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Conversion Factors

Inch/Pound to Sl

Multiply By To obtain
Flow rate
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m*/yr)
Sl to Inch/Pound
Multiply By To obtain
Length
millimeter (mm) 0.03937 inch (in.)
4
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Revised Geologic Cross Sections of Parts of the
Colorado, White River, and Death Valley Regional
Groundwater Flow Systems, Nevada, Utah, and
Arizona

By William R. Page, Daniel S. Scheirer, Victoria E. Langenheim, and Mary A. Berger

Abstract

This report presents revisions to parts of seven of the ten cross sections originally
published in U.S. Geological Survey Open-File Report 2006-1040. The revisions were necessary
to correct errors in some of the original cross sections, and to show new parts of several sections
that were extended and (or) appended to the original section profiles. Revisions were made to
cross sections C-C’, D-D’, E-E’, F-F’, G-G’, I-I’, and J-J’, and the parts of the sections
revised or extended are highlighted below the sections on plate 1 by red brackets and the word
“revised”, or “extended.” Sections not listed above, as well as the interpretive text and figures,
are generally unchanged from the original report. Cross section C—-C” includes revisions in the
east Mormon Mountains in the east part of the section; D-D’ includes revisions in the Mormon
Mesa area in the east part of the section; E-E’ includes revisions in the Muddy Mountains in the
east part of the section; F—F includes revisions from the Muddy Mountains to the south Virgin
Mountains in the east part of the section; and J-J’ includes some revisions from the east Mormon
Mountains to the Virgin Mountains. The east end of G-G’ was extended about 16 km from the
Black Mountains to the southern Virgin Mountains, and the northern end of I1-1” was extended
about 45 km from the Muddy Mountains to the Mormon Mountains, and revisions were made in
the Muddy Mountains part of the original section.

This report contains 10 interpretive cross sections and an integrated text describing the
geology of parts of the Colorado, White River, and Death Valley regional groundwater flow
systems in Nevada, Utah, and Arizona. The primary purpose of the report is to provide geologic
framework data for input into a numerical groundwater model. Therefore, the stratigraphic and
structural summaries are written in a hydrogeologic context.

The oldest rocks (basement) are Early Proterozoic metamorphic and intrusive crystalline
rocks that are considered confining units because of their low permeability. Late Proterozoic to
Lower Cambrian clastic units overlie the crystalline rocks and are also considered confining
units within the regional flow systems. Above the clastic units are Middle Cambrian to Lower
Permian carbonate rocks that are the primary aquifers in the flow systems. The Middle Cambrian
to Lower Permian carbonate rocks are overlain by a sequence of mainly clastic rocks of late
Paleozoic to Mesozoic age that are mostly considered confining units, but they may be
permeable where faulted.

Tertiary volcanic and plutonic rocks are exposed in the northern and southern parts of the
study area. In the Clover and Delamar Mountains, these rocks are highly deformed by north- and
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northwest-striking normal and strike-slip faults that are probably important conduits in
transmitting groundwater from the basins in the northern Colorado and White River flow
systems to basins in the southern part of the flow systems.

The youngest rocks in the region are Tertiary to Quaternary basin-fill deposits. These
rocks consist of middle to late Tertiary sediments consisting of limestone, conglomerate,
sandstone, tuff, and gypsum, and younger Quaternary surficial units consisting of alluvium,
colluvium, playa deposits, and eolian deposits. Basin-fill deposits are both aquifers and
aquitards.

The rocks in the study area were complexly deformed by episodes of Mesozoic
compression and Cenozoic extensional tectonism. Some Cretaceous thrust faults and folds of the
Sevier orogenic belt form duplex zones and define areas of maximum thickness for the Paleozoic
carbonate rocks. Cenozoic faults are important because they are the primary structures that
control groundwater flow in the regional flow systems.

Introduction

The 10 geologic cross sections (pl. 1) were constructed to better understand the
hydrogeologic framework for parts of the Colorado, White River, and Death Valley regional
groundwater flow systems in southern Nevada, southwestern Utah, and northwestern Arizona.
The main purpose of the cross sections is to provide the National Park Service with geologic
framework data for input into a numerical groundwater model. Rapid urbanization and
commercial development in the region has increased demand for water from surface-water
sources and from local and regional aquifers in these flow systems. As a result, the geology in
the area needs to be defined to assist in understanding the complex hydrologic processes that
govern groundwater recharge, movement, storage, and discharge.

The study area includes part of the Colorado groundwater flow system (Harrill and
Prudic, 1998), the southern part of the White River groundwater flow system (Eakin, 1964, 1966;
Thomas and Welch, 1984; and Kirk, 1987), and the eastern part of the Death Valley groundwater
flow system (Winograd and Thordarson, 1975; Laczniak and others, 1996; Harrill and Prudic,
1998; D’Agnese and others, 2002; Workman and others, 2002a, 2002b) (fig. 1). The White River
flow system is a subset of the Colorado flow system (fig. 1).

The principal discharge for the White River flow system is Muddy River springs
(Dettinger and others, 1995) (fig. 2), a series of springs that discharge 36,000 ac-ft/yr to form the
Muddy River. Movement of groundwater in the study area is generally southward as indicated by
potentiometric maps based on water levels in wells (Thomas and others, 1986; Wilson, 2001).
The flow is driven by the hydraulic head parallel to the southward topographic gradient.

Aquifers in the flow systems consist of Paleozoic carbonate rocks, volcanic rocks, and
basin-fill sediments (Plume and Carlton, 1988; Dettinger and others, 1995; Prudic and others,
1995; Burbey, 1997; Harrill and Prudic, 1998). The importance of the Paleozoic carbonate-rock
aquifer to the flow systems that cover much of southern Nevada and adjacent States is so
significant that many regional hydrologic reports have focused on the distribution and features of
this aquifer (Dettinger and others, 1995; Burbey, 1997; Wilson, 2001).

Methods

The 10 interpretive cross sections (pl. 1, fig. 3) were hand drawn at 1:250,000-scale using
Page and others (2005a) as a geologic base. Many of the units shown in the cross sections are
combined from two or more units from the map. This generalization was necessary to portray
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stratigraphic relations appropriately for the cross section scale. Table 1 shows the relationship
between the cross section bedrock units in this report and those in Page and others (2005a). The
hand-drawn sections were scanned and converted to digital vector files. The topographic profiles
were made using a 90 meter Digital Elevation Model. Most of the sections (A-A', B-B', C-C',
D-D', E-E', and G-G") are oriented east-west (fig. 3), perpendicular to major structures in the

study area. The east-west sections on plate 1 were hung on longitude 114°40'00" as a reference
line (fig. 3) to visually extrapolate the geology between the section lines in a north-south
progression.

A systematic unit color scheme was applied to the cross sections for a broad translation
of geologic units into hydrostratigraphic units. Proterozoic and Lower Cambrian confining units
are shades of brown and orange; Middle Cambrian to Lower Permian carbonate aquifer rocks in
shades of blue; upper Paleozoic and Mesozoic confining units are shades of green; Cenozoic
volcanic and intrusive rocks are shades of pink and red, respectively; and Tertiary to Quaternary
basin-fill rocks are yellow.

The cross sections integrate data from existing maps and reports, geophysical
investigations, and well data, and are progressively more interpretive with depth because of the
lack of data at deeper levels. Page and others (2005a) provided a comprehensive list of geologic
map sources and reports used in their compilation and in this study, and they presented detailed
lithologic description and thickness of individual units in the map and cross section region. Data
from several deep petroleum exploration wells were used to constrain thickness of basin-fill
sediments and bedrock geology along several cross sections. These wells were tied into the cross
section lines (fig. 3) and include the Texaco Federal #1 well (C-C"), Mobil Virgin River no. 1-A
well (D-D"), and the Grace Petroleum Arrow Canyon #1 well (G-G'). Stratigraphic and
structural data from these wells were from well logs and from Garside and others (1988).

The geology of the Virgin Valley area (B-B', C-C', and D-D'") was based on seismic-
reflection and well data from Bohannon and others (1993), seismic-reflection data from
Carpenter and Carpenter (1994), gravity data from Langenheim and others (2000), and magnetic
data from Jachens and others (1998). Much of the subsurface geology in the Meadow Valley
Wash (A-A', B-B', C-C', and D-D') and Tule Desert (A-A") areas was based on seismic-
reflection and gravity data acquired and analyzed by the USGS, and is summarized in Scheirer
and others (2006). The subsurface geology in the central part of California Wash (E-E' and F-
F") was based on Langenheim and others (2001b, 2002). The subsurface geology of Coyote
Spring Valley (B-B', C-C', D-D', E-E', and F-F") was partly based on Phelps and others (2000).
Cenozoic basin-fill thickness and geometry shown for basins in the western part of the study area
(west of Coyote Spring Valley) is based on Blakely and Ponce (2001). Regional and detailed
gravity data (fig. 4) were used to constrain Cenozoic basin geometry and depth to crystalline
basement in much of the cross section area.

Stratigraphy

Proterozoic and Paleozoic Rocks

Early Proterozoic metamorphic and intrusive rocks consist of gneiss, granite, and schist
that are about 1.7 Ga (Quigley and others, 2002). These crystalline rocks form both geologic and
hydrologic basement and are considered barriers to groundwater flow because of their low
permeability. The crystalline rocks may be locally permeable where highly fractured, but
fractures in these rocks are generally poorly connected (D’Agnese and others, 1997). Early
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Proterozoic rocks exposed in the Beaver Dam and Virgin Mountains form the eastern boundary
of the flow systems (A-A', B-B', C-C', D-D' and E-E"). Early Proterozoic rocks also form the
core of the Mormon Mountains where they act as a local barrier to groundwater flow (Burbey,
1997) (B-B' and C-C"), although through-going, north-striking faults along the western and
eastern Mormon Mountains may provide conduits for some southward groundwater flow through
the mountain range.

A north-trending positive gravity anomaly extends from the Meadow Valley Mountains
to the central Arrow Canyon Range (fig. 4). We interpret this gravity high to represent a zone of
shallow Proterozoic crystalline rocks beneath parts of the Meadow Valley Mountains and Arrow
Canyon Range (C-C', D-D' and E-E'"). Termination of the gravity anomaly south of the central
Arrow Canyon Range may be due to the development of duplex zones and thicker Paleozoic
rocks in the southern Arrow Canyon and Las Vegas Ranges shown along cross sections F-F' and
G-G' (see Mesozoic Thrust Faults section below).

Late Proterozoic sedimentary rocks in the study area consist of quartzite, conglomerate,
sandstone, siltstone, and shale, and they contain subordinate amounts of limestone and dolostone.
The Late Proterozoic sedimentary rocks are well cemented, contain minimal pore space, and
have low permeability. They were deposited in shallow marine waters along a passive
continental margin of what is now western North America (Stewart, 1976; Stewart and Poole,
1972) and represent initial deposits of the Cordilleran miogeocline (Stewart and Poole, 1972;
Stewart, 1972, 1976).

Lower Cambrian rocks are predominantly well-cemented, clastic units of quartzite,
conglomerate, siltstone, and shale with low permeability. Together, the Lower Cambrian and
Late Proterozoic sedimentary rocks form a confining unit in the study area. In the Death Valley
groundwater flow system, these rocks are referred to as the lower clastic aquitard (Winograd and
Thordarson, 1975), or the lower clastic confining unit (Belcher and others, 2002). These rocks
are reported to be nearly impermeable and have low transmissivities based on pumping tests and
other hydrologic data in the region (Winograd and Thordarson, 1975). Late Proterozoic clastic
units are present mostly in the western part of the study area and they pinch out to the east and
are absent in the Mormon, Virgin, and Beaver Dam Mountains, and in the Lake Mead area. In
these areas, the lower clastic confining rocks include the Lower Cambrian Tapeats Sandstone
and the Lower and Middle Cambrian Bright Angel Shale.

