properties will be investigated, along with relationships between the carbonate
and alluvial aquifers. The second is designed to acquire new subsurface data through
the use of petroleum wildcat and exploratory test holes. Locations of exploratory test
holes are proposed for Las Vegas Yalley, Indian Springs/Corn Creek, recharge areas,

Kane Springs Valley and Long Valley.
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INTRODUCTION

Carbonate rocks underlie approximatelyT tweénty percent of the land surface of
the United States and generally contain large quantities of groundwater (McGuinness,
1963; Davies and LeGrand, 1972). Carbonate terrains have a large range in permeability
including some of the most extensive and productive aquifers in the world (Herak and
Stringtield, 1972). Many are proven excellent groundwater supplies, such as in Florida,
Texas and throughout the Appalachian states (National Academy of Sciences, 1976).

As indicated in Figure 1, based on the distribution of bedrock exposure, approxi-
mately the eastern one-third of Nevada (40,400 miz) is underlain by carbonate rocks.
Such rocks are known to contain large quantities of water under the Nevada Test Site
(NTS) (Winograd and Thordarson, 1975). Based on background data reviewed tor this
~report it is believed that the deep carbonate aquifer systems extend well beyond the
area of existing hard data to include most of the carbonate rock provinece in Nevada.

Project Objectives

This report is the first phase of a new program of study of the water supply
potential of deep carbonate aquifers in southern and eastern Nevada. It is part of a
large research program better known as the "Deep Hole" project. Work on this phase
has been supported by the Las Vegas Valley Water Distriet tor the period September
1977 to August 1978. This initial work was designed to assemble and interpret existing
geologic, geophysical, hydrologic and geochemical information available in areas of
Nevada believed potentially tavorable for development of water supply from carbonate
aquifers. The general objective was to determine promising areas for test drilling to
substantiate the belief in widespread existence of deep carbonate aquifers.

Specitic project objectives were five-fold, as noted below:

1. Compile and interpret existing hydrologic, geologic, geochemical and geo-
physical data bearing on carbonate groundwater flow systems in eastern and
southern Nevada, with emphasis on the deep system in Clark County and

environs.
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Figure 1. Great Basin Carbonate Rock Province




2. Review potential water management implications in terms of existing Nevada

water law and implementation.

Develop a comprehensive report that incorporates all available information.

Using above intormation, produce a detailed exploration plan and research

program tor tuture work as tollows:

a. Develop maps indicating areas of most favorable locations for test and
exploration wells. B

b. Determine exploration and test drillir;g program, including projected
depths, drilling conditions and tests to be conducted.

5. Develop proposal(s) for subsequent phases ot exploration drilling.

Background

The limited surface water of Nevada has been extensively developed and many
of the alluvial groundwater basins are used to the point of estimated perennial yield,
thus are closed to further development. As a cohsequence, a large paft of the
traditional water resource is no longer available and new uses can only be realized
through transter of water rights trom existing uses. In faet, southern Nevada has
reached the point in water supply planning that recognizes no proven additional supplies
to meet trends in demand beyond about the year 2000. The deep carbonate roeks of
southern and eastern Nevada may represent a potentially "new" source of water. The
magnitude of this source may be on the order of thousands of acre-teet per year.
Little is presently known about this resource in terms of the dynamics of recharge,
discharge and physical aquifer characteristics, its total extent or where it could be
developed at a reasonable cost and without interfering with existing ground or surface

water development.

Carbonate rock aquiters are the least understood and exploited type of aquifers
for their extent in the Great Basin. As indicated above, approximately the eastern
one-third of the State of Nevada is underlain by carbonate rocks. Over long periods
of time, these rocks have been made permeable in localized zones through the solution
of carbonate minerals by percolating water. Most of the highest yield water wells
known are constructed in such permeable zones of carbonate rocks in many parts of

the world.

There is abundant evidence in Nevada that water does indeed flow in such zones,
at least locally, in many areas of the region underlain by such rocks (Maxey and



Mifflin, 1966; Mifflin, 1968; Winograd and Pearson, 1976). The many wells drilled into
carbonate rocks at the Nevada Test Site in southeastern Nye County amply demonstrate
loeal occurrence of such deep aquiters (Winograd and Thordarson, 1975). Another type
of evidence is the occurrence of many large springs associated with these rocks (see
Plate ). Unbalanced water budgets in large areas of Nevada indicate important flow
through carbonate rocks (Nevada Hydrologic Atlas, 1972; Miftlin, 1968). Large interbasin
groundwater tlow systems exist in much of this region within the carbonate rocks
(Eakin, 1966; Mitflin, 1968; Naft, et al, 1974). Many of the intermountain basin alluvial
aquifers are probably in some way related to these larger carbonate flow systems
(Bateman, et al, 1972 and 1974).

History

The Great Basin region is characterized by its internal drainage and general
aridity. There are few major rivers and streams and thus groundwater has been a key
element in water supply. This reliance on groundwater naturally led to major concern
about its origins, occurrence and sustained developable volumes. Over the years the
general physiography, geological structure and lithology have exercised considerable
influence on where and how the groundwater has been developed, on estimates of how

much groundwater is available, and on how groundwater tlows within the system.

Basically the structural framework of the region can be characterized as a series
of north-south trending mountain ranges with general lithology ranging trom carbonate
rock sequences to volcanic and granitic rocks. These rock types also underlie the
valleys at depths ranging from several hundreds to several thousands ot feet. The
valleys are tilled from their floors down to bedrock with unconsolidated alluvium and
lake sediments, and in some basins semiconsolidated Tertiary sediments. The upper
levels of the valley till, consisting of layers of sands, gravels, silts and clays, have
traditionally been considered as the-"graundwater basin". Attention has been tocused
on these alluvial basins for estimating groundwater availability and developing water

supplies.
During the early 1950's the Nevada Distriet Office of the U.S. Geological Survey,

in a cooperative program with the Nevada Department of Conservation and Natural
Resources, developed a technique for estimating the average annual natural recharge



to these valley till groundwater basins. The cooperative program became a concerted
effort to develop water supply estimates for each basin during the 1960's and 1970's.
The estimating technique used was basically that of developing a valley water budget
wherein total natural inflow to each valley must equal total outflow plus changes in
storage. In many valleys it was tound impossible to balance these water budgets
because there was either too much or not enough discharge, and the differences were
significantly larger than the probable errors in inflow estimates. These observations
and renewed interest in flow system theory led t6 the studies by personnel at Desert
Research Institute (DRI) (Maxey and Mifflin, 1966; Mifflin, 1968) and the U.S. Geological
Survey (USGS) (Eakin, 1966) into the reasons for these imbalances. The general
conclusions were that while the valleys are topographically separatéd, there are instances
where there is signiticant groundwater tlow between the valleys beneath the mountain
ranges. These interbasin groundwater tlows (regional tlow systems) were found to
oceur primarily in that portion of ‘Nevada where a significant portion of the geologic
section consists of carbonate rock lithologies (Mifflin, 1968; Nevada Hydrologic Atlas,
1972). Supporting evidence for the regional flow systems concept was found in the
valley water budgets, the occurrence of major springs issuing from or near carbonate
rocks, regional valley fill aquifer water levels and regional groundwater chemistry
(Natt, 1973).

The regional groundwater flow system concept was generally accepted by the
mid- to late 1960's. However early in the development of the concept there was little
evidence on depths at which these flow systems existed, the effective permeability
and porosity of the hydrostratigraphic units or whether these "aquifers" were economical-
ly developable. The early direct evidence concerning these latter unknowns came about
as a result of the 1963 Limited Test Ban Treaty, which called for all nuclear testing
to be done underground. An early concern with such testing was the possibility of
radioactive contamination of groundwater. The presence of groundwater was also a
possible factor in the successful containment of subsurface detonations. As a result,
the U.S. Atomic Energy Commission (now U.S. Department of Energy, DOE) contracted
with USGS, DRI, and other research groups to evaluate hydrologic tfactors associated
with this testing. As part of such hydrologic programs numerous hydrologic test holes
were drilled in the vicinity of the Nevada Test Site (NTS) and the Central Nevada
Test Area in Hot Creek Valley. These test holes penetrated the valley fill and



entered the underlying volcanic and carbonate rocks to signiticant depths. Some holes
were as much as 8000 feet deep and encountered significant permeability and large
volumes of water in the carbonate rocks. These provided the tirst direct hydrogeologic
documentation that groundwater moved through the deep-lying carbonate rocks under
the NTS to other closed basins (Winograd, 1962). At the NTS, hydrologic test hole,
nuclear event observation hole and event emplacement hole data indicate that as much
as 235 million acre-teet of groundwater may be stored and slowly moving through the
carbonate rocks (data trom Winograd and Thordarson, 1975). This quantity of water
under the NTS would be enough, for example, to provide all of Nevada's need for
approximately 40 years at the present rate of consumption. However, location of this
water, probable cost of development for use in other areas of Nevada, and many other
considerations suggest a search for similar and possibly more attractive deep carbonate

rock aquifers for future development.

As with all research, funding of carbonate aquifer studies has proved to be the
biggest problem, apart from actually achieving sometimes difficult research objectives.
From the early 1970's until his untimely death in early 1977, Dr. George B. Maxey
and others, armed with the available information, worked to obtain funding for what
was to be called the "Deep Hole" project. Research objectives were claritied, proposals
developed, and funds were diligently sought to begin the program of research believed

necessary to evaluate this "new" water resource alternative tor the State.

In August, 1977, the Las Vegas Valley Water District Board of Directors made
it possible to begin initial "Deep Hole" work with money to support the first phase of
the research, as reported herein. The questions of where to drill, and how much
exploratory drilling would be necessary betore production wells could be developed
were primary. Another important question was whether or not such groundwater can
be considered and managed as a "Separate" water resource, that is, as water so far
removed trom the conventionally developed groundwater in the alluvial basins that it

can be developed and managed on a different basis.

An adequate research program which involves actual drilling and aquifer testing
to address the most important questions is estimated to cost about ten million dollars

over a number of years. This, or some part of this, will be Phase I of the




"Deep Hole" research program. The high price tag is due mostly to the very costly
drilling that is similar to petroleum exploration, using large drilling rigs and constructing
test holes that could range up to 10,000 teet in depth. Research drilling costs are
probably many times more costly than possible future production well drilling costs
due to hydrologic testing that is desirable and necessary when each permeable Zone
is penetrated. This is coupled with the need to penetrate to much greater depths to
more fully explore and understand the flow systems that may eventually be developed.
The previously discussed questions of relations of deep carbonate aquifers to con-
ventionally used groundwater resources demand carefully developed data that do not

exist at the present time.

The test drilling phase of the research program is believed justified because of
the potential economic impact on Nevada's future if the deep carbonate aquifers can
be used. In our present state of knowledge, it has yet to be demonstrated that such
aquifers could be developed for large scale water supply purposes and, if so, what the
cost of the water would be. If, for example, the economics of developing deep aquifers
tor water supply is less costly than importing water or reclaiming waste water, this
could have tremendous impact on Nevada's future development. Over one-third of
Nevada is underlain by these carbonate rocks, and most of the surface water and
conventional groundwater is already in use. Generally, localized water supplies sufficient
to permit major new developments are unavailable without eliminating much of the
present water uses. In some basins, there are essentially no conventional water supplies.

In the Las Vegas area, there is no proven additional source of new water supply
once Nevada's share of the Colorado River is tully utilized, a condition that may be
reached within 20 to 25 years. At that time any growth will need to be based on
water conservation, intensified mining of conventional groundwater, and/or imported
groundwater from other valleys at the expense of existing water uses in those valleys.
This has been the planning picture to present, without recognition of the potential
alternative represented by the deep carbonate aquiters. In view of these realities in
southern Nevada, the incentive is becoming sufficiently strong to explore and evaluate

the carbonate aquifer alternative regardless of the high costs for test drilling.



HYDROGEOLOGY

The hydrogeologic setting provides the boundary conditions determining the tlow
characteristies of an aquifer. Such geologic parameters as stratigraphy, lithology and
structure are important in determining the type of aquiter, location of recharge and
discharge areas and the nature of the porosity and permeability of the aquifer.

An overview of the hydrogeology of carbonate aquifers is presented by Stringtield
and LeGrand (1969). White (1969, 1977) discusses the effects of structural and
stratigraphic controls on carbonate aquiter systems of low to moderate relief. The
hydrogeology of carbonate aquiters in folded and faulted rocks is discussed in Parizek,
et. al. (1971).

Various aspects of eastern Nevada geology, hydrogeology and hydrology have
been discussed by many authors. The bibliography at the end of this report contains
over 500 entries and is a compilation of the many references which contain information

of potential utility.

Physiography

The study area (Figure 1) generally lies in eastern and southern Nevada east of
longitude 117°. 1t encompasses approximately 40,400 mi2 of Clark, Elko, Lincoln, Nye
and White Pine counties. This area is within the central Great Basin section of the
Basin and Range physiographic province. The area is characterized by isolated, elongate,
subparallel block-faulted mountain ranges and broad intervening, nearly flat floored
alluvial valleys or basins. The mountains tend to run north or northeast with many
rather regularly spaced between 15 and 25 miles apart. They are 20 to 100 miles
long, 5 to 15 miles wide and many have elevations between 8,000 and 10,000 feet
above mean sea level (msl). Wheelér -Feak on the Nevada-Utah border is the highest
point totally within Nevada at 13,063 feet msl. Mt. Charleston in the Spring Mountains
is among the highest peaks in the state at 11,918 feet. The basins are filled with
varying thicknesses of alluvium derived from the surrounding mountains. Basin sediment
thicknesses range from a few hundred feet to greater than 10,000 feet. Valley floor
elevations range from approximately 2,000 feet msl in Las Vegas Valley to about 7,000

feet msl in the central part of the area.