Middle Cambrian through Lower Permian rocks record a significant shift in deposition to
predominantly carbonate sedimentation, from mostly clastic sedimentation in pre-Bonanza King
(and equivalent units) Late Proterozoic and Cambrian units. The carbonate rocks are
predominantly limestone and dolostone and form the regional aquifer (Dettinger and others,
1995). The Middle and Upper Cambrian Bonanza King Formation (and partly equivalent
Highland Peak Formation and Muav Limestone) forms the basal part of the carbonate aquifer in
the White River, Colorado, and Death Valley groundwater flow systems (Winograd and
Thordarson, 1975; Laczniak and others, 1996; Belcher and others, 2002; D’ Agnese and others,
2002). Groundwater flow through the carbonate rocks is mostly through fractures and faults.
Because the rocks are soluble in groundwater, dissolution features are also important in the
development of secondary porosity and permeability. Zones of high transmissivity in the
carbonate rock aquifer are indicated by large spring discharge (36,000 ac-ft/yr at Muddy River
Springs) in areas of low potentiometric gradient, and by water wells exhibiting extremely high
hydraulic conductivity (Dettinger and others, 1995).
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Middle Cambrian through Lower Permian rocks are predominantly carbonate with the
exception of the Upper Cambrian Dunderberg Shale Member of the Nopah Formation (70 to 100
m thick), Middle Ordovician Eureka Quartzite (0 to 120 m), Upper Mississippian Chainman
Shale (200 to 285 m), Upper Mississippian Indian Springs Formation (20 to 60 m), and the
Lower Permian redbeds (600 m). The Dunderberg Shale Member, Eureka Quartzite, and Indian
Springs Formation are probably not thick enough to form regional confining units, but they may
act as confining units locally. The Chainman Shale and Lower Permian redbeds are substantially
thicker and may be regional confining units in parts of the study area.

The upper part of the carbonate aquifer in the study area consists of Upper Mississippian
and Lower Permian units, including the Bird Spring Formation and partly equivalent Callville
Limestone and Pakoon Dolomite. Lower Permian redbeds overlie these formations and represent
a shift from predominantly carbonate marine to mostly continental sedimentation, although a few
carbonate units lie above the Lower Permian redbeds, including the Lower Permian Kaibab and
Toroweap Formations, and the Lower Triassic Virgin Limestone Member of the Moenkopi
Formation. Continental sedimentation predominated through the Mesozoic and into the lower
Tertiary.

Late Proterozoic-Paleozoic Facies Belts

Late Proterozoic-Paleozoic rock units are separated geographically into facies belts even
though they may be partly or entirely correlative. This is because facies changes prevent exact
correlations between areas, and different names have been applied to rocks of the same age. In
the study area, Late Proterozoic-Paleozoic rocks can be broadly subdivided into western, central,
and eastern facies belts (Page and others, 2005a).

Rocks in the western belt include Late Proterozoic through Devonian units deposited as
part of the Cordilleran miogeocline in offshore carbonate shelf and intertidal depositional
settings, and an overlying Mississippian to Permian sequence deposited mostly in a carbonate
platform depositional setting. These rocks are exposed as far east as the Las Vegas Range, Arrow
Canyon Range, Meadow Valley Mountains, and Delamar Mountains (fig. 2). From oldest to
youngest, these rocks include the following formations: Johnnie Formation (Late Proterozoic);
Stirling Quartzite (Late Proterozoic) and Wood Canyon Formation (Late Proterozoic and Lower
Cambrian) and their equivalent, the Prospect Mountain Quartzite; Carrara Formation (Lower and
Middle Cambrian) and northern equivalents, Chisholm Shale (Middle Cambrian), Lyndon
Limestone (Middle Cambrian), and Pioche Shale (Lower and Middle Cambrian); Bonanza King
(Middle and Upper Cambrian) and partly equivalent Highland Peak Formation (Middle
Cambrian); Nopah Formation (Upper Cambrian); Pogonip Group (Upper Cambrian to Middle
Ordovician); Eureka Quartzite (Middle Ordovician); Ely Springs Dolomite (Upper Ordovician);
Laketown Dolomite (Lower Silurian); Sevy Dolomite (Lower Devonian); Simonson Dolomite
(Middle Devonian); Guilmette Formation (Middle and Upper Devonian) and the partly
equivalent Sultan Limestone (Middle Devonian to Lower Mississippian); Monte Cristo Group
(Lower and Upper Mississippian) and the partly equivalent Joana Limestone (Lower
Mississippian); Chainman Shale (Lower and Upper Mississippian) and Scotty Wash Quartzite
(Upper Mississippian); and Bird Spring Formation (Upper Mississippian to Lower Permian).

The eastern facies belt includes cratonic platform rocks of the Colorado Plateau region
exposed in the Beaver Dam and Virgin Mountains, and in the Lake Mead area including
Frenchman Mountain (table 1). The rocks are mostly shallow marine sediments deposited in
near-shore, intertidal, shoreline, and continental settings. The facies belt is characterized by a
large magnitude unconformity separating Middle Devonian from Upper Cambrian rocks. The
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cratonic sequence, or eastern facies belt, includes (from oldest to youngest): Tapeats Sandstone
(Lower Cambrian); Bright Angel Shale (Lower and Middle Cambrian); Muav Limestone
(Middle Cambrian); Nopah Formation (Upper Cambrian); Temple Butte Formation (Middle? and
Upper Devonian); Redwall Limestone (Lower and Upper Mississippian); and Callville
Limestone (Pennsylvanian) and Pakoon Dolomite (Lower Permian). The central facies belt
includes rocks that are transitional between the eastern and western belts; these rocks are
exposed in the Muddy Mountains, Mormon Mountains, and Tule Springs Hills (fig. 2).

The thickness of Middle Cambrian to Lower Permian carbonate rocks that form the
regional aquifer decreases dramatically across the belts from west to east over a distance of about
100 km; from a maximum of about 7 km thick in the western belt to less than 2 km thick in the
eastern belt. Whereas thinning resulted from erosion of individual units along major
unconformities and stratigraphic thinning of individual units toward the craton, the greatest
thickness variation across the belts is because the Paleozoic rocks were telescoped into a
narrower zone during Mesozoic thrusting.

Mesozoic Rocks

Mesozoic rocks are predominantly continental clastic units consisting of conglomerate,
sandstone, siltstone, mudstone, shale, and gypsum, but they also include minor limestone and
dolostone. These rocks are exposed mostly in the eastern parts of the study area and were
deposited in fluvial, lacustrine, eolian, and marginal marine environments, and they include
Triassic, Jurassic, and Cretaceous units. The Mesozoic rocks have low permeability compared
with the Paleozoic carbonate rocks because of their high proportion of clastic material. They are
generally considered confining units, but they may be permeable where highly fractured. Units
containing large amounts of shale and mudstone, such as in the Triassic formations, generally
have low permeability. The Jurassic Navajo Sandstone in the Utah part of the study area is an
aquifer (Heilweil and others, 2002), but in other parts of southern Nevada, such as in Las Vegas
Valley, the Jurassic Aztec Sandstone generally has low permeability. This example illustrates the
variability in hydrologic properties of the Mesozoic rocks.

Tertiary-Quaternary Rocks

Tertiary and Quaternary rocks in the cross sections are mostly basin-fill deposits, which
consist of alluvium and colluvium, playa deposits, eolian deposits, spring discharge deposits, and
landslide breccias of Miocene to Holocene age. Older basin-fill rocks include the Miocene and
Pliocene Muddy Creek Formation and equivalent units in the Lake Mead area, and the Oligocene
and Miocene Horse Spring Formation and equivalent units. The Muddy Creek Formation is
mostly lacustrine and fluvial mudstone, tuffaceous sandstone, gypsum, halite, and conglomerate.
The Horse Spring Formation consists of fluvial and lacustrine rocks, comprised of tuffaceous
sandstone, tuff, conglomerate, siltstone, mudstone, limestone, and gypsum.

Basin-fill rocks in the study area are both aquifers and aquitards. Basin-fill deposits in the
Mesquite basin of the Virgin Valley reach maximum thicknesses of about 8 to 10 km
(Langenheim and others, 2001a, 2000). In the Mesquite, Nev., area, the Muddy Creek Formation
is the main aquifer (Johnson and others, 2002; Dixon and Katzer, 2002), where it consists of
gravel, sand, silt, and clay, and is moderately deformed by high-angle normal faults.

Dettinger and others (1995) hypothesized that Muddy River Springs partly exist due to
thick basin deposits of lower Meadow Valley Wash basin which may form a groundwater barrier
to eastward flow from the springs (see cross section D-D"). The Muddy Creek Formation is
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widely exposed in this basin, and unlike the Muddy Creek in the Virgin Valley area, the
formation is mildly deformed and is mostly low-permeability lacustrine clay and silt.

Unit Tv in the cross sections includes volcanic rocks of Oligocene to Pliocene age. Most
of the volcanic rocks are ash-flow tuffs erupted from calderas, but stratovolcanoes were locally
present. These rocks also include basalt and lava flows. In the Delamar and Clover Mountains,
the volcanic rocks range from several hundred to several thousand meters thick. Intracaldera
tuffs are generally thicker than outflow tuffs. Unit Ti consists of granitic intrusive rocks that
generally are the source plutons for the volcanic units in unit Tv.

Structural Geology

The physiography of the study area reflects late Mesozoic and Cenozoic structural events
that produced a Cretaceous fold-and-thrust belt that was subsequently disrupted by Cenozoic
extensional and transform tectonics, and accompanying intrusive and volcanic activity.

Mesozoic Thrust Faults

Major thrust faults in the study area include the Muddy Mountain and Gass Peak thrusts.
The Muddy Mountain thrust is exposed in the Muddy Mountains; several equivalent thrusts
extend northward (Hintze and Axen, 2001) including: the Glendale thrust in the Glendale, Nev.,
area; Mormon thrust in the Mormon Mountains; Tule Spring thrust in the Tule Springs Hills,
Nevada; and the Square Top Mountain thrust in the northern Beaver Dam Mountains in
southwest Utah (fig. 5).

The Gass Peak thrust (Guth, 1980, 1981, 1990) in the Sheep Range is west of and at a
structurally higher level than the Muddy Mountain and equivalent thrusts (fig. 5). The thrust
faults strike north to northeast and are east to southeast vergent structures of Sevier orogenic belt
(Armstrong, 1968; Fleck, 1970). The Muddy Mountain and equivalent thrusts are the frontal
thrusts of the Sevier orogenic belt in southern Nevada and southwestern Utah. The Muddy
Mountain thrust is reported to be late Albian to Cenomanian(?) in age (Bohannon, 1983;
Carpenter and Carpenter, 1994; Fleck and Carr, 1990). Several intermediate thrusts are between
the Muddy Mountain (and equivalent thrusts) and Gass Peak thrusts. These include the Delamar
thrust in the southern Delamar Mountains (B-B') (Page, 1990), the Meadow Valley and Vigo
thrusts in the Meadow Valley Mountains (B-B') (Pampeyan, 1993), and the Dry Lake thrust and
other unnamed thrusts in the Arrow Canyon and Dry Lake Ranges (D-D’', F-F', and G-G’)
(Page, 1992; Page and Dixon, 1992). The Summit Willow Tank thrust is a secondary thrust fault
below the Muddy Mountain thrust in the Muddy Mountains (E-E' and F-F") (Bohannon, 1983).