Climate

The local climates of the region are extremely variable, depending primarily
upon the altitude. The valleys are arid to semi-arid, characterized by low precipitation
and humidity and extreme diurnal variation in temperature. The mountains are semi-arid
to sub-humid, receiving about one-half of their precipitation as snow during the winter.
Thunderstorms account for much of the summer precipitation. Annual precipitation is
quite variable, with mean annual precipitation rangeing from as little as 3 inches in
some of the southern valleys to more than 30 inches in the highest mountain ranges.
The majority of the basin and foothills areas receive 5 to 12 inches.

Stratigraphy

Eastern Nevada is stratigraphically complex. It lies within the miogeosynclinal
belt of the Cordilleran geosyneline, in which 30,000 to 40,000 feet ot marine sediments
accumulated during the Precambrién and Paleozoic eras (Stewart, 1964; Roberts, 1964).
Plate I is the Million-Scale Geologic Map of Nevada (Map 57) published by the Nevada
Bureau of Mines and Geology (NBMG, 1977). It indicates general groupings of rocks.
Those of most interest to this study are:

1. Precambrian and lower Paleozic Carbonate and Transitional Assemblages
indicated on the map in light purple (PzZe). They are rocks ot the
miogeosynclinal belt of the Cordilleran geosyncline. The carbonate as-
semblage consists of limestone, dolomite and minor amounts of shale, silt-
stone, sandstone and quartzite.

2. Upper Paleozoic Carbonate and Siliceous Detrital Rocks are indicated on
the map in light blue (uPze). They include thin sequences of conglomerate,
siltstone and limestone within the Antler Orogenic Belt; relatively thick
sequences of shale, siltstone, sandstone conglomerate, sandy limestone and
limestone along the eastern margin of the Antler Orogenic Belt or in the
toreland basin to east; and moderately thin to thick sequences of carbonate

rock in the foreland basin or on the shelf.

Plate I is a correlation chart of eastern Nevada stratigraphic units moditied
from NBMG Bulletin 72 (1973). The latter contains references to described sections.
Detailed descriptions of the various Paleozoic stratigraphic units of interest to this
study are given in Appendix I and are derived from many sources (see Bibliography).



Generally speaking, marked facies changes and structural displacements make it
extremely difficult to predict lithologic characteristics beyond local areas ot exposures
in the mountainous areas. Even though names tfor tormations are frequently carried
trom one study area to another, very otften thickness, lithologic character, and pre-
sumably associated hydrogeologic characteristics may ditfer in the extreme. Un-
fortunately, the literature review clearly demonstrates a pervasive omission in nearly
all pre-existing geological studies with respect to hydrogeologic characteristics of the
carbonate rock tormations in Nevada. Rarely is there consistent mention or description
of tracture or solution characteristics, or even relative differences between studied
formations. The majority of detailed geologic mapping and tormation description has
been directed at determining age relationships, lithology, distribution, and structural
characteristics. Some of the limited number ot references encountered that give
attention to hydrogeologic aspects ot carbonate rocks in Nevada are Maxey and Jameson
(1948), Winograd (1962), Naff et. al. (1974), Winograd and Thordarson (1975), Miftlin
(1968), McLane (1972, 1974) and Dudley (1967).

Theretore, the conclusion of this part of the study is that the conventional
geologic literature available sheds little light on potential target horizons with ex-
ceptional high permeability. Rather, these studies will become more useful as site
speciftic information is acquired in test drilling and more hydrologic data from specitic

tformations is developed.

Structure

Eastern Nevada is characterized by extremely complex geologic structures as a
result of superposition, one upon the other, of several periods and types of detormation.
Probably three periods of deformation have attfected the carbonate rock sequences
within the region of interest. In" some Areas Permian-Triassic deformation seems
probable, and some metamophism and igneous intrusions are associated. Folding and
thrust faulting of the late Precambrian and Paleozoic rocks occurred during the late
Mesozoic-early Tertiary Laramide orogeny. Normal block faulting, which produced the
present day basin and range topography, started in the Oligocene and reached a maximum
in the Miocene, with some activity extending to the present time. Strike-slip faults
and shear zones have been active during the Laramide and block faulting tectonic
periods. Movement along the Roberts Mountain Thrust was as much as 90 miles

10



(Wallace, 1964). Displacments of from 25 to 40 miles have been mapped along the
Las Vegas Valley shear zone, in Death Valley, the Amargosa Desert, the NTS and in

Las Vegas Valley.

Structural history relates to at least four important areas of consideration in
the study of deep carbonate aquifers for water supplies. The first and most fundamental
is the distribution of the carbonate rocks in the subsurtace. The history of faulting,
tolding and erosion controls the basic distribution of the rock >types of interest. In
much of the region of interest knowledge of this distribution is more or less restricted
to bedrock exposures due to the extremely complicated history of deformation, as
demonstrated by the areas mapped in detail. Presence of many low and high angle
thrust faults, associated tolding, and superimposed normal faulting greatly complicates
the prediction ot distribution of formations in the subsurface, particuiarly in the basin
areas. Until demonstrated otherwise, the complicated structural relationships displayed
in outerop areas of the mountains are assumed to persist in the basement rocks
underlying the alluvial basins. Changes in structure from range to range is often the
case, and therefore interpretation of structure hidden under the basins between the
ranges is generally difficult. Locations for test drilling, particularly in areas of marked
structural changes in short distances, seem best where basin margin structure is exposed

and initial stratigraphic and structural control in the upper part of a test hole is less

subject to change.

Secondly, structural development has rearranged rocks to the extent that per-
meable and impermeable ]ithologieé are often juxtaposed. This can in turn create
corridors of permeability in any given direction and generate relatively impermeable
boundaries on a localized and, perhaps, regional scale. Considered in terms of flow
system contiguration and size, this aspect has special significance. It is well demon-
strated on a local basis that taults and stratigraphic control on permeability can
determine general patterns of groundwater flow. What is less evident in documented
cases is the possible control structure may have in the contiguration of large, regional
flow systems. Further, major linear fault zones, such as regional shear zones and the
range front tfault zones that sometimes extend for great distances must have, in at
least some areas, very profound influence on the movement of groundwater. Little
tirm evidence exists in the literature as to the importance of such zones throughout

the carbonate rock province.

11



The third aspect of structural history of considerable importance is the direct
impact on permeability. Most carbonate rocks deformed at shallow depths within the
crust behave in a brittle manner, and thus shear and fracture during deformation.
Concentration and extent of fractured carbonate rocks is important in the degree of
development of secondary and tertiary permeability, as discussed later. Fracturing of
relatively youthful age in a geologic sense is believed most important with respect to
permeability, as fractures in carbonate rocks may reheal over prolonged periods of

time due to recrystallization of carbonate minerals.

The fourth aspect of structural history perhaps controlling permeability in the
carbonate rocks relates to present and past patterns of groundwater flow due to position
in past circulation systems of groundwater. From at least Miocene time, and perhaps
the early Tertiary, the relative positions of carbonate rocks in the Basin and Range
Province have been changing with respect to recharge areas, discharge areas, and
normal flow paths of groundwater. Depending on the relative position at any given
time, the potential amount of solution in a tractured carbonate rock may vary greatly

due to the thermodynamic environment and associated flux of groundwater.

This type of structural history may have important influences over the distribution
of permeability in the subsurface. In some parts of Nevada there is considerable
evidence that Basin and Range configuration may not have been constant since the
block faulting became a dominant pattern ot deformation. Some carbonate rocks now
lying buried beneath basin fill deposits may not always have occupied such structural
and hydrogeologic environments. Conversely, other zones of carbonate rocks may have

maintained their relative positions with respect to antecedant groundwater circulation

patterns.

Hydrologic Significance of Geologic Setting
Permeability

This basic parameter of rock, combined with total cross sectional area and
hydraulic gradient, determines the rate of flow and location of possible flow paths.
Carbonate rock permeability is of three types: (1) primary porosity and permeability
due to the presence of the initial communicating pore spaces; (2) permeability due to
a network of joints, fractures, and bedding planes; and (3) permeability due to cavernous

12



or solution openings. A carbonate aquifer can have a large tertiary permeability due
to solutional development of an extensive system of interconnected cave conduits

ranging in cross sectional area from hundredth of a square inch to hundreds of square

feet.

Structural Controls

Regional movement of groundwater may be strongly influenced by the late
Mesozoic-early Tertiary detormation of the late Precambrian and Paleozoic miogeo-
synelinal rocks, their subsequent erosion, and the faulting that took place during the

late Cenozoic Orogeny.

An example of this influence in southern Nevada is reported in Natt, et al.
(1974). They state that deformation of the Tertiary rocks is highly variable. Simple
tilting and block faulting occurs in Las Vegas, Pahrump, and Indian Springs Valleys,
but in the Amargosa Desert compléx folding and faulting in the Tertiary strata intluence

the quality and movement of groundwater.

Overthrust faults are abundant tectonic teatures in the region, but their impact
on groundwater occurrence and movement at depth is little understood. Even the
" contiguration of such taults is in question at depth. Burchtiel (1964) and Secor (1962)
maintain that such taults are decollement structures which flatten out with depth from
initial dips of 359 to 50°. In contrast, Vincelette (1964) and Fleck (1970) present
evidence that a steep dip is also present at depth. If so, such faults may form

elongated corridors of carbonate rocks that extend to considerable depth.

Thousand of normal faults, commonly with displacements of less than 500 feet,
but occasionally with displacements in the thousands of tfeet, are present in the region.
In the Amargosa Desert, a north-south trending normal fault or fault zone in the
Paleozoic carbonate rocks is believed to be responsible for the locus of springs in the

Ash Meadows area (Winograd, 1971).

Structural control on several scales of consideration may well prove to be
important in the search for aquifers in the carbonate rocks. The contiguration of
groundwater flow systems, particularly the large regional systems as later discussed
and delineated in Plate III, seem to be at least partly controlled by structure. The
structural grain of eastern Nevada is essentially north-south, and so are the generally
apparent dominant flow directions of the very large interbasin groundwater systems.
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Beginning as tar north as Jakes Valley, regional flow trends in southerly directions in
response to both linear grain of the geologic structure and to a lessor degree, gradually
lower intermountain basins. Accurately defining flow paths is of great importance in
terms of recognizing potential interterence ot carbonate aquifer development on existing
alluvial groundwater basin development. If the postulated patterns of flow are essentially
correct, there seems little question that areas could be located for development of
water supplies well beyond the range of potential impact on existing uses connected

to the same system.

The search for productive carbonate aquiters at reasonable depths in terms of
production well fields with the need for limited exploration drilling is another basic
aspect of structural control on permeability distribution. Based on the experience in
other regions ot carbonate rocks where wells located on fracture traces can be proven
to be consistently better producers than randomly located wells (Lattman and Parizek,
1964, Siddiqui and Parizek, 1971), it seems reasonable to conmder the normal taults
and tault zones associated with the block raulting. The age of latest movements and
the usual series of faults bounding the flanks of ranges well into the basinward
depositional environments suggest enhanced opportunity for permeable zones. Further,
in such positions fluid potential might be more favorable for production lifts, and the
zones of penetrated rocks at shallow and intermediate depths should be areas of active

circulation.

Hydrostratigraphy

Naff, et. al. (1974) and Winograd and Thordarson (1975) have considered the
hydrostratigraphy of southern Nevada in the vicinity of the NTS. Table 1, moditied
trom Winograd and Thordarson (1975), summarizes the Paleozoic stratigraphic and

hydrologic units present. -

The lower carbonate aquifer comprises the carbonate i'ocks of Middle Cambrian
through Devonian age. It is the hydrostratigraphic unit of most interest to this study,
as is demonstrated later in this report. In the area of the NTS these carbonate strata
aggregate about 15,000 feet of thickness. The strata are complexly fractured, with

permeability locally enhanced by solutional processes.

The transterability of the findings in the NTS area are somewhat questionable
when applied to the rest of the carbonate province of Nevada. However, the experience
gained in NTS studies is the only concentrated subsuriace information, and provides
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TABLE 1

Stratigraphic and Hydrogeologic Units
at Nevada Test Site and Vicinity

(Modified from Winograd and Thordarson, 1975)

Maximum Hydrogeologic Water-bearing characteristics and extent of
( aphic uni Major lithol thickness ’ - Q
System Series Stratigraphic unit j ogy (feot) unit saturalion?
Cretaceous to Granitic stocks Granodiorite and quartz ’ - (A minor Complexly fractured but nearly impermeable.
Permian monzonite in stocks, aquitard)
dikes, and sills.
Permian and Tippipah Limestone Limestone. 3,600 Upper Complexly fractured Aguifer; coefficient of
Pennsylvanian carbonate t bility estimated in range from 1,000 to
aquifer 100,000 gpd per ft; intercrystalline porosity and
permeability n:sliglble: _saturated only beneath
western one-third of Yucca Flat.
Mississippian Eleana Formation Argillite, quartzite, con- 7,900 Upper Complexly fractured but nearly impermeable; co-
and Devonian glomerate, conglomer- clastic efficient of transmissibility estimated less than 500
ite, limestone. aquitard gpd per ft; interstitial rermnbility negligible but
owing to poor hydraulic connection of (ractures
probably controls ground-water movement;
. saturated only beneath western Yucca Flat and
) Jackass Flats.
Upper Devils Gate Limestone Limestone, dolomite, >1,380
Devonian 0 minor quartzite.
Middle Nevada Formation Dolomite. >1,525
Devonian and Undifferentiated Dolomite. 1.415
Silurian
Upper Ely Springs Dolomite Dolomite. 305
Eureka Quartzite Qhartzile, minor lime- 340
Middle stone.
- 21 Antelope Valley Limestone and silty 1.530
Ordovician — 7 — g Limestone limestone.
- : N " s Complexly fractured aquifer which supplies major
Lower 'CEL Ninemile Formation lems:g‘:ﬂ da:‘ld limestone, 335 springs_throughout eastern Nevada; coefficient of
g . i Lower transmissibility ranges from 1,000 to 1,000,000 Tpd
£| Goodwin Limestone Limestone. >900 carbonate per [t; intercrystalline porosity and permeability
aquifer negligible; solution caverns are present locally but
Nopah F . L q regional ground-water movement is controfled by
opah Formation Dolomite, limestone. 1.070 fracture transmissibility; saturated beneath much
moky Member of study area.
U Halfpint Member Limestone, dolomite,
pper silty limestone. 715
Dunderberg Shale Shale, minor limestone. 225
ember
Bonanza King Formation Limestone, dolomite,
Banded Mountain minor siltstone. 2,440
Cambri Member
amprian Papoose Lake Member Limestone, dolomite,
Middle minor siltstone. 2,160
Carrara Formation Siltstone, limestone, in- 1.050
terbedded. Upper 1.050
feet predominantly
limestone; lower 950 feet 950
predominantly siltstone.
Lower Zabriskie Quartzite Quartzite. 20 Complexly fractured but nearly impermeable;
: - supplies no major springs; coefficient of
Wood Canyon Formation Quartzite, siltstone, shale, 2,285 Lower transmissibility less than 1.000 gpd per ft; in-
minor dolomite. clastic terstitial porosity and permeability is negligible,
- - - aquitard* hut probably controls regional ground-water move-
Stirling Quartzite Quartzite, siltstone. 1,400 ment owing to poor hydraulic connection of frac-
Precambrian tures; saturated beneath most of study area.
Johnnie Formation Quartzite, sandstone, 3,200
siltstone, minor lime-
stone and dolomite.
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the best picture of what should be expected in other areas and, perhaps with other
thick sequences of carbonate rock in the saturated zone. Ranges of small to large
transmissivities for any given hydrostratigraphic zone parallel somewhat the experience
in other regions of carbonate rock aquifers. Frequently, there is recognized some
systematic reason for variations in transmissivity, such as structural control (faulting,
fracturing) or relative position in the flow system (concentrated flow in discharge
areas, history ot tlow system position). For these reasons, location of test drilling
should be based, at least in part, on selected environments where tracturing and a
history of active groundwater could be anticipated in the eftort to penetrate the zones

of higher transmissivity.

One important aspect that warrants some discussion is the difference between
most production wells in commonly developed aquitfers and the search for carbonate
aquifers in Nevada. Aquitfers commonly developed are rarely more than several hundred
teet in thickness. Usually, only a part of the so-called aquifer is highly permeable,
and therefore most normal production wells receive a majority of water trom a rather
small total thickness of permeable earth materials. In Nevada, the marked thickness
of the carbonate rock tformations should greatly enhance the opportunity tor penetrating
a tew highly permeable zones if several thousand feet of carbonate rock are penetrated.
This is one of the important questions with respect to exploratory drilling tor production
wells. It seems reasonable to expect that several thousand feet of penetrated carbonate
rock will generally yield sufficient water for a production well. If this proves to be
the case, the costs for actual development of groundwater from carbonate rocks may
prove economically competitive with some of the higher cost water now being used in

southern Nevada.

It seems important also to point out that carbonate rocks are generally not
permeable it no secondary or tertiary  permeability exists. However, the history of
deformation in Nevada is highly favorable for extensive fracturing and, presumably,
some solution along existing fractures. For the amount of well-exposed carbonate rock
that exists in the ecarbonate rock province of Nevada, there is not an abundance of
known caves. There are , however, numerous small scale solution features associated
with carbonate rock tormations exposed at land surface. There are very little data
in the literature documenting the frequency of solution teatures with respect to any

particular carbonate rock formation.
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FLOW SYSTEMS

Studies such as Eakin (1966), Maxey and Mitflin (1966), Mifflin (1968) and Winograd
and Thordarson (1975) have established some of the fundamental concepts concerning
groundwater tlow systems in Nevada. Direct data on these systems are extremely
sparée, and the details of the flow systems are not generally known. For purposes of
this report, groundwater tlow systems are defined as tollows:

A. A "regional groundwater flow system" is loosely defined as a large ground-

water flow system which encompasses one or more topographic basins. A
regional system may include within its boundaries several groundwater basins;
interbasin flow is common and important with respect to total volume of
water transterred within the system boundaries; lengths of flow paths are
relatively great when compared to lengths of flow paths of "ocal" ground-
water flow systems.

B. A "local groundwater tlow system" is generally confined to one topographic
or groundwater basin; interbasin tlow is not important with respect to total
volume of water transferred within the system; the majority of flux of
water within the system discharges within the associated groundwater basin;

tlow paths are relatively short when compared to regional systems.

General Approach

A groundwater flow system is a region within saturated earth materials where
there is dynamic movement of groundwater from a recharge area to a discharge area.
Water enters the system in the recharge area by virtue of passing from the land
surface through the vadose zone to the zone of saturation. At the discharge area of
the flow system, water passes from the saturated zone to positions outside the saturated
zone of earth materials-the atmosphere, surface water drainage systems, lakes, capillary
fringes in the vadose zone, plants and ice.

At every point within the tlow system each molecule of water has the potential
to move from the system; in other words, each water molecule within the flow system

is moving, however slowly, toward the sink of the system. From a practical point of
view, water which does not move, or moves SO slowly as to be undetectable by virtue
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of fluid potential differences with respect to surrounding water, can be considered
exterior to the dynamic flow system and such water is considered to be stagnant.

The ideal delineation of a groundwater flow system includes locating the recharge
area and discharge area of the system, and reliably linking these parts of the system
together by establishing a potential gradient from the recharge area to the discharge
area. Further, ideal delineation should establish the boundaries between adjacent flow
systems and other characterizing information such as depth of circulation, character
of water at various positions in the system, and any other information about the flow
system that may be usetul. Ideal flow system delineation constitutes knowledge of

flow paths of water in earth materials.

Reliable flow system delineation is made extremely difficult in many areas of
Nevada by the lack of fluid-potential information, as well as the difficulties associated
with attempts at locating and correlating recharge with discharge areas. Areas of
recharge cannot be directly proven in many parts of Nevada. Further, most flow system
boundaries in Nevada ocecur in mountainous terranes that are usually void of widespread
subsurface intformation. Even in the basin and foothill areas, subsurface information
is extremely localized, and fluid potential data are generally unavailable below the

upper tew hundred feet of saturation.

The basie approach by Miftlin (1968) was to use fluid potential information where
available, either on the basis of water levels as indicated by wells or mines or by
considering surface features closely related to groundwater, such as springs, seeps,
base tlow in perennial or live streams, phreatophytes and moist or salty areas associated
with capillary fringes. Where this type of information is very sparse or ambiguous
with respect to true saturation and associated fluid potential, more indirect evidence
was called upon, such as hydrogeology, water budget relationships and availability of
moisture for recharge. However, uncertainties remain in some areas even with these
data. Studies of groundwater chemistrg, groundwater temperature and detailed spring
studies in carbonate rock terrane were made in an etfort to supplement the more
conventional data. Miftlin (1968) contains a detailed discussion. of the concepts of

groundwater potential.

Flow Systems As Depicted By Models

Previous investigations (Toth, 1962 and 1963; Freeze and Witherspoon, 1966 and

1967) have examined theoretical aspects of groundwater flow systems and modeled
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hypothetical systems in two dimensions. It has been found that, given certain boundary
conditions, usually imposed by permeability, topography and available recharge, it is
possible tor what have been called local, intermediate and regionals systems to exist

(Toth, 1963).

The models provide important points of departure in attempts to delineate
naturally occurring groundwater tlow systems. The importance of models can be seen
in Figure 2, because a commonly assumed crit;;r'ioﬁ for a system boundary is a region
ot high groundwater potential. These regions of high potential are usually recognized
in nature by the configuration of saturation, and fluid potentials at depth are rarely
known. The models in Figure 2 clearly suggest that such regions ot high fluid potentials
are not necessarily pertect boundaries to the system as a whole, and that tlow can

oceur at depth trom one "cell" of the depicted system to another.

Most important to the flow-system delineation are hydrogeologic conditions of
relatively high permeability at depth such as exists in carbonate rocks. In such
situations models suggest that large quantities of water can move from one "ecell" to
another. Thus, it may be insufficient to map only the surficial or "shallow" fluid
potential field of a groundwater system if full and reliable identification of the system
is to be accomplished in terrane which may be underlain by rocks of high relative
permeability. Most hydrologic data of groundwater potential are limited to close to
the top of the zone of saturation, and hence even a detailed knowledge of the
configuration of saturation may be woetully inadaquate to ascertain where some waters
leave the system, or where they enter the system in areas underlain by permeable
zones at depth. There is good evidence for extensive permeable zones at considerable

depths with the carbonate rocks in eastern and southern Nevada.

Flow System Delineation In Carbonate Terrane

The evidence available suggests that thick sequences of carbonate rocks underlie
most of the alluvial basins and much of the volcanie rock sequences of eastern Nevada.
Deep petroleum wildcat drilling indicates that intervals of cavernous carbonate rock
exist to depths perhaps greater than 10,000 feet, as many test holes experienced
extreme circulation difticulties, and a few have experienced dropping bits upon en-

countering caverns (see Appendix IV).
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A prime hydrologic evidence of extensive zones of permeability in carbonate
bedrock is provided by a number of large important groundwater discharge areas.
Impressive examples of valleys which must lose water by interbasin flow through the
surrounding mountain ranges include Jakes Valley, Cave Valley, Coal Valley, Dry Lake
and Delmar Valleys, Sand Springs Valley (also called Little Smoky Valley) and Long
Valley. Many other basins in eastern and southern Nevada also are believed to lose
groundwater by interbasin flow, but their smaller size or the limited availability of
moisture for recharge makes the phenomenoﬁ of “interbasin flow less impressive and,
in some cases, less certain. The distribution of groundwater discharge areas in Plate

Il further illustrates this phenomenon of interbasin flow.

Groundwater Chemistry of Large Springs

There has been much work on the geochemistry of carbonate waters in recent
years. The spatial variations have been investigated by such workers as Back (1966),
Back and Hanshaw (1970), Jacobson and Langmuir (1970), and Langmuir (1971). Temporal
variations have been studied by Shuster and White (1971, 1972), Thrailkill (1972),
Jacobson (1973), Hess (1974) and Hess and White (1974). The geochemistry of carbonate
waters is of interest in its own right and is also a means of investigating the hydrogeology
and physical hydrology of an aquifer, including flow system delineation.

Maxey and Mitflin (1966) and Mifflin (1968) have demonstrated the apparent
utility of water chemistry from large-discharge springs associated with flow systems
in eastern Nevada. The quality of groundwater tlowing through carbonate terrane will
vary with length of flow path and residence time. The minerals calcite (CaCO3) and
dolomite CaMg(CO3)2 which form the major carbonate rock types of limestone and
dolomite are soluble in water, but not as soluble as other minerals that might be
associated with carbonate rocks such as gypsum (CasoO 4) and halite (NaCl). Con-
centrations of the various ions formed by solution of the above minerals will increase
in the groundwater with length of tlow path and time. However, Maxey and Mifflin
demonstrated that water chemistry of springs believed to be associated with regional
flow systems characteristically illustrated increased concentrations of sodium (Na),
potassium (K), chloride (Cl) and sulfate (so 4) with increased lengths of flow paths.
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At each large spring associated with carbonate terrane, an indication of distance
water has traveled, as well as the potential, temperature and character of discharge,
can be obtained. This provides a powerful tool in the absence of widespread fluid
potential data. Further, the temperature of water gives indication of probable depth
of circulation immediately up-gradient from the spring. The elevation of the spring
gives an indication of fluid potential at that point in the system. Character of
discharge (i.e., either variable or constant) gives indication of proximity of significant
recharge areas. All these attributes, it considered together, offer qualitative character-
ization of the involved flow system at that geographie point.

Tritium in Carbonate Springs

Tritium, a radioisotope of hydrogen, can be a useful tool in determining age
and source of groundwater. Use is made of environmental tritium as a tracer.