A commonly accepted model for thrusts in the Sevier belt, which we have conceptually
applied to the cross sections, is that of a ramp-flat, decollemont geometry, where thrusts are flat
at depth along a basal decollement and detach to ramp at certain stratigraphic levels. We follow
Guth (1980) in the interpretation of a flat-ramp-flat geometry for the Gass Peak thrust with
decollement zones near the base of the Late Proterozoic-Lower Cambrian sequence (Guth, 1980;
fig. 1, case 1, p. 151). East of the Gass Peak thrust, the regional decollement forms an extensive
hanging-wall flat near the base of the Middle and Upper Cambrian Bonanza King Formation as
indicated by exposure of these rocks at the base of hanging-wall ramps and flats in the Muddy
Mountain (E-E', F-F', and G-G'), Mormon (B-B' and C-C"), Tule Spring (A-A"), and Delamar
(B-B") thrust faults. The eastward transition to a decollement at the base of the Bonanza King
Formation is probably controlled by the west to east pinch out of the Late Proterozoic clastic
units against the craton (Sweetkind and others, 2001); the pinch out is in a zone between the
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Sheep Range and the Arrow Canyon Range/Meadow Valley Mountains because Late Proterozoic
rocks at the base of the sedimentary sequence are absent in the Mormon Mountains and Tule
Springs Hills, and rocks of the Middle and Lower Cambrian Bright Angel Shale and Lower
Cambrian Tapeats Sandstone rest directly on Early Proterozoic crystalline basement.

Duplex zones in the Paleozoic carbonate rocks are interpreted along the Dry Lake and
Muddy Mountain thrusts (F-F' and G-G'). These duplex zones define areas of maximum
thickness for the Paleozoic carbonate rocks in the region because the Paleozoic section is
essentially repeated along the thrusts. In cross section G-G', these rocks are interpreted to be
greater than 7 km thick based on logs from the Grace Petroleum Arrow Canyon no. 1 well. In
this well, an upper thrust fault is interpreted at about 2,288 m depth where rocks of the Cambrian
Carrara Formation are in the upper plate above rocks of the Cambrian Bonanza King Formation
in the lower plate. A lower thrust fault occurs at about 2,800 m depth where rocks of the
Bonanza King Formation in the upper plate are above rocks of the Mississippian-Permian Bird
Spring Formation in the lower plate, thus repeating the Paleozoic section from the Bird Spring
Formation downward. We interpret the upper fault as the Dry Lake thrust and the lower fault as
the Muddy Mountain thrust (G—G'). The zone between the two faults is characterized by
complexly repeated Cambrian units indicating horst blocks and (or) imbrication structures,
features commonly associated with thrust fault zones.

Burbey (1997) suggested that Late Proterozoic-Lower Cambrian clastic confining units in
the upper plate of the Gass Peak thrust may restrict eastward groundwater flow from the Sheep
Range and areas to the west. The upper plate confining units are thrust over Mississippian to
Permian rocks of the Bird Spring Formation in the lower plate as shown in cross sections F-F'
and G-G'. North of F-F', however, the Gass Peak thrust loses throw and juxtaposes mainly
Paleozoic carbonate rocks in upper and lower plates (B-B').

The Muddy Mountain thrust in the Muddy Mountains juxtaposes Paleozoic carbonate
rocks in the upper plate against Mesozoic and Paleozoic rocks in the lower plate (G-G'); such a
relationship suggests that the less permeable Mesozoic rocks below the thrust may act as a
groundwater flow barrier, and the thrust has been characterized as a barrier in local groundwater
models. Although the lower plate rocks may act as a barrier in localized zones along strike, we
think that overprinting of the thrust by Cenozoic faults (Langenheim and others, 2002) provides
linkage between rocks in the upper and lower plates, allowing for some groundwater flow across
the thrust. This example may apply to other Mesozoic thrust faults in the map area, especially
where the thrusts are highly modified by younger Cenozoic extensional faults.

Mesozoic thrusts have been reactivated by normal faults during Cenozoic extension in
parts of the study area. The Delamar thrust has been reactivated by high-angle normal faults in
the southern Delamar Mountains (Page, 1990). Guth (1990) reported that parts of the Gass Peak
thrust may have been reactivated by Cenozoic normal faults, and structural relations illustrated in
cross section B-B' suggest extensional Cenozoic reactivation on the thrust based on Tertiary
volcanic rocks downfaulted on the thrust in the northern Sheep Range. Axen and others (1990)
discussed extensional Cenozoic reactivation of the Tule Spring thrust in the Tule Springs Hills.

Cenozoic Magmatism, Strike-slip Faults, Normal Faults, and Basin Development

Cenozoic tectonics affected the rocks in the study area and includes volcanism and
plutonism, normal and strike-slip faulting, and basin development. Cenozoic faults are important
because they represent the last major phase of deformation that affected the rocks in the region,
and they provide the fractures and faults that control groundwater flow through the Paleozoic
carbonate aquifer. Quaternary faults are present in parts of the study area, and faulting is
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currently active in some areas such as in the Pahranagat shear zone. These younger faults may be
especially important in groundwater flow because younger faults and fractures tend to be more
open than in older fault systems (Dettinger and others, 1995), and in many cases, they have
reactivated older fault zones.

Magmatism
The northern part of the study area is characterized by numerous Oligocene and Miocene
volcanic rocks, mainly ash-flow tuffs erupted from calderas, but also some lava flows and

granitic plutons. The southern limit of these rocks occurs at about latitude 370, just north of the
Mormon Mountains and Tule Springs Hills, and the negative isostatic gravity anomalies in the
northern part of figure 4 reflect low-density volcanic rocks in the Clover Mountains (Scheirer
and others, 2006). Volcanic rocks are also exposed in the southeast part of the study area in the
southern Virgin Mountains, Black Mountains, and Lake Mead area. These rocks include
Miocene andesitic volcanic rocks and calc-alkaline plutons.

The volcanic rocks in the northern part of the study area were erupted mainly from the
Caliente caldera complex (Rowley and others, 1995) in the Delamar and Clover Mountains, and
the Kane Wash caldera complex (Scott and others, 1995) in the Delamar and Meadow Valley
Mountains (fig. 5). The Caliente caldera complex in the Clover Mountains is highly deformed by
north- and northwest-striking normal and strike-slip faults (Page and others, 2005a) that may be
important conduits in transmitting ground water from basins in the northern part of the Colorado
flow system to basins in the southern part of the flow system.

Strike-slip Faults, Normal Faults, and Basin Development

Major strike-slip fault zones include the northeast-striking, left-lateral Pahranagat shear
zone, Kane Springs Wash fault zone, and Lake Mead fault zone, and the northwest-striking,
right-lateral Las Vegas Valley shear zone (fig. 5). These fault zones represent transfer or
accommodation zones that separate structural blocks within the study area that have undergone
different rates and amounts of extension (Guth, 1981; Wernicke and others, 1982; Duebendorfer
and Black, 1992; Rowley, 1998). Strike-slip faults are denoted on the cross sections with the
letters “T” and “A”, indicating relative fault block movement toward or away from the viewer,
respectively (see plate symbol explanation).

The Pahranagat shear system is a zone of steeply northwest-dipping faults that shows
evidence of dip-slip and strike-slip offset (fig. 5). Tschanz and Pampeyan (1970) estimated about
6 to 9 km of left-lateral displacement on the shear system. Modern fault scarps and fissures in
alluvial deposits in southern Delamar Valley (Swadley, 1995), and current seismicity on faults in
the shear system (Rogers and others, 1987) indicate that it is active. Strands of the Pahranagat
shear system join together and merge with north-striking range front faults bounding the northern
Delamar Mountains to the north, and the southern Delamar Mountains and the Sheep Range to
the south (Page and others, 2005a). Cross section B-B' transects the southern part of the shear
zone, and displays a series of closely-spaced, northwest-dipping faults offsetting primarily Late
Proterozoic and Paleozoic rocks. The volcanic rocks in B-B' are thin near the southern limit of
their exposure, but they thicken to the north within the shear zone (Page and others, 2005a).

The Kane Springs Wash fault zone (fig. 5) is a left-lateral fault system that has about 7 to
11 km of displacement based on offset of the Kane Springs Wash caldera (Harding and others,
1995). Northeast-striking faults of the Kane Springs Wash fault zone merge into the north-
striking range front fault system on the west side of the Meadow Valley Mountains. In cross
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section A-A', the Kane Springs Wash fault zone is 3 km wide and cuts mainly volcanic and
plutonic rocks of the Kane Wash caldera complex. Southward (B-B'), the fault zone is about 5
km wide and cuts mainly Paleozoic carbonate rocks. Early Proterozoic crystalline rocks are
interpreted to be present at shallow depths (less than 4 km) near where the fault zone intersects
B—B', based on surface exposure of older Paleozoic rocks (Cambrian) and on regional gravity
data (fig. 4). Quaternary faulting has been reported along some strands of the Kane Springs
Wash fault zone in Kane Springs Wash (Swadley and others, 1994).

The northwest-striking Las Vegas Valley shear zone (LVVSZ) (fig. 5) is a large-
magnitude, right-lateral, strike-slip fault zone that formed during Cenozoic extension (Page and
others, 2005b). The shear zone truncates the southern Las Vegas, Sheep, Desert, and Pintwater
Ranges, and extends for nearly 150 km from the Lake Mead area to Mercury, Nevada. The
LVVSZ played a significant role in the tectonic development of Las Vegas Valley (Page and
others, 2005b). The effects of the LVVSZ include oroflexural bending and offset of major
Mesozoic thrust faults and folds. Offset of Mesozoic thrust faults across Las Vegas Valley
indicate 48+7 km of right-lateral separation (Wernicke and others, 1988); this estimate includes
bending of the Las Vegas Range. Paleomagnetic data (Sonder and others, 1994; Nelson and

Jones, 1987) indicated a 20-km-wide zone of clockwise rotation as great as 100° in rocks as
young as 13.5 Ma adjacent to the LVVSZ. The paleomagnetic data, along with other structural
data, bracket the principal period of movement along the LVVSZ between 14 and 8.5 Ma
(Duebendorfer and Black, 1992; Duebendorfer and Simpson, 1994).

Two strands of the LVVSZ are shown in H-H' in the Frenchman Mountain area. The
northern strand is concealed by basin-fill sediments between the Dry Lake Range and Frenchman
Mountain, and it is shown as a north-dipping fault that juxtaposes a thick section of Paleozoic
rocks in the hanging wall against Proterozoic crystalline rocks beneath Frenchman Mountain in
the footwall. The southern strand of the LVVSZ juxtaposes cratonic Paleozoic rocks of
Frenchman Mountain in the footwall of the fault against presumably thicker, cratonic margin
Paleozoic rocks and Tertiary volcanic rocks concealed beneath basin-fill deposits in the hanging
wall.

The Lake Mead fault zone (LMFZ) (fig. 5) is a major northeast-striking, left-lateral fault
system consisting of about four major fault strands that form a crustal boundary separating the
Great Basin to the north from the lower Colorado extensional corridor to the south (Anderson,
1973; Anderson and others, 1994; Bohannon, 1983). The major strands of the fault zone bound
structural blocks which have undergone large lateral translations. For example, the Frenchman
Mountain block is interpreted to have been displaced 65 km southwestward during Miocene
extension (Anderson and others, 1994). Rocks in the lower Colorado extensional corridor
(Faulds and others, 2001) consist largely of Proterozoic crystalline rocks, and Tertiary volcanic
and plutonic rocks. Paleozoic and Mesozoic rocks are present in isolated blocks on the flanks of
crystalline basement uplifts (see east end of F-F'). Faults of the LMFZ are shown in the eastern
parts of cross sections F—F' and G-G'. F-F' shows the LMFZ juxtaposing Mesozoic and
Paleozoic rocks of the Muddy Mountains in the hanging wall against shallow Proterozoic
crystalline rocks in the footwall in the South Virgin Mountains. G-G' shows near-vertical strands
of the LMFZ juxtaposing Paleozoic and Mesozoic rocks in the Muddy Mountains against
Proterozoic crystalline rocks and Tertiary volcanic and plutonic rocks in the Lower Colorado
extensional corridor.

Strike-slip faults are reported in the Tule Springs Hills and East Mormon Mountains
(Anderson and Barnhard, 1993; Hintze and Axen, 2001; Axen and others, 1990). The East Tule
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Desert fault (fig. 5) is a left-lateral, strike-slip fault that bounds the west flank of the Tule
Springs Hills. In cross section A-A' Paleozoic and Mesozoic rocks of the Tule Spring autochthon
are offset along the fault, and the downthrown side forms Tule Desert, a shallow basin with less
than 500 m of Cenozoic basin-fill deposits (Scheirer and others, 2006). The Sams Camp and
Carp Road faults (fig. 5) are probably equivalent to the East Tule Desert fault, and extend farther
south along the East Mormon Mountains. These faults juxtapose Paleozoic rocks in the hanging
wall against a footwall horst cored by Proterozoic crystalline rocks (B-B'). At the south end of
the East Mormon Mountains, the Carp Road fault bends southwestward where it merges with the
Davidson Peak fault, an east-striking transverse zone composed of highly folded Paleozoic and
Mesozoic rocks (fig. 5), and then bends south to bound the west flank of the southern Mormon
Mountains (along Candy Peak; D-D"; fig. 2). Anderson and Barnhard (1993) interpreted that the
large sinistral displacements along these strike-slip faults are kinematically linked to major
uplifts and depressions in the Mormon Mountain area that formed during Miocene extension.
Alternatively, Axen and others (1990) interpreted that these faults are kinematically linked to the
large-magnitude Cenozoic extension on the Tule Spring and Mormon Peak detachment faults
(see below).

Locally before 10 Ma, normal block-faulting created north-trending ranges and basins to
form the present-day physiography that characterizes the Basin and Range province. These
faults, which define the Pintwater, Desert, Sheep, and Arrow Canyon Ranges, and Delamar and
Meadow Valley Mountains (fig. 5), are especially prominent in the western part of the study
area. These range-bounding faults are predominantly normal faults, but some of them have an
obligue-slip component, especially along their margins with transverse structures such as the Las
Vegas Valley shear zone and the Pahranagat shear zone. The range-front fault on the west side of
the Desert Range juxtaposes Late Proterozoic-Lower Cambrian confining units and overlying
Lower Cambrian to Devonian carbonate units in the hanging wall against shallow Proterozoic
crystalline and overlying Late Proterozoic confining units in the footwall (C-C' and D-D").

The range front fault zone along the west flank of the Sheep Range is characterized by
westward tilted blocks of Late Proterozoic and Paleozoic units along a series of west-dipping
normal faults extending to the Desert Range (C-C', D-D’, and G-G"). Guth (1981) estimated 44
percent extension across this area based on restoration of rotated beds in the fault blocks. Faults
in this region are interpreted to have a listric geometry to account for tilting, and Wernicke and
others (1988) suggested that these faults may sole into a deep regional detachment fault of
uncertain depth. Guth (1981) discussed the possibility that a regional detachment may merge
with the Mesozoic thrust systems, but we interpret that the normal faults offset the thrusts at
depth (rather than merging with them) to produce an irregular basement-sedimentary rock
interface.

Range front faults on the west flanks of the southern Delamar Mountains, Meadow
Valley Mountains, and Arrow Canyon Range were important in the development of Coyote
Spring Valley (B-B', C-C', D-D', and F-F"). In general, these fault systems consist of a series of
steep, west-dipping normal faults that down-drop Paleozoic strata westward in a step-like pattern
(Page, 1998; Page and others, 1990; Page and Pampeyan, 1996). Displacement on individual
faults is generally less than 1 km, and cumulative displacements may be as much as 2 km (Page,
1998; Page and others, 1990). Phelps and others (2000) interpreted the subsurface location of
some of these faults based on gravity data. Their study also indicates that Cenozoic basin-fill
deposits probably reach a maximum thickness of about 1 to 1.5 km in Coyote Spring Valley.
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A prominent high-angle normal fault on the west side of the Mormon Mountains is
referred to here as the Meadow Valley Wash (MVVW) fault (fig. 5). The fault structurally controls
Meadow Valley Wash and probably was important in accommodating Miocene uplift of the
Mormon Mountains (also see B-B' and C—-C'). Along A-A" the fault juxtaposes Paleozoic and
Mesozoic rocks of the Tule Spring autochthon in the footwall against Cenozoic basin-fill
deposits and underlying Paleozoic rocks of the Tule Spring allochthon in the hanging wall. B-B'
and C-C' show the MVVW fault juxtaposing a thick sequence of Paleozoic rocks of the Mormon
thrust allochthon in the hanging wall against Proterozoic crystalline rocks in the footwall. South
of C-C', the nature of the MVW fault is unknown, although we interpret it to merge with the
system of strike-slip faults on the west flank of the southern Mormon Mountains to form the east
boundary of lower Meadow Valley Wash basin. Seismic-reflection data (Scheirer and others,
2006) in the northern part of Meadow Valley Wash (in the area of A-A") suggest the MVW fault
is a high-angle normal fault.

The MVVW fault may be a conduit for north-south groundwater flow beneath Meadow
Valley Wash, but the upthrown block of Proterozoic crystalline confining units in the Mormon
Mountains probably forms a barrier to eastward groundwater flow across the mountain range.
Abundant paleo-spring carbonate deposits fill faults and fractures in bedrock units on the east
and south flanks of the Meadow Valley Mountains and in Tertiary basin-fill sediments in
Meadow Valley Wash (Page and Pampeyan, 1996; Schmidt, 1994; Schmidt and Dixon, 1995).
These spring carbonate features are indicative of groundwater discharge and the existence of a
past groundwater flow path through the thick sequence of Paleozoic carbonate rocks concealed
beneath the eastern Meadow Valley Mountains and Meadow Valley Wash.

Seismic-reflection and gravity data (Scheirer and others, 2006) indicate that Meadow
Valley Wash is partitioned into a series of fault-controlled basins. The deepest basin is between
Moapa and Rox, Nev., (figs. 2 and 4). Cenozoic basin-fill deposits in the basin may be 2 to 3 km
thick in the central part of the basin, and they are complexly deformed by folds and faults. Basin-
fill surface exposures in this area are also complexly deformed. The Permian Kaibab Limestone
crops out near Rox (C—C"), indicating a bedrock ridge constricts Meadow Valley Wash and
bounds a shallower basin to the north. A drill hole in the northern basin (just north of Rox)
bottomed out in basin-fill deposits at 730 m, and seismic-reflection data suggest Cenozoic basin-
fill deposits may be up to 1 km thick (Scheirer and others, 2006). The northernmost basin of
Meadow Valley Wash is between Carp and Leith (fig. 2). Cenozoic basin-fill deposits are
interpreted to be 1 to 2 km thick in this basin (Scheirer and others, 2006), and the main basin
structure is controlled by the MVVW fault.

Wernicke and others (1985) and Axen and others (1990) interpreted that three stacked,
west-dipping, low-angle normal (detachment) faults (Mormon Peak, Tule Springs, and Castle
Cliff detachments) between the Meadow Valley Mountains and the Beaver Dam Mountains are
the first order Cenozoic extensional structures in the region. Axen and others (1990) interpreted
the Castle Cliff detachment as the lowest-level fault that projects westward in the subsurface
beneath Tule Springs Hills as a continuation of the Castle Cliff fault exposed on the west flank of
the Beaver Dam Mountains. The Tule Springs detachment is the intermediate fault interpreted by
Axen and others (1990) as a breakaway zone on the west flank of the East Mormon Mountains to
project westward below the main part of the Mormon Mountains. Wernicke and others (1985)
interpreted the Mormon Peak detachment as the highest-level fault exposed in the Mormon
Mountains to project westward beneath the Meadow Valley Mountains. Wernicke and others
(1985) and Axen and others (1990) interpreted these as large-magnitude extensional faults that
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root into crystalline basement and were activated from west to east by processes of simple
uniform shear.

Anderson and Barnhard (1993) noted low-angle normal faults in the area but on the basis
of fault kinemetics and careful geologic mapping, they challenged the idea that these
detachments had large lateral extent, and, alternatively, they viewed detachments as localized
structures that accommodated strain associated with extreme vertical uplift. Carpenter and
Carpenter (1994) also downplayed the role of detachments as first order Cenozoic extensional
structures on the basis of seismic-reflection data and geologic mapping, and they reinterpreted
many of the detachments in the Mormon Mountains as localized gravity-slide slip-surfaces. The
cross sections in this report are conceptually in agreement with Anderson and Barnhard (1993)
and Carpenter and Carpenter (1994), and portray detachments as more localized structures and
high-angle normal and strike-slip faults as the first order extensional structures in this region.

The Piedmont fault (fig. 5) is the major fault bounding the west flanks of the Beaver Dam
and Virgin Mountains (Bohannon and others, 1993), and it forms the boundary between the
Colorado Plateau and Basin and Range provinces (A-A", B-B', C-C"). In most areas, the fault
juxtaposes an east-tilted section of Paleozoic and Mesozoic rocks overlain by thick Tertiary-
Quaternary basin-fill deposits in the hanging wall against Proterozoic crystalline rocks in the
footwall (B-B', and C-C"). The fault is estimated to have about 12 km of normal separation
(Bohannon and others, 1993) and was most active from 13 to 10 Ma (Quigley and others, 2002).
Quigley and others (2002) suggested that Cenozoic uplift in the Virgin-Beaver Dam Mountains
along the Piedmont fault may have been controlled by older Proterozoic shear zones along a
former accretionary crustal boundary. Carpenter and Carpenter (1994) reported the southern end
of the fault, south of Mesquite (fig. 1), to have a left-lateral component as illustrated in sections
D-D', E-E', and J-J".

Virgin Valley is segmented into two deep northeast-trending basins (fig. 4), the Mormon
basin to the southwest and the Mesquite basin to the northeast (Bohannon and others, 1993;
Langenheim and others, 2000, 2001a). The basins formed by subsidence caused by Miocene
extension mainly along the Piedmont fault. Cenozoic basin-fill deposits in the Mesquite basin are
estimated to have maximum thicknesses of about 8 to 10 km, with the deepest part of the basin
beneath the Littlefield, Ariz., area (Langenheim and others, 2000, 2001a) (fig. 2). Cross sections
B-B' and C-C' extend across the Mesquite basin and show an east-dipping sequence of deformed
Paleozoic and Mesozoic rocks overlain by moderately deformed Cenozoic basin-fill rocks. The
subsurface stratigraphy and structure portrayed in the cross sections are derived mostly from
seismic-reflection data from Bohannon and others (1993) and Carpenter and Carpenter (1994),
and gravity data from Langenheim and others (2000, 2001a). Cross sections D-D' and E-E'
extend across the Mormon basin where Cenozoic basin-fill deposits reach maximum thicknesses
of 5 to 6 km. The subsurface stratigraphy and structure portrayed in the cross sections in the
Mormon basin is mostly from seismic-reflection data from Bohannon and others (1993), gravity
data from Langenheim and others (2000, 2001a), and the Mobil Virgin River no. 1-A deep
petroleum test well on Mormon Mesa. The Mobil well encountered the base of Cenozoic basin
fill at about 2 km, and the well bottomed out in Proterozoic crystalline rocks at about 5.9 km
depth (Bohannon and others, 1993).