Reconnaissance sampling tor tritium in large carbonate springs was used by
Mifflin (1968) to further investigate the character of carbonate rock flow systems.
He found that the concentration of Na+K forms a reliable criterion for predicting
tritium concentration in springs. Signiticant amounts of tritium were found in all
sampled springs that contained less than 3.8 ppm Na+K. No significant amount of
tritium was found in any sampled spring that contained more than 8 ppm Na+K.

Flow System Classification by Chemistry and Tritium

Variations in water chemistry and tritium in large springs associated with flow
systems in carbonate terrane aid in flow system delineation. A classification was
applied by Mifflin (1968) that divided springs into three general groups; 1) small local,
2) local and 3) regional flow systems. The approach was to consider water chemistry
in springs known to be associated with systems that are interbasin in contiguration
(regional with long flow paths) and water chemistry in large springs which are intrabasin
in configuration (local with short flow paths). Further, the occurrence of tritium in

signiticant quantities in some springs permits a third classification with limits based

on tritium.

On the basis ot water chemistry and independent hydrologic data, relative paths
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of flow or lengths of flow systems in carbonate rock terrane were divided into two
broad categories, local and regional systems. Ocecurrence of tritium in significant
concentrations in waters with low concentrations of Na, K, Cl1 and SO 4 and consistent
absence of significant tritium in waters with higher concentrations ot these ions strongly
support the characterizatidn of flow systems into local and regional systems. It also
indicates that very little or no recharge occurs near points of discharge of large springs
associated with regional flow systems. Springs which contain significant concentrations
of tritium may be separated further on that basis as being related to "small local"

flow systems.

Figure 3 (moditied from Mifflin, 1968) is a logarithmic plot of concentrations
of Na+K ions compared with Cl1+50 4 jons found in the large springs associated with
the carbonate rock terrane. Also shown are the discussed boundaries of flow system
classitication, the springs assayed for tritium, and the springs that displayed significant
tritium. Appendix II is a compilation of physical and chemical characteristics of
carbonate springs in eastern Nevada. It includes the data used to plot Figure 3.

Flow System Boundaries in Southern and Eastern Nevada

The flow system boundaries in southern and eastern Nevada were developed by
Miftlin (1968) on the basis of both conventional hydrologic data and system classification
studies of the large springs. Even with the combined approach, delineation of flow
systems in this region is believed subject to major error, and truly confident delineation
awaits the proof provided by carefully collected fluid potential data from deep wells
in key areas.

Plate Il illustrates the distribution of flow system boundaries and location of
the regional springs associated with the carbonate rock terrane of eastern and southern
Nevada, along with indications of tlow direction and areas of possible interbasin flow.

See Miftlin (1968) tor more detailed discussions.

Most flow systems in southern and eastern Nevada are interbasin in configuration
of flow. Contident delineation of flow system boundaries in this region cannot be
accomplished in detail with available data; however, the general aspects of delineation
shown in Plate Il are more or less valid. The greatest problem of delineation in this
region is location of tlow system boundaries in areas where important flow occurs at
depth in carbonate rock. Shallow fluid potential data may be misleading as to location

of significant boundaries.
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ow systems in eastern Nevada are White River,
NTS. Pahrump Valley-Mesquite Valley

The four largest interbasin fl

Railroad Valley, Las Vegas, and Amargosa Desert-

tlow system has been classitied as a local tlow system in the Nevada portion, even

sties are very similar to the Las Vegas flow system. The boundaries

though characteri
The chosen boundaries

of all these flow systems are uncertain in at least some areas.
of these tour systems in Plate Il have been based on all available data, which include

shallow fluid potential data, lithology, budget estimates and water chemistry in springs,
but none ot the evidence is believed powerful enough to delineate boundaries with

confidence.

The importance of tlow system delineation to the concept of potential develop-

ment of carbonate aquifers for water supply is in the disciplines of economics,

For example, it is known from radiometric age

management and legal considerations.
1968; Haynes 1967; Winograd and Pearson, 1976)

that regional flow systems waters have rather long average travel times, as would be

expected from other lines of evidence. Theretfore, the great distances and slow travel

times indicate that even though some conventionally developed groundwater basins may
be supplied by the regional tlow system, the time frame of connection is so great that
thousand of years would be required for development in one area of the system to be

manifested in a distant part of the system. Should it be decided to use these waters

from the carbonate aquifers, it becomes important to tind the most economical places

to develop the waters without creating undesired impact on the existing groundwater

development. Such considerations as pumping lifts, transfer distances, and perhaps

aquifer exploration costs depend on reliable flow system delineation. At the present

time, the evidence is strong enough to say that the large regional flow systems exist,

the discharge areas are generally known, and there are many areas where carbonate

oundwater could probably be intensely developed without short term (200
What is not known is just how

e development rhight be without

aquifer gr
year) impact on conventional groundwater supplies.

close to conventional groundwater supplies such intens
Some very significant economic advantages could be overlooked

short term impact.
tered into prior to basic water resource

if adequate flow system studies are not en
development decisions in southern and eastern Nevada.
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Summary

The carbonate rock province of Nevada is an area where the characteristies of
flow systems are quite diverse and interbasin tlow is common. Presently available
data and techniques are adequate to roughly outline the tlow systems in this region;
however, these data and methods are not adequate to accurately delineate interbasin
flow in many areas. Water chemistry in some large springs in the province suggests
long tlow paths (greater than 100 miles) and deep circulation in the carbonate rocks
unrelated to contiguration of shallow circulation. In these areas accurate delineation

of interbasin tlow will require fluid potential information from deep wells.
PERMEABILITY INDICATORS

In the absence of direct information on permeability of potential target zones,
four different types of data have been used in this study to evaluate permeability in
the carbonate rocks: 1) number and mapped length of solution caves, 2) carbonate
springs, 3) petroleum wildcat wells, and 4) mines. This information has been compiled

by geologic age, and is discussed below.

Caves

Solution caves are an extreme example of tertiary permeability in carbonate
rocks. They are useful teatures as indicators of which carbonate strata are most
susceptible to solution and in the interpretation of the paleohydrology of an area.
However, it must be kept in mind that lithology is not the only control on cave
development. Structure, stratigraphy and hiétory also play major roles. Which of these

factors is most important cannot be determined here. In any case, caves are used in
this study as gross indicators of which carbonate units have a potential for high

solutional permeability.

Appendix II lists by county the known solution caves in Nevada longer than 100
teet and includes the elevation, mapped length and lithologic unit. These cave locations
are shown on Plate IV (from McLane, 1972 and 1974). The number of caves and total
mapped cave length by geologic age are summarized in Table 2. Cambrian carbonate
units contain the most caves (39) and the greatest total mapped cave length (23,000
tt.). Devonian carbonates follow with 14 caves and 5,000 feet. These two groups of
carbonate strata contain 68% of the caves and 74% of the cave length. Thus the
cave data suggest the Devonian and Cambrian strata have a high potential or solutional

permeability.
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TABLE 2

Cave Summary

p—

Number Approximate _
Age of Caves Total Length Comments
(teet)
Cenozoic 2 700
Cretaceous 0 0
Jurassic 0 0
Triassic 3 2000
Permian 4 1800
Pennsylvanian 1 1000
Mississippian 5 1600 Monte Cristo Group in Clark
County '
Devonian 14 5000 Devil's Gate limestone in Elko
County
Silurian 0 0 _
Ordovician 10 2500 Pogonip Group in Nye County
Cambrian 39 23000 Pole Canyon limestone in White
Pine County '

*+ Data compiled from McLane (1972).
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The comparison of the most cavernous units suggests the hydrogeologic history
of the area may be a more important control on cavern development (permeability)
than lithology (age of the rocks). However, it appears that within a given area (county)

certain lithologic units are the best cave formers.

Wildcat Petroleum Wells

The records at the Nevada Bureau of Mines and Geology, including Reports 18
and 29 and Bulletin 52, were searched for information on the petroleum wildeat wells
in eastern Nevada concerning zones of lost circulation, water production and fractures
in the carbonate bedrock. In addftion, contacts were made with major petroleum
exploration companies to obtain additional intormation on selected' wells of special
interest. The petroleum wildeat wells are plotted on Plate IV. Appendix IV lists these
wells, including: surface elevation, elevation of the top of the carbonate, thickness
of the alluvium, total depth of the well, formation or age of the top of the carbonate,
thickness of carbonate rocks penetrated, and indications ot permeability. Those wells
with indicated permeability are plotted as black dots on Plate IV. There are 193 wells
listed in Appendix IV and shown on Plate IV. Of these, 33 have indicated zones of

high permeability. This is & minimum number, since complete records have not been

searched on all wells.

Table 3 summarizes the geologic age for indications of high permeability. The
table contains 19 entries; no lithologic data were available tor the other 14 wells
where permeability was indicated. The lack of permeability indications in the Silurian,
Ordovician or Cambrian probably reflects the lack of data rather than the lack of

permeability.
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TABLE 3

Number of Petroleum Wildecat Wells
with Permeability Indications

Age

Number
of Wells

~

Permian
Pennsylvanian
Miséissi ppian
Devonian
Silurian
Ordovician

Cambrian

o o o W 9o, W
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Carbonate Springs

Appendix I is a compilation of physical and chemical spring data from many
difterent sources. The available lithologic data have been summarized in Table 4.
The rock unit associated with the discharge point of the spring does not necessarily
indicate the strata in which the water is tlowing at depth. It does, however, indicate
permeability in that particular unit, at least at the land surface. Many of the same
constraints must be kept in mind when evaluating the spring data, as with cave data.
Structure and history are also important tactors controlling which unit the spring

discharges from.

TABLE 4

Geologic Age of Rock Units
Associated with Carbonate Springs

Regional Local and Small-

Age Springs Local Springs Total
Permian 1 4 5
Pennsylvanian 4 10 14
Mississippian 2 4 6
Devonian 15 23 38
Silurian 3 4
Ordovician 1 6 7
Cambrian 11 20 31

Table 4 indicates that the largest number of springs are associated with the
Devonian carbonates. Fifteen regional and 23 local or small-local springs discharge
trom Devonian rocks. Cambrian units have 11 regional and 20 local or small-local
springs associated with them. As with the cave data, these two geologic rock units
have the highest permeability as indicated by springs. They represent 70% of the

regional springs and 66% of the total number of springs.
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Mines
During the search of the geologic literature,
No attempt was made to summarize the data due

many references were found that

indicated caves or water in mines.

to limited specitics. However, water was a problem in many mines and many caves

not only the presence of water at depth, but relatively

were encountered, indicating
Some dewatering attempts have failed

high permeabilities in the area of the mines.
due to high permeabilities in carbonate rocks.

Summary
The cave, wildcat well and spring permeability data have been summarized in

permeability indicators have been plotted against geologic age

Figure 4. A number of
t trequently

in a bar graph. The Cambrian and Devonian carbonate units are mos
d with permeability indicators selected, based on the data available. This is

associate
compatible to the hydrostratigraph classitication for southern Nevada (Table 1) developed
n Table 1 includes the rocks between

from NTS studies. The Lower Carbonate Aquifer i
It is described as a complexly tractured aquiter with

the Cambrian and Devonian.
g from 1,000 to 1,000,000 gpd/tt.

coetficents of transmissibility rangin
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EXPLORATION PLAN

Introduction

Phase I of the "Deep Hole" project is designed to gain an understanding of
large regional carbonate aquifers in the Great Basin and to explore their potential for
tuture municipal and other water supply purposes. That phase of the work will involve
subsurface data collection through the use-of wildeat oil and gas wells and from other
wells drilled specitically for project purposes as part of the overall effort. A proposal
has been developed for Phase II and was submitted to the U.S. Department of Interior
tor funding. Copies of the proposal are available for review at the Desert Research
Institute. The proposal has been reviewed by the U.S.  Geological Survey, where it
received an excellent technical rating, but was placed low on the priority list for
tunding. Eftorts are being continued to obtain funding. The proposal outlines the
exploration plan, summarized below with added specitics not in the proposal.

Phase II Proposal Objectives
The objectives of Phase I are quoted below from the proposal:

"The overall objective of this research is to gain a better understanding of the
deep regional carbonate flow system in the Great Basin. Within this broad view,
specitic objectives are:

1. Determine the dynamic recharge/discharge/storage characteristics of the

regional flow system.
2. Determine quantity and quality of water that may be available tfrom the

regional carbonate aquifers.
Determine the physical aquifer characteristics of the system.
4. Predict hydrologic effects of potential withdrawals on the regional flow

systems.
5. Determine best areas for economic development of the groundwater in terms

of tflow system dynamies.
6. Determine potential conflicts with existing surface and groundwater rights
and develop criteria for changes that may be required for consideration by

appropriate policy-making entities.
7. Design a monitoring network to observe ettects of development on the

regional flow system."
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General Research Plan

The Phase II research etfort will be divided between two major task areas, with
a final third task designed to pull the whole etfort together. The tirst task will be
to investigate the functioning of large regional carbonate tlow systems in the Great
Basin. Recharge, discharge and storage characteristics will be studied along with the
various hydrogeologic boundary conditions. Task two is designed to acquire new
subsurface data through the use of petroleum wildeat and exploratory test holes. Task
three, due to the diversity in lines of investigation involved and the probable number
of reports and distinct investigations, is believed to be advisable in terms of placing
results into usable form for decision-making purposes. A technical advisory panel will

be designated to assist in the conduct of this research.

Task 1 - Regional Aquifer Systems

This task will study the hydrogeologic boundary conditions and dynamic functioning
of regional carbonate flow systems. Groundwater recharge, discharge, movement and
aquiter properties will be investigated through use of discharge and chemical hydro-
graphs. Spring inventories will be done to assess discharge characteristics. Physical
and chemical models may be built to aid in understanding the tlow systems. The

relationship between the carbonate and alluvial aquifers will be investigated.

Another part of this task will be an extension of work reported herein. Efforts
will continue to assemble and interpret existing geologic, geophysical, hydrologic and
geochemical information available on the Great Basin carbonate rock provincve of eastern

Nevada and western- Utah.

A third part of this task will be to assemble and interpret, within thé context
of knowledge gained in past and new spring studies, the water quality and fluid potential
data that become available through the subsurface data aquisition task described below.
For example, past work indicates probable boundary areas of regional flow systems,
water chemistry characteristics, and general relations of fluid potential that should
exist if delineation of tlow system boundaries is correct. As subsurface data become

available, marked advances in contidence of delineation and basic understanding should

be possible.
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Task II - Subsurtace Data Acquisition

Final validation of the hypothesis that deep carbonate aquifer systems exist well
beyond the very limited areas ot hard data will require successtul collection of subsurface
data. Two sources of subsurtace data collection are envisioned: 1) wildeat oil and

gas wells and 2) exploration test wells.

Through contacts with oil and gas operators, it has been determined that there
is the possibility of DRI or other agencies being given, for testing and monitoring
purposes, holes drilled for oil and gas testing during and after such drilling. One
requirement would be that the recipient assume legal responsibility for properly plugging
said holes in accordance with all regulations, as appropriate. Mutually acceptable
contracts will be entered into, as needed, with oil and gas operators for possible
hydraulic testing of exploration holes. The eastern Great Basin is the object of high
interest in petroleum exploration circles at this time; many hundreds of thousands of
acres ot Federal oil and gas leases are tied up, and as many as fitty exploratory holes
are contemplated in the next two years (1978 and 1979). The general indication from
oil operators is that they are very interested in this project and will be very willing
to cooperate in terms of data, advice and assistance. These possibilities are being

explored turther at this time.

The use of wildcat test holes for purposes of this project will greatly expand
the data base on subsurface conditions and reduce the overall project cost from what
it would be if all test holes were to be drilled from seratch. Also, once the petroleum
testing is completed the hole could then be finished as a monitoring well.

Based on the results of the concurrent aquifer systems analysis studies and the
adequacy of data from wildeat test holes, additional exploratory test holes may be
necessary to further the understanding of the regional flow system.' The key information
to be obtained from these holes would be fluid potential measurements with depth and
structural controls on permeability. Test holes must be large enough (>14") to get

pumps down for possible high volume pump tests.

The type of holes necessary will be expensive, with depths that may range from
2,000 to 10,000 teet. These holes cannot be drilled with "water well" drill rigs, but
rather must be drilled with oil field equipment. The objectives of exploratory
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holes is not simply to determine the existence and depth of aquiters but also to develop
data on the hydrologic and geologic properties of the various formations penetrated,
and to collect water samples for chemical analysis and age date determinations. These
objectives necessitate a hole diameter large enough to accommodate geophysical logging
instruments, straddle packers and pump-test hardware.  This drilling and testing
philosophy difters from that found in the "oil patch" where the principal coneern is
existence of hydrocarbons, whieh, if tound, are produced through a slim string of
production tubing in a relatively small diameter cased hole. Compared to the volume
of fluid extracted tor an economically producing oil well, the volume of water produced
trom a water supply well is orders of magnitude larger. Thus permeability and
production capacity are vital information needed from a hydrologic exploration hole.

Fluid potential data is also of high value, and is almost totally absent on a
carefully collected basis in intermediate and deep subsurface environments. Mifflin
(1968) discusses the potential value of such data from a deeply penetrating well with
respect to recognizing and veritying flow system boundaries, positions, and possible
circulation cells, based on limited field observations. These data, combined with water
chemistry and age dating data, have the potential to verify concepts based at present

on strong but indirect evidence.

Target Horizons

At present, there are some data which indicate the viability of attempting to
choose well sites with respect to specific target horizons or formations. Conversely,
there is much evidence that argues strongly for a more general approach of locating
test drilling aimed at penetration of thick sequences of carbonate rock without regard
tor specific target horizons. It is this second approach that is used in the proposed

exploration plan.

Aquifers

Support tor more general target horizons is the known distribution of permeable
zones as shown in Figure 4, Caves and springs dominate in the Cambrian and Devonian
rocks, but are present throughout the entire carbonate section. Wildeat oil and gas
wells also have indicated high permeability zones throughout their penetrated thickness.

Therefore, a drilling program should try to penetrate a thick sequence of carbonate
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rock first and secondarily aim for the so-called lower carbonate aquiter. Groundwater
potentials are ditticult to estimate with limited data available. However, one well in
White Pine County which was drilled to a depth ot 10,314 teet had a fluid level of
1,025 teet below land surface which could not be bailed down. Total dissolved solids
in the water, from data supplied by Continental Oil Company, were approximately 1900

mg/L

Structural and Stratigraph Aspects

Structure is generally extremely complex in most of the carbonate rock province
of eastern Nevada, with tfolding and various types of faulting making prediction of
subsurface strata difticult. Further, facies changes are rather common in many of
the carbonate rock sequences, making lithologic characteristies quité variable in a
regional sense. Thrust taulting, high angle reverse taults and low angle over-thrusts
tend to dominate the structure of many of the ranges, and also to make prediction
of subsurface sequences in fhe basinward environments very unreliable. Basin and
range normal faulting may provide a basis tor site specific location of test holes on
the theory that the more youthful fault aectivity should create more permeable fracture

zones and more open zones for active circulation of water.

The abundant low and high angle thrust faults create the conditions of repeated
sequences of rocks, and raise great uncertainty in predicting subsurtace position of
various formations. In areas of extreme deformation, test drilling may best be controlled
by seeking drilling environments where structure is known in the upper parts of the
test hole. This will require careful site selection, where carbonate rocks outerop in

basins and environs.

Based on the indirect evidence of drilling fluid 'circulation return problems in
wildeat oil and gas wells, the most practical approach for test drilling seems to be
based on penetration of thick sequences of carbonate rock. Test drilling should be
located to penetrate several thousand feet of carbonate rock, which is possible in

numerous areas of eastern and southern Nevada.

Depth to Target Horizons

The depth to thick . sequences of carbonate rock is quite variable throughout
eastern Nevada. Table 5 lists by county the average and range of alluvial and carbonate

thickness penetrated by wildeat oil and gas wells. Alluvium ranges to greater than
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10,000 feet thick. Drilling test holes in the basins could mean penetrating several
thousand feet of alluvium before hitting the carbonate strata. However, the depth to
carbonate horizons could be minimized by drilling on the basin margins. Figure 5 is
a stratigraphic cross section through eastern Nevada constructed from wildeat oil and
gas well logs. Line of section is shown on Plate IV. It illustrates the variability in

depth to the carbonate strata.

Thickness of Target Horizons

Thickness of the target horizons is also variable, as evidenced by wildcat drilling
(Table 5 and Figure 5). The wildcat wells have penetrated from five feet to greater
than 11,000 feet of carbonate rock. Total thickness of carbonate units beneath the
valleys is difficult to estimate due to structural complications. In the vicinity of the
Nevada Test Site the lower carbonate aquifer is approximately 15,000 teet thick and
the upper carbonate aquiter is 3,600 teet thick (see Table 1).

Summary
The drilling program should attempt to penetrate a thick sequence of carbonate
rock without regard for a specific target horizon. Holes should be placed where the

structure and stratigraphy are known.

Water Quality

Water quality in the carbonate flow systems is in general good. It is low in
total dissolved solids (TDS), based on carbonate spring analyses. Appendix II gives the
chemical quality of carbonate springs in eastern Nevada. Total dissolved solids data
are plotted on Plate III for the regional springs. Figure 6 gives the distribution of
TDS for the regional springs. A majority of springs have a TDS between 300 and 600
mg/l. The average TDS for the 42 regional springs within the boundaries of flow
systems in carbonate rock is 701 mg/l. The water quality is even better it the four
springs with a TDS greater than 1000 mg/l are eliminated trom the average. They
are an anomalous group of springs near Lake Mead in Clark County whose chemistry
is influenced by highly soluable minerals in the bedrock in the discharge area. With

their removal, the TDS average is 466 mg/L.
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Number of Regional Springs

15

10

X = 701 mg/i

n = 42 springs

X = 466 mg/t*

n = 38 springs

*not including the four
springs >1000 mg/l along
Lake Mead (Plate 1l1).

200-299  300-399  400-499  500-599  600-699 700-800 >1000
Total Dissolved Solids (mg/l)

Figure 6. Distribution of Water-Quality in Regional Carbonate Springs
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Data trom Nevada Test Site wells (Winograd and Thordarson, 1975) indicate good
water quality at depth. Total dissolved solids ranged from 328 to 439 mg/l in four
wells at depths between 800 and 2,000 feet. However, data from two wildcat oil and
gas wells in White Pine County indicate higher TDS. One well had a TDS of 1880
mg/1 and the other up to 8700 mg/l. Theretore, water quality at depth in the carbonate

rocks in general should be good if the well penetrates the zone of active circulation.

Bedrock - Alluvium Interaction

An important area of concern in the development of water supplies from the
regional carbonate aquifers is the degree of communication between the alluvial aquiters,
some presently used tor water supply, and the carbonate aquifers. In at least one
area of Nevada where there has been development of the alluvial aquifers, there is a
demonstrated connection between the two systems. In Ash Meadows spring discharge
decreased and water levels in Devil's Hole dropped in response to pumping of the
alluvial aquifer (Bateman et al., 1972 and 1974). On the other hand, development of
the alluvial aquifers in Moapa Valley have not changed the discharge ot the Muddy
River springs. There does not appear to be a connection that permits transmission of
fluid potential changes between the two systems in that valley. From the data available,

these interactions in most other areas are not known.

Drilling Program
The Phase II drilling program, as outlined in the proposal, would consist of two

parts, wildeat oil and gas wells and exploratory drilling. Several sites for each of

these parts are suggested below and shown in Figure 7.

Wildeat Oil and Gas Wells

The use of wildcat oil and gas test holes for deep aquifer investigations will
greatly expand the data base on subsurface conditions and potentially reduce the number
ot exploratory and test holes drilled specitically tor this project, thus reducing project

costs. Wildeat test holes could also be used tor monitoring purposes upon abandonment

ot the hole by the oil operators.

The question of which holes are to be used, what tests are to be performed,
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what data are to be collected and which holes are to be maintained as monitoring
wells will be based on results presented herein and on newly collected data as part

of Phase II.

It is projected that approximately seven wildeat test holes are to be obtained
and used, starting in the first year of the tive year project. Exact locations of these
holes will depend on drilling activity by the oil and gas operators at the time. However,
present data indicate that test holes drilled in Clark County would be most logical
and beneficial because of the need to establish better subsurface data in the location
of potential development. Lincoln and Nye county test holes would be of interest
because of the present lack of data, particularly within the White River drainage.
White Pine and southern Elko county holes would enable veritication of data trom a
region with other good permeability indicators. Figure 7 outlines these areas of
interest. It is proposed that, in addition to the usual data gathered by the oil and
gas operators, hydraulic and water quality data be collected in zones of lost circulation
before cementing. Various drill stem tests (Hackbarth, 1978) would be conducted in

these zones of interest.

Exploratory Holes

Based on the results of the concurrent aquifer systems studies and the etfective-
ness of using the wildecat test holes, up to tive exploratory holes will be drilled
specifically for this project. They are projected to be drilled during the third and
fourth years of the project, atter collection of sutficient data to pinpoint locations of
maximum data return. The U.S.G.S. is currently involved in a regional aquifer study
of the Madison limestone aquifer in the northern Great Plains. See Brown et al. (1977)
and Blankennagel et al. (1977) for drilling results obtained from their test holes. Five
potential general areas are shown in Figure 7: 1) Las Vegas Valley, 2) between Corn
Creek and Indian Springs, 3) Kane Sprinés Valley, 4) recharge areas and 5) Long Valley.

A test hole should ideally penetrate and produce data tor the several high
permeability zones likely to be encountered in several thousands of feet of carbonate
rock penetration. For collecting the optimum amount of data, each zone of high
permeability should be tested to some degree as the borehole initially encounters the
zone and circulation of drilling fluid is partly or entirely lost. At this point, a drill
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stem test should be conducted as soon as possible, and an attempt made to establish
tluid potential and permeability, plus water chemistry from that zone.