Muddy River Springs (fig. 2 and D-D") are structurally controlled by a broad north-
striking fault zone that forms the east range front of the southern Meadow Valley Mountains and
Arrow Canyon Range (Schmidt and Dixon, 1995; Schmidt and others, 1996; Page and others,
2005a). The fault zone is informally referred to here as the east Arrow Canyon Range fault zone
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(fig. 5). Faults in the fault zone are exposed in the Paleozoic carbonate rocks on the east flanks of
the Meadow Valley Mountains (Schmidt, 1994) and Arrow Canyon Range (Page, 1992; Schmidt
and others, 1996), and in the Cenozoic basin-fill deposits in lower Meadow Valley and
California Wash. East-striking faults intersect the north-striking faults (Schmidt and others,
1996; Schmidt, 1994; Page and others, 2005) and potentially enhance permeability. Seismic-
reflection data (Scheirer and others, 2006) indicate an east-trending buried bedrock ridge
separates lower Meadow Valley Wash basin from California Wash basin (fig. 4). The ridge is
structurally controlled by east-striking faults (Scheirer and others, 2006), and it connects the
Paleozoic carbonate rocks in the subsurface between the Arrow Canyon Range and Muddy
Mountains. Near Ute (fig. 2), along the east flank of the Arrow Canyon Range, spring carbonate
mounds represent past spring discharge from the fault zone (Schmidt and Dixon, 1995).
Quaternary faults are exposed in this area, which may have increased permeability in the fault
zone.

Cenozoic basin-fill deposits in California Wash basin are estimated to be 2 to 3 km deep
based on gravity and seismic-reflection data (Langenheim and others, 2001b, 2002). The basin is
bounded by the California Wash fault zone, a zone of west-dipping normal faults on the west
flank of the Muddy Mountains (E-E', F-F', and G-G"). Bidgoli and others (2003) reported
Quaternary faulting in the fault zone.

The Rogers Spring fault is located on the southeast side of the Muddy Mountains where it
bounds a moderately deep basin in the Lake Mead Overton Arm area (fig. 5, F-F'); Cenozoic

basin-fill deposits are 2 to 3 km thick in the Overton Arm basin. The fault dips from 60°t0 70"
southeast and juxtaposes Paleozoic carbonate rocks of the Muddy Mountain thrust allochthon
against deformed Tertiary basin-fill deposits that overlie autochthonous Mesozoic rocks (F-F").
Bohannon (1983) interpreted the fault as a normal fault, but he reported local evidence of strike-
slip displacement suggesting multiple stages of movement. We agree with Bohannon’s
interpretation of strike-slip and normal movement on the fault, but a reverse component of
displacement is also indicated because the Paleozoic allochthon of the Muddy Mountain thrust
on the northwest side of the fault is presumably downdropped against autochthonous Mesozoic
rocks on the southeast side (F-F") based on exposure of the Jurassic Aztec Sandstone farther to
the southwest along the fault. Rogers and Blue Point Springs are probably both structurally

controlled by the Rogers Spring fault, and warm water discharging from the springs (850—860 F)
suggests a relatively deep source. The springs may exist partly due to juxtaposition of the
Paleozoic-Mesozoic sequence in the fault footwall against Early Proterozoic crystalline rocks in
the hanging wall, and the presence of thick basin-fill sediments containing impermeable
evaporate deposits in the fault hanging wall (Laney and Bales, 1996).

Summary

The oldest rocks in the study area are Early Proterozoic crystalline rocks. These rocks
form basement and are confining units in the regional groundwater flow systems. Late
Proterozoic to Lower Cambrian rocks are predominantly clastic rocks and are also considered
confining units in the region.

Above the Late Proterozoic to Lower Cambrian clastic rocks are Middle Cambrian to
Lower Permian units that are predominantly carbonate rocks, and they form the main aquifer in
the regional groundwater flow systems. The Paleozoic carbonate rocks thin from west to east in
the study area, from as much as 7 km in the western part to less than 2 km in the eastern part.
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Much of the thinning resulted from erosion of individual units along major unconformities and
stratigraphic thinning of individual units toward the craton.

Above the Paleozoic carbonate rocks are mainly clastic units of late Paleozoic to
Mesozoic age that are generally considered confining units in the flow systems, but they may be
permeable where fractured. Tertiary volcanic and plutonic rocks are exposed in the extreme
northern and southern parts of the study area and may be aquifers where they are highly faulted,
such as in the Delamar and Clover Mountains. Basin-fill deposits consist of middle to late
Tertiary sediments of variable lithologies, and younger Quaternary surficial units consisting
mainly of alluvium. Basin-fill sediments are both aquifers and aquitards in the region.

Movement of groundwater through the aquifers is through fractures and faults, and
through solution channels formed in the carbonate rocks. The rocks in the area were complexly
deformed by episodes of Mesozoic compression and Cenozoic extension. Cretaceous thrust
faults and folds in the area formed during the Sevier orogeny. Duplex zones along some of the
thrust faults resulted in structural thickening and define areas of maximum thickness of the
Paleozoic carbonate rocks.

Cenozoic extensional tectonics affected the rocks in the region and included normal and
strike-slip faulting, volcanism, and plutonism. Cenozoic faults are significant because they are
the primary structures that control groundwater flow in the regional groundwater flow systems.
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Hydrogeology and Potential for Ground-Water
Development, Carbonate-Rock Aquifers,
Southern Nevada and Southeastern California

by Thomas J. Burbey

Abstract

In southern Nevada, 17 hydrographic areas
were selected by the U.S. Geological Survey to
assess the potential for development of ground
water in the underlying carbonate-rock aquifers.
The assessment was based on a summary of
geologic and hydrologic information developed as
part of the Nevada Carbonate Aquifers Study
and information compiled from previous investi-
gations.

The 17 hydrographic areas were selected
from among 48 hydrographic areas in southern
Nevada on the basis of an evaluation of the
geologic framework, hydrologic setting, and
public accessibility. All selected hydrogra ic
areas lie within the miogeoclinal belt wher *hick
sequences of carbonate rock accumulated ..
hundreds of millions of years. Major deforma-
tional episodes greatly modified the area, but in
general, the less-extended areas tend to contain the
thickest continuous sequences of carbonate rock
at depth. Most of the selected hydrographic areas
lie within these less-extended terranes; however,
several areas, or parts of areas, lie within severely
extended terranes where deformed blocks of
carbonate rock are discontinuous and isolated
from surrounding carbonate rock or where
little or no carbonate rock remains at depth.

Three principal criteria were used to assess
the development potential beneath the basin-fill
deposits of each selected hydrographic area.
These quantitative criteria are (1) depth to water,
(2) depth to and thickness of carbonate rocks,
and (3) water quality. Other site-specific factors
such as accessibility and effects of ground-water

development are also discussed. However, water-
right availability under Nevada water law was not
considered.

Results of the hydrographic-area appraisals
based on available geologic and hydrologic infor-
mation suggest that sites with high potential for
development of ground water in carbonate rocks
may be scarce in southern Nevada. Areas
described as favorable by using the three criteria
were assessed qualitatively on the basis of possible
short- and long-term effects associated with devel-
opment and on the amount of available data used
to make the assessment. These results suggest that
many sites classified as favorable from the quanti-
tative assessment were deemed unfavorable on the
basis of the qualitative criteria. The most favorable
sites appear to be in more severely extended ter-
ranes where development of isolated areas of
carbonate-rock aquifers would be less likely to
affect adjacent areas.

INTRODUCTION

As the population of Nevada continues to grow at
a rapid rate, the Nation's driest State faces increasing
demands for water. Sources of ground water from
basin-fill aquifers are fully or over appropriated in
many areas in southern Nevada. The possibility,
therefore, of tapping the relatively unexplored
carbonate-rock aquifers as a source of potable
ground water has been the focus of much interest
in recent years.

In 1985, a cooperative effort began with the
State of Nevada, Las Vegas Valley Water District,
Desert Research Institute, City of North Las Vegas,
and U.S. Department of the Interior (U.S. Geological
Survey and Bureau of Reclamation) to study and test
the carbonate-rock aquifers to assess their potential for
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development (known as the Nevada Carbonate Aqui-
fers Study). As one of several reports from the study,
this publication is intended to provide water managers,
landowners, scientists, and policy makers with a refer-
ence that summarizes hydrogeologic information for
specific hydrographic areas.

Purpose and Scope

The purpose of this report is (1) to describe the
geology and hydrology of the carbonate-rock aquifers
in southern Nevada, and (2) to evaluate the potential
for development of their water resources. To achieve
these objectives, 17 hydrographic areas were selected
by the U.S. Geological Survey from the 48 such areas
that constitute the southern part of the State. The 17
areas were selected on the basis of the presence of thick
sections of carbonate rock within the hydrographic
area, the availability of geologic and hydrologic infor-
mation needed to adequately evaluate the potential for
development, and the accessibility to the area. The
potential for development of each selected area was
determined on the basis of depth to water, depth and
thickness of carbonate rocks, and water quality.

In addition, this report describes the geologic
processes that have affected each of the selected areas
and provides such information as the depth to, and
the thickness and extent of, carbonate rocks beneath
basin fill. The hydrologic framework of each area is
described and pertinent data such as estimates of
recharge and discharge, depth to water, water quality,
and location of wells and springs tapping basin fill and
carbonate rocks are provided. Geologic controls that
affect the location and movement of ground water are
also described.

Hydrogeology of Southern Nevada

The area that includes the present southern Great
Basin has undergone a diverse and complex geologic
history that has spanned hundreds of millions of years.
The fault-block mountains and alluvial basins that are
dominant in the area today are a result of only the past
20 million years of geologic activity (Stewart, 1980;
Guth and others, 1988; Smith and others, 1987a, b;
Wernicke and others, 1988a). Most of the geologic
past has been pieced together from the structure and

composition of the rocks exposed at the surface. This
formidable task was somewhat simplified in this study
by segregating the numerous lithologic units into five
hydrogeologic units on the basis of their ability to
transmit ground water and their effect on ground-water
quality. The five units are described in chronological
order beginning with the youngest unit (see table 1
for approximate ages).

Quaternary and Tertiary basin-fill deposits—
includes alluvial, fluvial, fanglomerate, lake, and
mudflow deposits. These deposits also include the
Muddy Creek and Horse Spring Formations of Tertiary
age. These Tertiary formations include siltstone,
gypsiferous sandstone, conglomerate, gypsum, and tuf-
faceous sedimentary rocks. Basin-fill deposits gener-
ally are of high permeability and constitute the primary
aquifers in the State, but may produce low-quality
ground water in areas where evaporite minerals (for
example, Tertiary deposits containing gypsum) are
present.

Tertiary rocks—chiefly volcanic rocks consist-
ing of welded to nonwelded ash-flow and ash-fall tuffs,
basalt, and rhyolite flows. The unit may also contain
varying amounts of sandstone, siltstone, and conglom-
erate, as well as intrusive rocks. This unit is generally
of low permeability, although some welded tuffs are
effective aquifers (Winograd, 1971). Generally, this
unit tends to act as a barrier to ground-water flow.

Table 1. Geologic time scale showing eras, periods, and
approximate ages used by the U.S. Geological Survey

Age
(approximate

Era Period millions of years
before present)

Cenozoic Quaternary 0-1.7

Tertiary 1.7-66

Mesozoic Cretaceous 66-138

Jurassic 138-205

Triassic 205-240

Paleozoic Permian 240-290

Pennsylvanian 290-330

Mississippian 330-360

Devonian 360-410

Silurian 410-435

Ordovician 435-500

Cambrian 500-570

Precambrian Greater than about 570
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GLOSSARY

The definitions presented in this glossary have been modified
from Bates and Jackson (1987), Fiero (1986), and
Lohman and others (1972).

Accretion—process by which the continents increased in
size by addition of an island arc—a chain of islands
margined by a deep trench and a deep sea basin.

Anticline—a fold in rocks in which the strata dip outward
from both sides, away from the axis. An anticline is
convex.