After such testing, the zone would have to be sealed in the conventional manner
before drilling could be resumed. The procedure would be repeated for each zone of
abnormally high permeability as the borehole is deepened. This means, however, that
the hole so designed becomes less useful tor actual pump testing for production purposes
unless drilling is terminated in a highly permeable zone that is not sealed off. Probable
procedure would be to attempt termination of drilling in such a zone to establish
productivity through pump tests of one zone and the rest of the penetrated tformation,
less those zones which were cemented oft to permit continued drilling. Water produced
in such pump testing may be informative through water chemistry as to how much
water production is being achieved from the termination zone, and how much from
the rest of the open borehole in the carbonate rock sequence. Water quality data
collected as the borehole was déepened would be the key to this type of analysis.

A consideration in design concepts for the hydrologic test holes is the need to
develop hydrogeologic data on alluvial materials that overlie the carbonate aquifers.
The data collected in this shallow system (hydraulic potential, permeability, ete.) will
provide the basis for estimation of hydrologic communication and potential interference.
To maintain separation between the alluvial and consolidated rock systems during
dril]ing and testing of these holes, it will be necessary to install casing through the
entire alluvial section. This casing will also ensure holding the upper portions of the
hole open during the entire operation. In the consolidated rock, casing should not be
required to hold the hole open. Holes will not be drilled to the predetermined depth,
but instead will be terminated at that point at which it is decided that further drilling
would be non-productive. In all instances, however, all available geophysical and
geological data will be utilized in estimating probable depth to the carbonate system
before drilling commences. The objective with each hole will be to maximize the
hydrologic data and information obtained, both quantitatively and qualitatively.

Las Vegas Valley test and monitoring well. The objective of determining the

degree and character of hydraulic connection between deep carbonate aquifers and the
aquiters in overlying alluvial basins is extremely important. This is the key seientific

45



objective which is essential to determining how intense exploitation could be, without
jeopardizing conventional groundwater supplies. There are two basic approaches of
field assessment: a) to observe fluid potential changes in the shallow aquifers when
exploitation occurs in the deep carbonate aquiters, and b) to observe fluid potential
changes in the deep aquifers as shallow aquiters are exploited. In the present situation,
only the observation of deep aquiter tluid potentials is practical, and only in a few
areas of Nevada does there seem reasonable opportunity to develop meaningful.data.
Las Vegas Valley otfers the best opportunity, with a history of long term exploitation
of the alluvial groundwater basin aquiters, and continuing development of a cone of
depression of a magnitude sufticient to be transmitted to deep-seated carbonate aquiters

should there be close, or direct, hydraulic connection.

Previous petroleum wildeat drilling has established some generalized knowledge
of ecarbonate rock distribution in the Las Vegas Valley area. It is believed, based on
several sources of information, that important amounts of recharge to the alluvium
(in the west and northwesterly areas of the valley near Las Vegas) stem trom carbonate
rock aquiters. Further, if hydraulic connection is well developed, it would be pointless
to install costly deep wells tapping the carbonate rocks to develop the same waters
which ultimately reach the alluvial aquiters. However, it the hydraulic connection is
measured in terms of hundreds or thousands of years for signiticant drawdowns to be
transterred tfrom one to the other ot the systems (alluvial aquifers to carbonate rock
aquiters, or visa versa), then the potential utility of deep carbonate aquifers relatively

near Las Vegas becomes greatly enhanced in terms of water supply.

Therefore, part of the test drilling program is designed to penetrate the alluvial
groundwater basin in Las Vegas Valley near the well developed northwesterly cone of
depression. Water quality, transmissivities, spring locations, and surrounding structure
suggest possible deep carbonate rock aquifers teeding the alluvium in this area. The
initial test hole would be appropriately located near or in the Las Vegas Valley Water

District well tields.
The objectives of such test drilling would be as follows:

1. Establish whether or not the area is underlain by permeable carbonate rocks

and determine associated water qua]ity.
9. If underlain by permeable carbonate rocks, tinish the test hole in such a

manner as to tap the upper-most permeable Zzones.
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3. After appropriate sampling and pump tests, instrument hole for a monitoring
program of fluid potential to establish the response of the deep aquifer to

groundwater basin development in the overlying alluvial aquiters.

Should there be little or no response determined after several years of record,
additional boreholes into that carbonate aquifer should be considered to substantiate
the degree of hydraulic connection, or lack thereof. Such a program of monitoring
should provide the basis for assessing the impact on the overlying groundwater basin

should the deep aquiters be developed for groundwater supply.

Other test hole locations. Other test holes should be located to define flow

system boundaries such as in the area between Corn Creek and Indian Springs and in

Kane Springs Valley in southern Nevada.

A second general location would be recharge areas and the headward parts of
flow systems. Holes could be drilled on the high fan areas, for example along the
Spring Mountains, a recharge area tor the Las Vegas Area or in Long Valley in White
Pine County, which is in the headward part of a short regional system in an area with
evidence of high permeability.

Exact locations of the exploratory test holes will be determined as the project

develops, based on additional data and success of the use petroleum wildcat well data.
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LEGAL IMPLICATIONS

There are two areas of legal concern regarding investigation of deep carbonate
aquifers in Nevada. The tirst deals with exploratory holes and the second with
production wells if the investigation and exploratory holes indicate that practical
development is possible. Discussions with the Nevada State Engineer have determined

the tollowing:

In regard to exploratory holes, Nevada Revised Statutes chapter 534.180 (NRS
534.180) is clear. Exploration holes drilled only to collect geochemical, geological or
geophysical data are exempt from provisions of chapter 534 or the regulations of the
State Engineer. Theretore, a permit would not be needed ftor exploratory holes.
However, under NRS 532.160 the State Engineer is mandated to review and evaluate
proposals by tederal, state and local agencies for water development projects to insure
that such proposals are compatible with the state water resource plan and are in
compliance with Nevada water laws. Therefore, the State Engineer should be apprised
of all plans for the exploration or drilling of wells in the investigation ot Great Basin
regional carbonate groundwater flow systems. Further, any water encountered in the

exploratory holes is subject to the appropriation procedures of chapter 534 of NRS.

As stated above, any water encountered in the exploratory drilling program
would be subject to appropriation, as would water trom production wells. In non-
designated basins normal appropriation procedures would be followed. In any basin or
portion thereof in the state designated by the State Engineer, he may restrict drilling
of wells if he determines that additional wells would cause an undue interference with
existing water uses. In determining if a basin should be designated or if withdrawals
should be restricted, the State Engineer conducts investigations when it appears that
the average annual replenishment to the groundwater supply may not be adequate for
the needs of all permittees and all vested-rights claimants. NRS 534.120 provides that
within an area designated by the State Engineer where, in his judgment, the groundwater
is being depleted, he in his administrative capacity is empowered to make such rules,
regulations and orders as are deemed essential for the welfare of the area involved.

NRS 534.110 provides that permits may be granted to applicants later in time

even though the diversions under such proposed later appropriations may cause the
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water level to be lowered at the point of diversion of a prior appropriator, so long

as the rights of holders of existing appropriations can be satistied under such express

conditions.

It appears, theretore, that should the results of the investigation of Great Basin
regional carbonate groundwater flow systems prove that large amounts of water are
available and withdrawal of these waters would not significantly lower the water table
and prior appropriators could be satisfied, then appropriation of these waters might be
accomplished, provided the State Engineer were to determine that the withdrawal and
beneticial use of this water was essential for the weltare of the area. This may be

an appropriate area tor consideration by the Division of Water Planning under provisions

of NRS 540.051.
All drilling conducted should conform to those rules prescribed by NRS 534.060

regarding casing and protection of various aquifers penetrated.
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SUMMARY

The 12 month project which began September 1, 1977 was designed to assemble
and interpret existing geologie, geophysical, hydrologic, and geochemical information
available in areas of Nevada believed potentially favorable for development of water
supply trom carbonate rock aquiters. The project was the first phase of a conceptual
multi-million dollar program to explore the potential of deep carbonate rock aquifers
in southern and eastern Nevada tjor future municipal and other water supply purposes.
Objectives of this first phase effort was to establish the most tavorable areas for
initial exploratory drilling and testing, and the objectives associated with such ex-

ploratory drilling.

Objective 1) Compile and interpret existing hydrologic, geologic, geochemical

and geophysical data bearing on carbonate ground-water flow systems in_eastern and

southern Nevada with emphasis on the deep system in Clark County and environs. The
data base has been tound to be much larger than originally expected. As a consequence,
not all of the data was used in meeting project objectives. As much data as possible
was used within the constraints of this project. Approximately 570 geologie/hydrologic
references have been cataloged, most have been skimmed for usetul data and many
have been carefully read and the data extracted. About 150 petroleum wildeat test
hole records were inventoried which indicate many permeable zones and water bearing

zones within the carbonates. An inventory of caves and large carbonate springs, along

with their associated geologic units, has been compiled.

Carbonate rocks underlie approximately the eastern one-third of the state of
Nevada (40,400 miz). Eastern Ne;rads; lies within the miogeosyneclinal belt ot the
cordilleran geosyneline, in which 30,000 to 40,000 teet of marine sediments accumulated
during the Precambrian and Paleozoie. Two major periods of detormation have atfected

the region.

Cave, wildeat well and carbonate spring data indicate that the Cambrian and
Devonian carbonate strata may generally have the highest permeability. This correlates
with the lower carbonate aquiter hydrostratigraphic unit. Nothing has been tfound to

retlect negatively on the concept of developing water from the deep carbonate tlow

systems.
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Objective 2) Review potential water management implications in terms of

existing state water law and implementation. Discussions have taken place with Roland

Westergard, Nevada State Engineer, concerning the legal and institutional implications.

If the results of the investigation of Great Basin regional carbonate groundwater
flow systems proves that large quantities of water are available and withdrawal of
these waters would not signiticantly lower the water table and prior appropriators
could be satistied, then appropriation of these waters might be accomplished. The State
Engineer must first, however, determine that the withdrawal and beneticial use of this

water is essential tor the welfare of the area.

Objective 3) Develop a comprehensive report that incorporates all available

information. The present report is submitted as fulfillment of this objective.

Objective 4) Using above information, produce a detailed exploration plan and
research program for future work as tollows: a) develop maps indicating areas of

most favorable locations for test and exploration wells, and b) determine exploration

and test drilling program, including projected depths, drilling conditions and tests to

be conducted.

The target horizon of the drilling program will be a thick sequence of carbonate
rocks without regard for a specific unit. Holes should be placed where the starting
structure and stratigraphy are known. Water quality at depth in the carbonate rocks
in general should be good (TDSY 300-600 mg/l). A major area of coneern of the drilling
program will be to establish the degree of interconnection between the carbonate

aquiter and the alluvial aquifers.

It is projected to use approximately seven wildeat wells in the general areas of
Clark County, White River drainage in Lincoln and Nye counties, and White Pine and
southern Elko counties. Approximately tive exploratory holes are projected to be
drilled in Las Vegas Valley, Indian Springs, Corn Creek area, recharge areas, Kane

Springs Valley and Long Valley.

Objective 5) Develop proposal(s) for subsequent phases of exploration drilling.
A proposal entitled "Investigation of Great Basin Regional Carbonate Ground-Water

Flow Systems" has been developed and submitted to the Honorable Cecil D. Andrus,
Secretary, U.S. Department of Interior. This proposal has been reviewed by the U.S.

Geological Survey, where it received an excellent technical rating but was placed low
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Objective 2) Review potential water management implications in terms of‘

existing state water law and implementation. Discussions have taken place with Roland

Westergard, Nevada State Engineer, concerning the legal and institutional implications.

It the results of the investigation of Great Basin regional ecarbonate groundwater
tlow systems proves that large quantities of water are available and withdrawal of
these waters would not significantly lower the water table and prior appropriators
could be satistied, then appropriation of these waters might be accomplished. The State
Engineer must first, however, determine that the withdrawal and beneficial use ot this

water is essential tfor the welfare of the area.

Objective 3) Develop a comprehensive report that incorporates all available

information. The present report is submitted as fultillment of this objective.

Objective 4) Using above information, produce a detailed exploration plan and

research program for future work as tollows: a) develop maps indicating areas of

most favorable locations for test and exploration wells, and b) determine exploration

and test drilling program, including projected depths, drilling conditions and tests to

be conducted.

The target horizon of the drilling program will be a thick sequence of carbonate
rocks without regard for a specitic unit. Holes should be placed where the starting
structure and stratigraphy are known. Water quality at depth in the carbonate rocks
in general should be good (TDSY¥ 300-600 mg/l). A major area of concern of the drilling
program will be to establish the degree of interconnection between the carbonate
aquifer and the alluvial aquifers.

It is projected to use approximately seven wildeat wells in the general areas of
Clark County, White River drainage in Lincoln and Nye counties, and White Pine and
southern Elko counties. Approm‘mptely five exploratory holes are projected to be
drilled in Las Vegas Valley, Indian Spﬁngs, Corn Creek area, recharge areas, Kane
Springs Valley and Long Valley.

Objective 5) Develop proposal(s) for subsequent phases of exploration drilling.

A proposal entitled "Investigation of Great Basin Regional Carbonate Ground-Water
Flow Systems" has been developed and submitted to the Honorable Cecil D. Andrus,
Secretary, U.S. Department of Interior. This proposal has been reviewed by the U.S.
Geological Survey, where it received an excellent technical rating but was placed low
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on the priority list for funding. Etforts are being maintained to obtain funding.