Agquifer—a permeable geologic unit that can transmit
significant quantities of water.

Block fault—a high-angle normal fault in which a block is
downfaulted relative to adjacent blocks.

Broken terrane—region of severe extension, characterized
by imbricate faults (domino-style faulting), rotated
blocks, and gravity slides (slumping of large rock
masses under the influence of gravity).

Clastic rocks—consolidated sedimentary rocks (such as
sandstone and shale) composed of transported frag-
ments of older rock.

Compressional tectonics—mountain-building process
resulting from collision of two crustal plates and char-
acterized by large low-angle faults (thrust faults)
causing a thickening of the crust.

Confining unit—a body of relatively impermeable material
stratigraphically adjacent to one or more aquifers.

Detachment—a low-angle normal fault that usually
comprises the lower boundary of an extensional rock
mass.

Dry playa—a flat-lying dry lakebed located within a desert
basin representing the terminus of drainage from
surrounding areas. N

Evaporite—a salt-rich sedimentary deposit resulting from
evaporation of saline water.

Extensional tectonics—large scale spreading or “pulling-
apart” of the Earth's crust, resulting in areas of broken
terrane and thinning of the crust.

Fracture porosity—the fraction of the total porosity that
results from fractures, joints, and solution cavities; also
called secondary porosity.

Ground-water storage—the volume of water that a unit
volume of aquifer releases under a unit decline in water
level. In confined aquifers, storage represents the quan-
tity of water released due to compaction of the aquifer
and expansion of the water. In unconfined aquifers, the
quantity of storage also includes the water obtained
from gravity drainage of the aquifer.

Hydraulic gradient—the change in water level over a spec-
ified distance along a flow path.

Interstitial porosity—a ratio representing the volume of
voids within the matrix of the porous medium to the
total volume of porous medium.

Island arc—a chain of volcanic islands separated from the
continental margin by a deep submarine trench.

Miogeocline—a large linear trough that subsided deeply
over a long period of time during which thick deposits
of sedimentary rocks accumulated.

Permeability—the ability of a porous medium (aquifer) to
transmit water.

Piedinont—the sloping area transitional between the valley
lowlands and the mountain block.

Potentiometric surface—a surface that represents the static
hydraulic head. As related to an aquifer, it is defined by
the levels to which water will rise in tightly cased wells
within a specific aquifer or stratum.

Shear zone—a strike-slip fault or series of faults (faulting
that represents lateral movement) in which the rocks
along the fault have been sheared or crushed.

Specific yield—a ratio of the volume of water a porous
medium yields by gravity, after being saturated, to the
total volume of porous medium. The value is usually
given as a percentage.

Stable terrane—large rock mass that has been only slightly
or moderately extended relative to adjacent rock mass;
characterized by thick, coherent sequences of rock.

Syncline—a fold in rocks in which the strata dip inward
from both sides toward the axis. A syncline is concave.

Thrust fault—a low-angle (less than 45°) fault in which the
mass of rock above the fault plane has moved upward
relative to the mass of rock beneath the fauit plane.

Thrust sheet—a rock mass or sequence of rock units that
have been moved over another rock mass or sequence
of rock units during the process of thrusting and
resulting in a thickening of the crust.

Total porosity—a ratio representing the volume of voids
(includes primary and secondary porosity—that is,
interstitial porosity, fractures, and solution cavities) to
the total volume of porous medium.

Unconformity—a surface of erosion that separates two rock
sequences of different ages.

Water table—the ground-water surface in unconfined aqui-
fers (under atmospheric pressure).
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1.0 EXECUTIVE SUMMARY

The Nevada State Engineer (NSE) through Rulings #5712 (NSE 2007) and #6254 (NSE
2014) has made several findings about Kane Springs Valley (KSV), the impacts from KSV and
the effects of pumping from KSV on springs in the Lower White River Flow System (LWRFS)
and further south of the LWRFS. The NSE has historically supported and affirmed the exclusion
of KSV from the LWRFS since the Order No. 1169 requirements, including the Order No. 1169
aquifer test (NSE 2002) and since the hearing on by Lincoln County Water District and Vidler
Water Company (Lincoln/Vidler) groundwater rights in 2006 (NSE 2007).

In this report, groundwater elevation data from wells in KSV and in the LWRFS
groundwater basins?, precipitation and recharge data, and groundwater chemistry and temperature
data are used to illustrate the hydrologic differences between KSV and the basins of the LWRFS.
Using the groundwater level data, which can be found on the NSE’s website:
http://www.nv.gov/Waterl evelData.aspx, Lincoln/Vidler identified a distinct “break” in water

levels in the regional hydraulic gradient, including several distinct breaks in water levels from
wells throughout the LWRFS. These “breaks” in gradient can mostly be attributed to geologic
structures in the Regional Deep Carbonate Aquifer (RDCA). As a general statement, wells within
the LWRFS exhibit very consistent groundwater levels that are indicative of high transmissivity
values across this area. However, in KSV the gradient between well KPW-1 and down-basin wells
is much steeper, which again implies some type of impediment to groundwater flow near the mouth
of KSV.

There was an exceptional precipitation event that occurred in 2005 that overwhelmed the
hydrologic system in KSV as identified in monitor wells KMW-1 and CSVM-4 groundwater
levels. This event obscured the overall regional trend in groundwater levels in this region making

identification of a response to the Order No. 1169 aquifer test not relevant neither appropriate. The

! The “joint administrative unit” includes the following hydrographic basins: Coyote Spring Valley (210), a portion
of the Black Mountains Area (215), Garnet Valley (216), Hidden Valley (217), California Wash (218), and the
Muddy River Springs Area (AKA Upper Moapa Valley) basin (219).

1-1
SE ROA 40527

JA_11519


Bob-O
Highlight

Bob-O
Highlight


finding that water levels in KSV did not response to the Order No. 1169 aquifer test is supported
by the lack of response or correlation of groundwater levels in well KMW-1 to groundwater
pumping from Coyote Spring Valley (CSV).

Lincoln/Vidler have been collecting groundwater recharge data for over a decade in order
to better understand and quantify the actual recharge that is occurring in the KSV hydrographic
basin. These data have been submitted to the NSE and interested parties in the form of quarterly
reports. A preliminary analysis of these data indicates in-basin groundwater recharge values that
range from 4,700 acre-feet per year (ac-ft/yr) to 11,000 ac-ft/yr (T. Umstot, Daniel B. Stephens &
Associates (DBS&A), unpublished data and analysis, 2019).

A comprehensive analysis of the regional geochemistry data including stable isotopes,
temperature, and carbon-14 data was presented during the Lincoln/Vidler groundwater rights
hearing in 2006. That analysis found that the groundwater pumped from KSV could not be
identified in the source water for the Big Muddy Springs, nor other springs farther south and
outside the geographic boundaries of the LWRFS. This means that groundwater pumped from
production well KPW-1 is on a different groundwater flow path from the springs, which is again
consistent with the differences in hydraulic gradients, groundwater levels, and the existing and
recently collected geophysical data that documents the structural changes between KSV/northern
CSV and the rest of the LWRFS groundwater basins.

The combined existing and new geophysical data collected in and around KSV allows the
recognition of significant geologic structures in southern KSV and northern CSV that explain why
groundwater level elevations in this area are different in KSV and northern CSV, than in the
LWRFS groundwater basins to the south. The geophysical data identified significant changes in
resistivities between the Delamar Mountains, southern KSV, and northern CSV. These changes
are consistent and correlate well with the distribution of existing geochemistry and groundwater
temperature data that can be used to identify different groundwater flow paths. The extensive
faulting that occurs in southern KSV and northern CSV, explained by the interpretation of the

geophysical data forms the basis for the exclusion of KSV from the LWRFS administrative basin.
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As will be shown later in this report, virtually all of the reduction in flows of the Muddy
River and its associated springs over the past several years can be explained by the amount of
groundwater pumping within the documented declines in the Muddy River Springs Area (MRSA).
This provides a road map for the NSE in administering rights in this area with the intent of
mitigating impacts to these springs. Focus should first be placed on both the carbonate and alluvial
pumping in the MRSA. Secondly, since there is approximately 8,000 acre-feet of groundwater
inflow from Lower Meadow Valley Wash (LMVW) to the MRSA, more research should be done
to identify and quantify this inflow into the MRSA as it lies adjacent to and directly down-gradient
of LMVW.

Lincoln/Vidler are not a party to, nor have ever been a participant of the Order No. 1169
aquifer test proceedings. The NSE never requested that Lincoln/Vidler provide a report on the

outcome of the Order No. 1169 aquifer test results; hence none was ever developed.

In conclusion, KSV should remain excluded from the LWRFS administrative unit. Any

revisions to the current LWRFS administrative unit boundary should also exclude northern CSV.
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2.0 INTRODUCTION

The purpose of this report is to provide additional data and documentation that
demonstrates KSV is hydrologically and geologically-structurally separate from the area defined
by the NSE as the “joint administrative unit” known as the LWRFS, see Figure 2-1. This report is
submitted by Lincoln/Vidler as owner of water rights, in addition to pending applications Nos.
74147, 74148, 74149, and 74150 in KSV.

Consideration of water rights in KSV fits squarely in the administrative boundaries of
Nevada Water Law for the appropriation of groundwater from a hydrographic basin. This is based
on a basin-by-basin analysis of perennial yield and is very dis-similar from what the NSE proposes
for the LWRFS, which is as a managed unit. The basis of this report is new data collected to
support the NSE in their determination of the proposed boundary of the LWRFS. Review of the
relevant administrative policy that affects groundwater appropriations in Nevada and specific to
KSV is provided below (Section 2.1). This is followed by a review of the matters requested to be
addressed by the NSE in Interim Order (I0) #1303 (NSE 2019; Section 2.2). The remainder of
the report provides hydrologic, geochemical, and geophysical data that supports the conclusion
that KSV is not and should not be, included as part of the LWRFS administrative unit.

2.1 RELEVANT ADMINISTRATIVE POLICY

The NSE defines the perennial yield of a groundwater reservoir or basin as the maximum
amount of groundwater that can be salvaged each year over the long term without depleting the
groundwater reservoir. Perennial yield is ultimately limited to the maximum amount of natural
discharge that can be salvaged for beneficial use. The perennial yield cannot be more than the

natural recharge to a groundwater basin and in some cases is less.

The NSE’s application of the groundwater appropriation system is based on a basin-by-
basin analysis. This would change if KSV were to be included in the LWRFS and result in setting
the precedent to include many other groundwater basins as part of the LWRFS. For instance, Cave,
Dry Lake, and Delamar Valley basins have groundwater flow components that connect them
together, and to CSV, and to KSV. Tacking on Cave, Dry Lake, Delamar, and KSV to the LWRFS
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administrative unit due solely to shared groundwater flows between them would override the
historic basin-by-basin perennial yield analysis used by the NSE to administratively manage basins
required by law, and instead in essence would create what would look strikingly like a “pachinko
game” wherein if you had priority groundwater rights in the last basin downgradient you would
get to withdraw the collective flow. This means that no water would be available from upgradient
groundwater basins and the counties where these basins occur would not have the ability to utilize

water for economic development in their county.

2.1.1 Previous Determinations by the Nevada State Engineer Regarding Kane Springs
Valley

The NSE has already ruled on the issue of whether the appropriation of groundwater from
KSV would affect the MRSA, or for that matter other springs of interest. This was documented in
Nevada State Engineer Ruling #5712 (2007), on page 20 where it is stated:

“The State Engineer finds there is not substantial evidence that the appropriation of
the limited quantity [of water] being granted under this ruling will likely impair the

flow at Muddy River Springs, Rogers Springs or Blue Point Springs.”?