The Phase II research etffort will be divided between two major tasks. The tirst
will be to investigate the functioning of large regional carbonate flow systems in the
Great Basin. Task two is designed to acquire new subsurface data through the use of

petroleum wildeat wells and exploratory test holes.
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APPENDIX 1

Lithologie Description of Paleozoic Rocks
' in Eastern Nevada

Lithologic descriptions in this appendix were taken from many sources. The
majority of the descriptions are from the following list of references: Bissel (1962b),
Boettcher and Sloan (1960), Cornwall (1972), Decker (1962), Drewes (1967), Ebands
(1965), Fleck (1967), Granger et. al. (1957), Hose and Blake (1976), Johnson and Hibbard
(1957), Kay and Crawford (1964), Langenheim et. al. (1962), Langenheim and Larson
(1973), Longwell et. al. (1965), Merriam (1963), Roberts et. al. (1967), and Tschanz and
Pampeyan (1970).
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CAMBRIAN

Prospect Mountain Quartzite (Thickness of 130 to 4500 feet): Light-gray to
dark-purplish-gray, thick-bedded, cross-bedded quartzite and metaquartzite. Contains
some interbedded olive-drab and brown arenaceous shale. In eastern Clark County,
Nevada, consists chiefly ot gray to brown, in part arkosic, locally cross-bedded sandstone,
with beds a few inches to 2 or 3 feet thick.

Wood Canyon Formation (2100 to 2500 feet): Highly variable formation consisting
of multicolored quartzites, sandstones, shales, siltstones and a few thin beds of impure

dolomite.

Zabriskie Quartzite (20 to 200 feet): Homogenous sequence of pale-red, fine-to
coarse-grained quartzite with minor interbedded purple siltstone, especially at the base.

Pioche Shale (200 to 640 feet): Olive-black to greenish-gray shale, with some
brown to reddish-purple beds. Contains some interbedded sandstones, limestones and
quartzites. In surface outcrops commonly forms a swale between more resistant units.

Lyndon Limestone (85 to 400 feet): Gray-brown, massive-bedded, tine-to
medium-grained limestone with abundant shaly limestone mottling. Resistant unit that

generally stands out as a single cliff or series of cliffy steps.

Chisholm Shale (70 to 170 feet): Predominantly green but loeally brownish,
finely micaceous fissile shale which contains a few thin limestone beds. In surface
outcrops forms a prominent slope separating cliffs of underlying and overlying limestones.

Carrara Formation (760 to 1960 feet): Varied assemblage of shale and limestone,
equivalent to the Pioche Shale, Lyndon Limestone and Chisholm Shale.

Edgemont Formation (700 + feet): Consists of blue-gray to brown, sandy schistose
quartzite in the lower part of the formation and calcareous slate in the upper part.

Bonanza King Formation (2000 to 4590 feet): Thick sequence of predominantly
limestone and dolomite. Two members have been recognized; the lower member,
Papoose Lake, is a sequence of limestone which grades upward into dolomite; and the
upper member, Banded Mountain, is a sequence of dolomitic rocks which grades upward

into more calcareous rocks.
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Peasley Limestone (750 + feet): This is a unit recognized in the Virgin Mountains,
Clark County, Nevada. It consists largely ot gray limestone with yellowish mottling.

Undifferentiated Dolomite and Limestone (900 to 6000 feet): Thick sections of
carbonate rocks of Middle and Late Cambrian Age found in Clark County, Nevada.
There is no consistent nomenclature for the division of this section. The total section
thickens greatly from east to west. This section of carbonate rocks, in southern
Nevada, is sometimes referred to as the Bonanza King Formation.

Pole Canyon Limestone (1585 to 2000 feet): Medium-gray and light-gray, fine-to
medium-coarse-grained limestone. Contains some local lenses of dolomite and a few

local quartzite beds near the base.

Eldorado Dolomite (2000 to 2500 feet): Consists of thick-bedded to massive
pale-gray beds that range from nearly pure limestone to nearly pure dolomite. Most
common lithologic type is a light-gray, rather coarsely-crystalline dolomite.

Geddes Limestone (330 +feet): Dark-bluish-gray to black, well-bedded, moderate-
ly fine-grained limestone. It is carbonaceous and has very thin shaly partings. Small
amounts of nodular black chert occur at the top of the formation.

Patterson Pass Shale (2000 + feet): Yellowish or gray shale and calcareous
mudstone with interbedded limestone (the limestone is more abundant near the top).

Lincoln Peak Formation (1600 to 4500 feet): Predominantly very thin-bedded,
medium-dark-gray limestone and shaly limestone, interbedded with clay shale and
calcareous shale.

Secret Canyon Shale (110 to 650 feet): Consists of a lower shale member which

is a fairly uniform, black argillaceous shale with little or no interbedded limestone,
and an upper unit of dominantly thin-bedded, platy limestone with yellow or red shale
partings.

Porter Peak Limestone (3200 + feet): The upper two-thirds of the formation
consists of massive blue-gray limestone. The lithology of the lower third of the
formation is more complex. It consists of tan dolomitic limestone, gray siltstone,

black shaly limestone and limestone conglomerate.

Highland Park Formation (2000 + feet): Predominantly dolomite.
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Emigrant Springs Limestone (1950 to 2232 feet): Consists of thin-bedded, silty
or oolitic limestone and massive limestone. Contains some mudstone.

Johns Wash Limestone (250 +feet): Consists mainly of coarse-textured, organic-
detrital limestone and ooidal to pisolitic limestone, partly cross-bedded. Both are light
olive gray to dark gray in color.

Swarbrick Limestone (2700 + feet): Structurally disturbed limestone.

Hamburg Dolomite (1000 to 3000 feet): Predominantly gray, thick-bedded,
coarsely crystalline limestone and dolomitic limestone. Locally contains intraformational
conglomerates. Basal unit of dark-blue limestone beds, which alternate with thinner
beds of platy limestone. Above the limestone is well-banded saccharoidal dark dolomite.

Goodsprings Dolomite (2500 * feet): Predominantly thin-bedded, light- and
dark-gray mottle dolomite. A 50 to 75 foot layer of dolomitic limestone and sandy
shale is found locally near the top of the formation. This formation ranges in age

from Cambrian to Devonian.

Dunderberg Shale (200 to 320 feet): Consists of approximately equal thicknesses
of olive-drab or tan fissile shale and zones of interbedded shale, with thin, nodular
limestone. The limestones are dense to medium grained and are blue-gray on fresh
surfaces. Weathered surfaces are browner and commonly show a fine banding or

lamination.

Corset Springs Shale (65 to 320 feet): Lithologically similar to the Dunderberg
Shale. Consists chiefly ot light-olive-gray silty shale, with thin interbeds of limestone.

ORDOVICIAN

Pogonip Group (610 to 3390 feet): Predominantly limestone, dolomite and a
relatively small amount of shale. The most common rock types are thin- to medium-
bedded limestone; orange-brown silty limestone and light-gray dolomite.

Eureka Quartzite (100 to 550 feet): Vitreous, white quartzite with some
interbedded gray dolomite at the upper and lower contacts. The quartzite is medium
to coarse grained and contains few impurities. Forms massive cliffs.
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Vinini Formation (500 to 1000 teet): Highly variable formation ranging from
coarse sandstone and siltstone to black shale, bedded chert, and limestone. Chloritized

lava tlows and tuffs are tound locally.

Ely Springs Dolomite (130 to 850 feet): Known locally as the Fish Haven
Dolomite and the Hanson Creek Formation. It is predominantly dolomite which is
medium dark gray on tresh fractures; on weathered surfaces it is mostly dark olive
gray. The texture is finely crystalline to crypto-crystalline. Locally contains some
small chert nodules. The formation is made up of beds that are a few inches to 15
feet in thickness; usually forms slopes interrupted by a series of ledges.

Aura formation (3800 + feet): Contains a basal member of brown to black
phyllite and chert alternating with blue-gray limestone. Limestone beds in this unit
are up to 300 feet thick. The middle member is buff colored, medium-grained, vitreous
quartzite, which is lenticular. The upper member is brown to black laminated phyllites

inter-bedded with calcareous layers.

SILURIAN

Laketown Dolomite (265 to 1000 teet): Medium-dark-gray, weathers olive-gray,
fine-grained dolomite. In most places this formation contains from one to three thick
and prominent layers of light-olive-gray dolomite that weathers yellowish gray. Near
the middle of the formation, there is commonly a layer of quartzitic chert 3 to 10
teet thick. )

Roberts Mountain Formation (500 to 1900 feet): Predominantly platy, silty
limestone and minor amounts of dolomite in the upper portion of the formation. The
lower part of the formation consists of silicious, dark-slate-gray, tine- to medium-grained

limestone with interbeds of bluish-black chert.

Lone Mountain Dolomite (1000 to 2200 feet): Light- to medium-gray, fine- to

medium-grained, massive, homogenous dolomite.

Chellis Limestone (1900 * feet): Blue—gray, finely-crystalline, laminated to
massive limestone with numerous calcite seams. Contains some argillaceous and

dolomitic beds.
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Storff Formation (3900 + feet): Consists of black to brown, thin-bedded phyllites
and slates with interbedded argillaceous limestone. Pyrite cubes are locally common

in the metamorphosed shale.

DEVONIAN

Sevy Dolomite (250 to 1580 feet): Medium-gray, very tine-grained dolomite that
weathers light gray to yellowish gray, locally includes layer of darker dolomite. The
beds range in thickness from 6 inches to 6 feet and average about 1-1/2 to 2 feet.
Thin beds of medium- to coarse-grained quartz sandstone occur locally in the upper

100 teet.

Piute Formation (300 to 320 feet): Consists mostly of gray, medium- to
fine-grained, buff-weathering dolomite which crops out in beds 1 to 5 feet thick.

Commonly contains a basal sandstone unit.

Moapa Formation (300 * feet): The lower part of this formation is predominatly
thin- to medium-bedded dolomite which weathers light gray to butt. The upper part
of the formation is gray to light-gray, buftf to yellow-weathering, thin- to medium-bedded

dolomite and limestone.

Nevada Formation (1070 to 3825 feet): Predominantly a light- to dark-gray,
medium-to fine-grained dolomite. Locally contains beds of limestone, sandstone and

quartzite.

Simonson Dolomite (1000 to 1500 feet): Light-brown to dark-brown, laminated,
coarse-grained dolomite that weathers to an olive gray color. Can be divided into
tive members of which the "brown cliff" member is the most distinctive.

Sultan Limestone and Muddy Peak Limestone (600 + feet): The name Sultan
Limestone is used generally in the western and northwestern parts of Clark County,
Nevada and the name Muddy Peak Limestone in the Muddy and Virgin Mountains,
Nevada. Generally, these tformations are mainly dolomite in the lower parts and
limestone in the upper parts. The northern sections contain gray sandstone layers 5
to 10 feet thick and up to 60 feet thick in the upper parts of the formation.

Arrow Canyon Formation (1100 * feet): Predominantly medium- to dark-gray,
thin- to medium-bedded limestone. Contains minor interbeds of quartzite, dolomite

and sandstone.
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Devil's Gate Limestone (1000 to 1670 feet): Light- to dark-gray and blue-gray
limestone, with minor dolomite. Sandstone or quartzite and calcareous beds up to 100

feet thick occur in the upper part of the formation.

Guilmette Formation (1600 to 2700): Predominatly even-bedded, dark-gray to
grayish-black limestone that weathers olive gray to medium light gray. Most of the
beds are 1 to 5 feet thick, but some are thin bedded and some torm thick, massive

beds. In many sections as much as 30 percent of this formation is dolomite.

Crystal Pass Limestone (160 to 280 feet): Homogeneous tormation composed
of light-gray, very fine-grained limestone. Weathers white and forms prominent, white
clifty slopes.

Narrow Canyon Limestone (175 to 214 feet): Consists of dark-gray, silty limestone
in beds less than an inch thick. It weathers into thin buft-colored plates and torms

talus covered slopes.

West Range Limestone (140 to 390 feet): Predominantly medium-gray or
olive-gray, very clayey limestone. Contains some interbeds ot shale and mudstone.

Van Duzer Limestone (5000 to 7200) teet: Blue-gray to nearly white, well-bedded
limestone, ranging trom massive, nearly pure calcareous beds to paper-thin laminations
of shaly limestone.

Pilot Shale (70 to 950 feet): Olive-gray dolomitic silt-stone interbedded with
silty shale that weathers dusky yellow gray. Contains some thin beds of quartzite,

argillite, and limestone.

MISSISSIPPIAN

Monte Cristo Group (750 to 1300 feet): Five units are recognizable in this
group. All are medium- to dark-gray, medium- to coarse-grained, highly fossiliferous
limestones with only minor amounts of dolomites. Contains some chert and gray shale.

Mercury Limestone (115 + feet): Consists of dark-gray, poorly-bedded and cherty,

crinoidal limestone. Forms resistant ledges.
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Fleana Formation (7700t feet): Consists of yellowish-brown to pale-red laminated
argillite; brown silicious siltstone; quartzite; conglomerate; and minor amounts ot gray

and brown crystalline limestone.

Joana Limestone (90 to 1100 feet): Predominantly massive, medium-gray to
medium-light-gray, organic-detrital imestone. Generally forms resistant somewhat
rounded ledges or clitfs, but it includes some Zzones in which the beds are no more
than a foot thick, and these zones form ragged ledgy slopes. Some of the limestone

contains nodules of chert.

White Pine Group (800 to 4000 feet): Predominantly very dark-gray to black
shale and olive-gray platy siltstone or silty shale. The lower unit is mainly a calcareous
siltstone. Contains some minor beds of organic-detrital limestone, quartzite and

quartzitic siltstone.

Scotty Wash Formation or Quartzite (150 to 800 teet): 'Consists largely of
varicolored, tine- to medium-grained quartz sandstone and quartzite. Usually poorly
exposed due to the presence of olive-gray shale and limestone interbeds.

Diamond Peak Formation or Quartzite (900 to 3500 teet): Consists of interbedded
cobble and pebble conglomerate, sandstone, shale and limestone. Conglomerate beds
containing cobbles and pebbles of quartzite and chert are most abundant in the lower
and middle parts of the formation. Limestone and shale are most common in the

upper parts of the formation.

PENNSYLVANIAN

Bird Springs Group (2500 to 7000 feet): Consists of a weak basal member of
sandstone, shale and thin limestone. Above this basal member it is predominantly
cherty limestone and dolomite; massive, clitf-forming limestone; buft-weathering, sandy,
platy limestone; and ledge forming, massive limestone. Layers ot shale and sandstone

recur at many horizons.

Callville Limestone (700 to 1350 feet): Gray to dark-gray, medium-bedded,
fine-to medium-crystalline limestone, with numerous interbeds of sandstone and dolo-
mitic limestone in the upper part. Nodules and lenses of gray chert recur at many

horizons.
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Tippipah Limestone (3600 to 4000 feet): Lithologically very similar to the Bird
Springs Group. Consists of limestone with interbeds of pebbly and silty limestone.
Gray to light-brown beds of resistant and nonresistant limestone 5 to 50 feet thick

alternate throughout most ot the tormation.

Ely Group (1500 to 3500 feet): Predominantly medium-gray, organic-detrital
limestone and medium-gray to yellowish-gray silty limestone. The limestone contains
abundant nodules, concretions, lenses and bands of chert. Locally contains beds of

dolomitized limestone and chert pebble conglbfnei'ate.

Schoonover Formation (8500 + teet): Thick sequence of diverse rock types.
Dark-gray and black bedded chert; dark siliceous argillites, and certain detrital rocks
are found throughout the formation. The Schoonover Formation is considered to be

part of an allochthonous chert-turbidite-voleanic assemblage.

Strathearn Formation (1500 ;feet): Variable tormation consisting of quartz-silty
limestone; thin, commonly cross-bedded, chert granule or quartz-sandy conglomeratic

limestone; calcareous conglomerate; and calcareous quartz siltstones.

PERMIAN

Pakoon Formation (700 to 1240 feet): Predominantly pale-orange to light-gray,
fine- to coarsely-crystalline dolomite. Beds are 1 to 4 feet thick and contain some
soft, very light-gray dolomite. Contains some minor beds of limestone, sandstone and

gypsum.
Riepe Springs Limestone (125 to 230 feet): Medium-gray, organic-detrital
limestone and medium-gray to yellowish-gray, silty limestone. Very similar to the Ely

Limestone but contains more massive beds and dolomitization.
Riepetown Formation (150 * feet): Siltstone and limestone.

Arcturus Group (4925 * feet): Thick sequence of predominantly sandstones and
limestones. The lower part of this group consists mainly of very fine-grained to
m'edium—grained, yellowish-gray, calcareous sandstone with some thin beds of dolomite
and silty limestone. The middle unit in this group consists mainly of massive,
light-olive-gray to cream colored limestone, much of which is sandy or silty. Contains
some interbeds of siltstone and sandstone. The upper part of the Arcturus Group

consists mainly of very tine-grained, yellowish-gray calcareous sandstone and siltstone.
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Carbon Ridge Formation (1400 to 3200 feet): Consists chiefly of silty, sandy,
thin-bedded, dark-gray, carbonaceous limestone with partings ot dark colored calcareous
shale and silt. The formation also contains beds of sandstone; siltstone; much con-
glomerate with pebbles of chert and limestone; and interbeds of light-gray, coarse-

grained, organic-detrital limestone.

Garden Valley Formation (5000 + feet): The most abundant rock types in this
formation are limestone; cobble conglomerate; and arenaceous limestone. This formation
also contains some pebbly limestone, siltstone, sandstone and chert pebble conglomerate.

Buckskin Mountain Formation (1200 * feet): Predominantly light-buftf and tan
limestone with much included quartz silt and numerous thin interbeds of gray-brown,
clean limestone. Contains a few beds of brown chert.

Beacon Flat Formation (2800 + feet): Consists of a lower member of silty
limestone interbedded with clean, gray and tan limestone containing gray chert beds
and nodules. The upper member is gray, massive, fine- to coarse—grained limestone,

which also contains gray chert beds and nodules.

Carlin Canyon Formation (1225 *+ feet): Predominantly yellow-tan, quartzose
limestone. Contains massive inter-beds of brown chert and thin beds of clean,

grayish-brown limestone.

Supai Formation, Queantoweap Sandstone, Hermit Slate (1100 to 1550 feet):
Because of uncertainties in correlating these units with their occurence in the Colorado
Plateau, they have been referred to in Clark County as the Permian red beds. In a
general way these formations contain two major units: a lower member consisting
chietly of pinkish-gray sandstone, thick bedded and prominently cross-bedded, and an
upper member made up chietly of reddish sandy shale and tine-grained sandstone.

Coconino Sandstone (90 to 120 feet): Whitish to pink, cross-bedded sandstone.
Forms a prominent band between the Permian red beds beneath and the Toroweap

Formation above.
Toroweap Formation (425 to 450 feet): This tormation consists of a basal unit
of interlayered sandstone and shale with considerable gypsum; a middle unit ot limestone

that is in part distinctly bedded but locally appears massive except for irregular stripes
of chert; a top unit of shale and sandstone, commonly with some gypsum.
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Kaibab Limestone (100 to 515 feet): Consists mainly of light-gray to dark-gray,

medium-coarse to very coarse-grained, massive limestone which contains abundant chert.

Harrisburg Formation (150 to 315 feet): Consists of reddish shale, gypsum,
layers of light-gray limestone and dolomite rich in chert nodules. Contains quantities

of nearly pure gypsum.

Park City Group (700 to 2300 feet): Consists of medium- to very coarse-grained,
light-gray to light-brownish-gray, organic-defrital limestone and yellowish-gray, tine-
grained dolomite which contains much chert.
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Carbonate Springs in Eastern Nevada

Abbreviations: E
v

SL

L

*

DRI
USGS
HNSC

AES

NSDH
LLL

Johnson

USBR
BLM

APPENDIX II

~ estimated
variable

small local

local

regional

- concentration is in equivalent parts per million

(epm)

- Desert Research Institute
- United States Geological Survey

- Hazelton-Nuclear Science

California

- Agricultural Experiment Station,

Nevada

Corp. Palo

Alto,

University of

- Nevada State Department of Health and Welfare

- Lawrence Livermore
Calitfornia
- Environmental . Controls

Laboratory

on Occurrence

Livermore,

and

Chemistry ot Ground Water in a Carbonate Terrane
of Eastern Nevada (Master's Thesis, Carl Johnson)
- United States Bureau of Reclamation

- iBuféau of Land Management
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APPENDIX I

Cave Lengths and Lithologie Units*

County Name Elevation Length Lithologic Unit
(ft.) (ft.)
Clark Bristlecone Bridge Cave 8960 127  Ordovician Carbonates
Column Cave 8160 100 Monte Cristo Limestone
Desert Cave 4080 284 Kaibab Limestone
Gypsum Cave 1921 300 Kaibab Limestone
Moms Cave 8000 186 Monte Cristo Limestone
Pinnacle Cave 5920 100 Sultan Limestone
or Goodsprings Dolomite
Robbers Roost Cave 8080 100 Sultan Limestone
or Monte Cristo
Limestone
Salt Cave #1 1300 478 Muddy Creek Formation
Soda Straw Cavern 8435 761  Ordovician or Cambrian
Limestone
Trout Spring Cave 3000 Mississippian, Pennsylvanian,
or Permian Carbonates
White Bluft Cave 1840 150 Muddy Creek Formation
Yewas Cave 2000 137
Elko Angel Lake Pit 7440 180
Bronco Charlie Cave 7000 150 Devil's Gate Limestone
Cave Creek Cave 6080 500 Devil's Gate Limestone
Cirque Cave 9320 105 Devil's Gate Limestone
Dead Tree Cave 6800 175 Devil's Gate Limestone
Lost Hope Cave 8720 206 Joana Limestone
Quill Cave 6800 304 Devil's Gate Limestone
Twin Pits 9200 109 Devil's Gate Limestone
Eureka Emerald Lake Cave 5960 181 Permian Carbonates
Jumbo Cave 7700 150 Cambrian Dolomite
Mill Hole Cave 8000 150 Wenban Limestone
Mineral Hill Cave © - 6700 150 Devonian Carbonates
Lander Iron Canyon Mine Cave 5805 270  Scott Canyon Formation
Lincoln Cave on Highland Peak 7600 110  Pioche or Windtall
(Cambrian)
Cave Valley Cave 6470 3000 Pole Canyon Limestone
Henries Cave 6100 216 Devonian to Cambrian
Carbonates
Lavender Cave 6500 152 Gulmette Formation

- Sevy Dolomite
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County

Nye

Pershing

White Pine

Name

Leviathan Cave
Snowslide Cave
Whipple Cave

Devil's Hole
Devil's Hole Cave

Hot Creek Cave
Manhatten Consolidated
Mine - Cave
Northumberland Cave
Owen City Cave
Uhalde Pit Cave

Bell Cave

Snow White Cave
Star Peak Cave

Amberat Cave
Bristlecone Cave
Burial Cave
Cathedral Cave

Cave on Cave Creek
Cave of the Birds

Cave of the Council Hall
Christmas Tree Cave

Crevasse Cave

Dads Hole

Deep Cave

Dome Ice Cave
Lexington (Forgotten)
Cave

Goshute Cave

Hallidays Deep Cave
Highland Cave

Elevation
(ft.)

7800
6800
6240

2430
2500

6060
7425

8200
6100
6400

8800

4920
8920

6200
10280
5660
7000

7440
8100
6600
7000

7100
7000
7120
11120
7240

6800

7100
11120

112

Length
(ft.)

1400
368
800

400
130

105
300

855
239
100

526

270
1200+

117
186
250
602

102
130
200
126
300
286
1000

1000+

Lithologic Unit

Gulmette Formation
Upper Cambrian
Whipple Cave Formation

Upper Division of
Bonanza King Formation
Upper Division of
Bonanza King Formation
Pogonip Group

White Caps Limestone
of Gold Hills Formation
Pogonip Group

Nopah Formation
Simonsen Dolomite

Natchez Pass Formation
Star Peak Group
Triassic

Natchez Pass Formation
Star Peak Group

Middle Cambrian

Pole Canyon Limestone
Gulmette Formation
Middle Cambrian
Limestone

Joana Limestone

Middle Cambrian

Middle Cambrian
Whipple Cave Formation
Upper Cambrian

Pole Canyon Limestone
Whipple Cave Formation
Pole Canyon Limestone
House Limestone

Notech Peak and

Lincoln Peak Limestone
Upper Cambrian

or Ordovician

Pole Canyon Limestone
and House Limestone



County

Name

Ice Cave
Ladder Cave
Last Chance Cave

Lehman Annex Cave
Lehman Caves
Model Cave
Monument Cave

0Old Man Cave

Osceola Tunnel
Pescio Cave

Ragged Cave
Rat Cave

Robust Mine Cave
Rockslide Cave
Root Cave

Rose Guano Cave
Rudolph's Cave

Sacramento Pass Cave

Snake Canyon Cave
Snake Creek Cave
Systems Key
Travertine Cave

Water Canyon Cave
Yorks Guano Cave

* (From McLane, 1972)

Elevation
(t.)

7080
7000
8160

7200
6825
6920
9000

7000

7300
7800

7680
6800

6800
6800
6887
6700
6280
7000

9120
6600
7040
8100

6600
7000

113

Length
(ft.)

200
105

700
10000

790
1427

200
470

290
236

400
105
200
483
103
100

350
1000+
779
187

175
185

Lithologic Unit

Pole Canyon Limestone
Middle Cambrian
Upper or Middle
Cambrian Carbonates
Pole Canyon . Limestone
Pole Canyon Limestone
Pole Canyon Limestone
Middle Cambrian
Carbonates

Middle Cambrian
Carbonates

Pogonip Group

Middle or Upper
Cambrian Limestone
Middle or Upper
Cambrian Carbonates
Ordovician or Upper
Cambrian Carbonates
Nevada Limestone
Middle Cambrian Carbonates
Pole Canyon Limestone
Pogonip Group

Notch Peak Limestone
Ordovician or Upper
Cambrian Limestone
Pogonip Group

Notch Peak Limestone
Pole Canyon Limestone
Middle Cambrian
Limestone

Ordovician or Upper
Cambrian Limestone



APPENDIX IV

Wildcat Oil and Gas Wells
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