New geophysical data provided in this report and collected in response to 10 #1303 (NSE 2019),
provides strong evidence of faulting and fracturing of the regional carbonate system in southern
KSV and northern CSV. Specifically, these data explain why there are differences in water levels
in wells located in southern KSV and northern CSV versus the rest of the proposed LWRFS. These
geophysical and water level data show why groundwater withdrawn based on the perennial yield
of KSV would not likely impair flow at Muddy River Springs, not to mention Rogers or Blue Point
Springs. Therefore, these data support the exclusion of KSV, and for that matter, exclusion of
northern CSV (north of the major fault structures) from the LWRFS.

The NSE’s determination that there would be no impairment from pumping in KSV was
affirmed seven years later in Ruling #6254 issued in 2014. In Ruling #6254 (NSE 2014), the NSE

2 No party appealed the NSE’s determinations in Ruling #5712.
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concluded and found that where no significant impact would be felt for hundreds of years, the
upgradient groundwater could be appropriated. KSV groundwater can be developed because there
will be no significant impact, if any, from appropriation of the groundwater for hundreds of years.
Specifically, NSE (2014) Ruling #6254 at page 23 states:

“...the State Engineer found that where no significant effects would be felt for

hundreds of years, the upgradient water could be appropriated.”

The NSE speaks explicitly to the difference between KSV and the Order 1169 groundwater
basins (see footnote 1) further in Ruling #5712 (NSE 2007) by stating at page 21:

“...carbonate water levels near the boundary between Kane Springs Valley and
Coyote Spring Valley are approximately 1,875 feet in elevation, and in southern
Coyote Spring Valley and throughout most of the other basins covered under Order
No. 1169, carbonate-rock aquifer water levels are mostly between 1,800 feet and
1,825 feet. This marked difference in head supports the probability of a low-
permeability structure or change in lithology between Kane Springs Valley and the

southern part of Coyote Spring Valley.”

The veracity and reliability of this statement by the NSE is confirmed by the extensive, new
geophysical data Lincoln/Vidler has collected. As will be shown from these new data, there is a
significant change in the continuity of lithology that occurs near the mouth of KSV and the end of

the Delamar Mountains in northern CSV.
The NSE in Ruling #5712 (2007) further concluded on page 21.:

“The State Engineer finds there is not substantial evidence that the appropriation of
a limited quantity of water in Kane Springs Valley Hydrographic Basin will have
any measurable impact on Muddy River Springs that warrants the inclusion of Kane
Springs Valley in Order No. 1169.”

That finding was not challenged by any of the Order No. 1169 (NSE 2002) participants, including
Southern Nevada Water Authority (SNWA) or Las Vegas Valley Water District (LVVWD).

2-3
SE ROA 40532

JA 11524


Bob-O
Highlight


Subsequently, neither SNWA or LVVWD provided any information or data in their October 5,
2018 (SNWA and LVVWD 2018) letter that indicate that appropriation of water in KSV will
impact any of the springs in the MRSA.

2.2 REQUIREMENTS BY THE NEVADA STATE ENGINEER FOR THE INTERIM
REPORT

In 10 #1303 (NSE 2019), the NSE requested that the reports submitted address the

following matters.

“a. The geographic boundary of the hydrologically connected
groundwater and surface water systems comprising the Lower White River Flow
System;

b. The information obtained from the Order 1169 aquifer test and

subsequent to the aquifer test and Muddy River headwater spring flow as it relates

to aquifer recovery since the completion of the aquifer test;

C. The long-term annual quantity of groundwater that may be pumped
from the Lower White River Flow System, including the relationships between the
location of pumping on discharge to the Muddy River Springs, and the capture of

Muddy River flow;

d. The effects of movement of water rights between alluvial wells and

carbonate wells on deliveries of senior decreed rights to the Muddy River; and,

e. Any other matter believed to be relevant to the State Engineer’s

analysis.”

The direct response to each of these items is specifically addressed in Section 6.0 under
Key Findings and Conclusions. Lincoln/Vidler’s response is focused on the northern boundary of
the administrative unit. However, Lincoln/Vidler do provide information, data, and/or opinion on
other issues that would be beneficial and helpful to the NSE in his decision-making process related
to 10 #1303 (NSE 2019). Indeed, clear evidence of the primary factors that have historically
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reduced Muddy River flows and headwater springs flows is presented and offers a road map for
the NSE’s technical deliberations supporting a LWRFS administrative unit.
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3.0 REVIEW OF EXISTING DATA

This report includes a discussion and submission of existing data that includes: (a)
groundwater elevation data from existing wells, including wells from KSV and CSV, (b) data
collection activities that include analysis of water recharged in the KSV groundwater basin, (c)
geochemistry, including whole water chemistry and stable isotopic age dating data, and (d)

groundwater temperature data.

3.1 GROUNDWATER LEVEL DATA FROM WELLS IN KANE SPRINGS VALLEY
AND NORTHERN COYOTE SPRING VALLEY

Groundwater elevation data have been collected throughout the LWRFS for over two
decades. Figure 3-1 shows the location of the wells throughout the area of interest including KSV,
CSV, and the MRSA. Hydrographs of these wells are provided in Appendix A, and the supporting

data can be found at: http://water.nv.gov/WaterLevelData.aspx.

Lincoln/Vidler have been measuring water levels in monitor well KMW-1 quarterly since
April 2007 (Figure 3-2). This well, located at the mouth of KSV and near northern CSV,
encountered the Willow Springs Fault, which is a western bounding fault of the KSW Fault Zone
(Figure 3-3). KMW-1 and associated production well KPW-1 are both completed in carbonate
rocks that are considered part of the RDCA system of eastern Nevada. Wells KMW-1 and KPW-
1 were constructed within 100 yards of each other and have the same well completion.

3.1.1 Regional Water Level Data in the Lower White River Flow System

During the administrative hearing for groundwater rights in KSV in 2006, Lincoln/Vidler
identified the differences in hydraulic heads between wells drilled in the LWRFS versus wells
drilled in KSV and northern CSV. A "break," or local increase, in the regional hydraulic gradient
was shown between KSV/northern CSV and the LWRFS administrative unit (see footnote 1)
groundwater basins. Groundwater elevation data from wells completed in the RDCA in southern
CSV are remarkably flat across the LWRFS groundwater basins, whereas water levels in
KSV/northern CSV have a steeper gradient, as shown in Figure 3-4. In summary, a key finding is

that groundwater levels in RDCA wells are very similar in elevation (pre-pumping or minimal
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pumping of Order 1169 [NSE 2002] groundwater basins) everywhere downgradient of the KSW
Fault Zone (CH2M Hill 2006a). Figure 3-5 is an update to a subset of the data provided in Figure

3-4 using the most current water level measurements.

To further illustrate the differences in groundwater elevations, an excerpt from Figure 3-
5, identified in the red box, is presented as Figure 3-6, illustrates the differences in heads between
the northern CSV (monitor wells CSVM-4 and CE-VF-2) and the rest of the wells, further south
inthe LWRFS (CSVM-6, MX-5, CSVM-1, UMVM-1, CSVM-5, and MX-6). Since northern CSV
is downgradient of KSV, the difference in water levels indicates that KSV is not directly
connected to the LWRFS. Just as in the 2006 testimony before the NSE and after several
thousands of acre-feet pumped from wells in the LWRFS, the same groundwater elevation pattern

persists.

Another way to view the data is to plot all the groundwater elevations at the same scale for
elevation and over time (Figure 3-7). The graph in Figure 3-7 shows the distribution of heads
across the northern and central part of the LWRFS, and also KSV. What is striking about this
presentation of the data is the consistency in water level elevations for the wells in groundwater
basins in the central LWRFS at below elevation 1,825 feet. What’s also notable is that when
plotted at this scale groundwater pumping from groundwater basins in the LWRFS has very little
impact on water levels across these groundwater basins illustrating how exceptionally stable water

levels in this aquifer system are.

Bushner (2018) noted another significant difference in the response in groundwater levels
from wells in southern CSV compared to the response of water levels in wells in northern CSV
and KSV by stating:

“...monitor wells in the southern portion of CSV responded immediately to the start
and end of the [Order No. 1169] aquifer test. However, this is not what occurred in
CSVM-4 ... which reflects a downward trend even after the end of the test. This is
not reflective of recovery after an aquifer test especially given the significantly high

hydraulic conductivities that exist south of the Kane Springs Wash Fault.”
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Given all these data and information, the NSE does have reason to view many of the basins
in the LWRFS as a unit based on the remarkably consistent groundwater levels among wells
completed in the RDCA (Figure 3-7). The NSE clearly noted this in Ruling #6254 (NSE 2014) at
Page 12:

“Changes in the potentiometric surface in any one of these basins [referring to the
Order No. 1169 (NSE 2002) groundwater basins] occur in lockstep directly
affecting the other basins, further demonstrating the regional nature of the aquifer

across these basins.”

Although Lincoln/Vidler concur with the effective administration of these basins collectively
based on the hydrogeology, we disagree that the effects are all the same across the entire LWRFS
administrative unit. In particular, northern CSV should be excluded from the LWRFS
administrative unit as was done for most of the Black Mountains Area Hydrographic Basin. KSV

should remain excluded from the proposed LWRFS administrative unit.

3.1.2 KMW-1and CSVM-4 Groundwater Level Data

Detailed hydrographs of groundwater elevation data from monitor well KMW-1, located
at the mouth of KSV, and CVSM-4, located in the north central portion of CSV (Figure 3-1) are
provided in Figures 3-2 and 3-8, respectfully.

Groundwater elevations in monitor well KMW-1 declined approximately 2 feet from the
time it was installed in early 2007 to early 2014 and then fluctuated over a range of approximately
1 foot. The actual groundwater elevations were at approximately 1,880 feet above mean sea level
(amsl) in April 2007 (Figure 3-2) and approximately 1,878.4 feet amsl in April 2019.

The hydrograph from Well CSVM-4 is provided in Figure 3-8. Groundwater level
elevations during the same time period, described in the previous paragraph concerning well
KMW-1, in June 2007 was approximately 1,874.5 feet amsl, or approximately 5% feet lower than
at KMW-1. This difference of 5 % feet is larger than the gradient across much of the LWRFS and
indicates a distinctly different situation in the RDCA. The period of record for well CSVM-4
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started more than 3 years earlier than that of KMW-1 (July 2003) and measurement continues to

the present.

The hydrographs for both KMW-1 and CSVM-4 are plotted with the same time and water-
level elevation scale for their combined period of record in Figure 3-9. The difference in head
between these wells is explained due to the presence of a fault that occurs between them based on
the newly collected geophysical data (Section 4.0). What is also striking regarding the hydrographs
from both these wells is the consistency in their trends, suggesting that they are related and again
how KSV and northern CSV are isolated from the rest of the LWRFS. Without the groundwater
elevation data from well CSVM-4, prior to the installation of well KMW-1, what would have been
missed is the huge recharge precipitation event that occurred in 2005 that created a strong response
of water levels in the hydrologic system in this area. This event took years to dissipate in the
aquifer as manifested by the change in groundwater elevations. The precipitation event and data
that supports it are discussed below in Section 3.2. If this recharge event is removed from the data
set, then a long-term decline in groundwater levels over time is revealed as approximately 1-foot

per decade (0.1 foot per year; Figure 3-9).
3.2 IN-BASIN RECHARGE AND PRECIPITATION

The basis for a groundwater appropriation under the Law of the State of Nevada within a
hydrographic basin is to document the availability of water in that basin that can be withdrawn
over the long term without (1) affecting existing water rights, and (2) causing excessive
groundwater mining in the hydrographic basin. Lincoln/Vidler have been actively collecting and
using recharge data to estimate recharge throughout KSV. These data provide a solid technical
basis for determining the perennial yield within KSV, which in turn identifies the volume of water
that can be withdrawn from this hydrographic basin. These data quantify additional precipitation

and recharge in KSV and the available water that can be appropriated.

3.2.1 In-Basin Recharge Data Collection

In order to develop a solid technical foundation for determining the perennial yield value
for KSV, LincoIn/Vidler, beginning over a decade ago in October 2007, have been collecting

basin-specific data through the use of totalizing rain gages, tipping bucket rain gages, runoff event
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data loggers, and chloride collectors. We continue to collect and submit these data, to the NSE and
interested parties, in an effort to better understand and quantify recharge occurring in KSV and to
share that technical foundation transparently with others. Based on analysis of the ongoing basin-
specific data collection effort, there is unappropriated water available in KSV. This is due to the
fact that recharge values clearly show that there is more water available under Nevada State Law
than has been appropriated. Much like Cave Valley, Dry Lake Valley, and Delamar Valley,
groundwater appropriated in KSV is also recharged within the basin (NSE 2014). A copy of the
second quarter 2019 quarterly recharge report that presents the runoff, precipitation, and chloride
data collected to date, is provided in Appendix B. Based on a preliminary analysis of these data,
estimates of in-basin recharge are approximately between 4,700 to 7,500 ac-ft/yr from the chloride
mass balance analysis method and approximately 7,100 to 11,000 ac-ft/yr from the watershed
model (T. Umstot (DBS&A), unpublished data and analysis, 2019).

Independently of the data Lincoln/Vidler have been collecting to support the recharge value
in KSV, SNWA conducted an analysis of recharge for hydrographic basins in the White River
Flow System (WRFS). SNWA derived an annual recharge value of 4,329 acre-feet for KSV
(SNWA 2009, pages 9-13 and 9-14). This too, indicates that there is water available under Nevada
State Law for appropriation within KSV.

In summary, groundwater recharge is documented to occur in KSV and does not contribute
to the proposed local recharge of the LWRFS administrative unit, i.e., the recharge occurs within
KSV and not in the LWRFS basins. This recharged water is available for appropriation in KSV,
according to Nevada State Law, as the perennial yield based on a solid recharge data collection
and analysis research program in KSV. Our research demonstrates that significant in-basin
groundwater recharge occurs within the KSV, primarily in Delamar Mountains (Appendix B).
However, local recharge in the Upper WRFS, which includes Cave, Dry Lake, and Delamar
Valleys is not counted in the discharge of groundwater to the LWRFS, neither should local

groundwater recharge that occurs within KSV be included in the LWRFS administrative unit.
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3.2.2 Precipitation During Winter Water Year 2005

An extreme precipitation event occurred during water year 2005 (Figure 3-10 and Table 3-
1) that resulted in clear groundwater responses across the hydrologic system in southeastern
Nevada. Table 3-1 shows precipitation data from the Remote Automated Weather Station (RAWS)
in KSV as well as five other stations in the surrounding area. Precipitation for that water year in
KSV was approximately 26 inches. To put that in perspective, the average yearly precipitation for
the RAWS in KSV is approximately 7% inches per year (Figure 3-10). This event was 3.5 times
larger than the average precipitation of other years in the area. The Elgin COOP Station, located

at the north end of KSV, also had an extreme amount of precipitation during water year 2005 and

in the amount of 30.69 inches (Table 3-1).

Table 3-1. Precipitation Date in Kane Springs Valley and Surrounding Areas for the 2005 Water

SE ROA 40540

Year
Kane Alamo Pahranagat Hiko Elgin Caliente
Springs | CEMP Widlife Refuge COOP COOP CEMP
RAWS
Oct-04 | 4.93 2.30 1.76 3.38 5.18 4.73
Nov-04 1.04 1.14 1.27 1.25 2.48 1.74
Dec-04 | 2091 1.02 0.84 0.23 2.66 1.50
Jan-05 5.54 2.44 3.13 2.94 6.49 2.26
Feb-05 3.15 2.07 1.93 2.72 3.31 1.60
Mar-05 1.56 0.99 1.03 0.84 2.38 2.05
Apr-05 1.85 1.06 0.88 0.85 1.75 1.83
May-05 0.31 0.36 0.57 0.45 0.24 0.28
Jun-05 0.32 0.25 0.13 0.80 0.58 1.08
Jul-05 0.43 0.43 0.50 0.11 0.65 0.23
Aug-05 3.79 1.93 2.03 2.52 4.95 2.54
Sep-05 0.09 0.57 0.68 0.64 0.02 0.28
25.92 14.56 14.75 16.73 | 30.69 20.12
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3.3 GEOCHEMISTRY AND GROUNDWATER TEMPERATURE DATA

There are some significant differences in the general groundwater chemistry data exhibited
in monitor wells from southern KSV and northern CSV compared with the general chemistry of
groundwater and surface water of the LWRFS. An extensive geochemistry investigation and
analysis was made of KSV and surrounding groundwater basins from Pahranagat and Delamar
Valleys through and including the LWRFS by Lincoln/Vidler during the 2006 hearing on their
pending groundwater rights applications. The data and analysis still hold true as presented in
CH2M Hill’s 2006 report: Hydrologic Assessment of Kane Springs Hydrographic Area (2006):
Geochemical Framework, which is provided in its entirety in Appendix C. The salient point of this
report, based on the regional geochemistry, including stable isotopes, temperature, and carbon-14
data is that:

“A comparison of these chemical and isotopic relationships with Big Muddy
Springs and particularly Rogers Spring and Blue Point Spring indicates that the
groundwater from KPW-1, assumed representative of the KSV groundwater, is too
strongly attenuated with CSV to be identifiable in these springs.” (Appendix C:
CH2M Hill 2006b, Pages 12 and 13).

To further support this statement, Lincoln /Vidler provides the following a discussion of general
chemistry data, groundwater and spring temperature data, and carbon-14 data.

3.3.1 General Chemistry Data

These data are used to illustrate the groundwater chemistry at samples analyzed from
production well KPW-1 and monitor well CSVM-4, the closest monitor well to and down gradient
of the KSV groundwater basin, and other wells and springs in the LWRFS and surrounding areas.
An extensive database of water quality data is included in CH2M Hill (2006b) reproduced from
Thomas, Calhoun, and Apambire (2001) and supplemented by other sources as noted in Appendix
C. Adiscussion of Total Dissolved Solids Sums (TDSS) is presented first followed by a discussion

of Carbon-14 data, and groundwater temperature data.
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3.3.1.1 Total Dissolved Solids Sums

The TDSS is the summation of the concentrations of silica, calcium, magnesium, sodium,
potassium, bicarbonate, sulfate, and chloride (CH2M Hill 2006b). The analysis from well KPW-1
is provided in Table 3-2. The TDSS from the groundwater produced from well KPW-1 is
calculated to be 774 milli-grams per Liter (mg/L) and the TDSS for well CSVM-4 is calculated to
be 682 mg/L (Table 3-2). Groundwater from well KPW-1 is either on a different groundwater flow
path exiting the KSV hydrographic basin, or it comingles with groundwater in northern CSV that
has a fresher source of water. This fresher source of water would need to be such that mixing with
Kane Springs groundwater would be enough to reduce the Total Dissolved Solids by
approximately 100 mg/L. One such source of groundwater mixing is from monitor well CSVM-7,
installed in volcanic rocks to the northeast of CSVM-4 (Figure 3-1). In fact, the water chemistry,
stable isotope data, and temperature at CSVM-4 can be simulated quite precisely by assuming
approximately 74% KPW-1 groundwater and approximately 26% groundwater similar to that
measured at CSVM-7. These data provide evidence that groundwater in southern KSV and
northern CSV may commingle or have similar recharge sources. Furthermore, CH2H Hill (2006b)
found that groundwater in KSV is chemically and isotopically “unique for the regional carbonate
groundwater in this area,” and greatly attenuated in CSV, and not likely present at Big Muddy
Springs, nor Rogers Spring, and Blue Point Spring. The recently collected geophysical data
provides the structural basis for why groundwater movement through southern KSV and northern
CSV to the LWREFS is restricted and why it is unlikely related to spring flow at Big Muddy Springs,
Rogers Spring, and Blue Point Spring.

Table 3-2. Total Dissolved Solids Sum for Selected Wells and Springs
Parameter
Water Source Na+K | Ca |Mg| ClI | HCO3 | SO4 | TDSS
Big Muddy Spring 108 64 | 27 | 61 276 177 713
Pederson's Warm Spring 111 71 | 26 | 60 270 190 728
KPW-1 168 48 | 14 | 63 341 140 | 774
MX-5 96.3 48.7 | 21 | 357 | 294 |93.1 | 588.8
CSVM-4 145 40 | 13 | 53 311 120 | 682

3-8
SE ROA 40542

JA_11534



3.3.1.2 Carbon-14 Data

Carbon 14 data can be used to obtain the age of groundwater or in this case the apparent
age of the groundwater. CH2MHill (2006b) provided a comprehensive analysis of carbon-14 data
in their report which is reproduced here in its entirety below. In addition to the quote below, CH2M
Hill (2006b) also provided a table of percent modern carbon analyzed from various wells and
springs in and surrounding KSV. This table is reproduced for this report as Table 3-3 (which is
labelled as Table 3 in the CH2M Hill (2006b) report). The following quote is from the CH2M Hill
(2006b) report.

“Table 3 lists a summary of carbon-14 data and the simple apparent age for
hydrographic areas, KSV well KPW-1 as well as Big Muddy, Rogers and Blue
Point Springs. Most of the apparent ages are in the 14,000 to 35,000 years before
present range. The KSV well, KPW-1, has one of the oldest apparent ages at 29,900
years. Assuming that the apparent ages are somewhat true, and in this case may be,
it is not probable that KSV groundwater represented by KPW-1 with this age could
represent a significant contribution to the flow at Big Muddy Springs.”

Table 3-3. Carbon - 14 percent modern carbon (pmc) values and apparent ages
for hydrographic areas KSV well KPW-1, major springs in Pahranagat Valley as
well as Big Muddy, Rogers, and Blue Point Springs

Apparent Age
Carbon -14 (Years Before
Hydrographic Area/Well/Spring (pmc) Present)
Pahranagat Valley, Major Springs 6.3-8.4 20,300-21,700
KPW-1 2.7 29,900
Coyote Springs Wells 4.2-17.9 14,200-26,200
Garnet Valley Wells 3 29,000
MRSA 8.4 20,500
Big Muddy Springs 7 22,000
Rogers Spring 1.6,24 30,900-34,200
Blue Point Spring 7.25.4 21,800-24,100

Note that the older age of KPW-1 can also be an indicator of deeper circulation of water compared

to other sources in the area, which is supported by its higher water temperature as discussed below.
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3.3.1.3 Temperature Data

Representative temperature data for groundwater and springs in the LWRFS and in KSV
are provided in Figure 3-11. The data used to create Figure 3-11 are provided in Table 3-4. The
local geothermal gradient can be used to estimate that expected temperature distribution due to a
relatively uniform heating and allows identification of unusual values of groundwater temperature
that indicate distinctive local groundwater flow processes. A typical geothermal gradient in this
area is about 3.6 degrees Fahrenheit (°F) per 328 feet of depth beginning at approximately 96 feet
(Nicholson 2007). Using the data from Table 3-4, the groundwater temperature data from wells
completed in the RDCA center around two values of approximately 78°F and 99°F. The warm
springs that occur in the MRSA are consistently centered around 89°F to 90°F, which is in the
middle of this expected range. The production well drilled and tested in KSV (KPW-1) yielded a
groundwater temperature of 136°F at the end of the seven-day aquifer test (URS 2006a), which is
well above this expected range and suggests deep circulation of groundwater arriving at this
location and/or a geothermal source. Using the typical geothermal gradient as noted above and
applying it to the production well in KSV (Figure 3-3), the change in groundwater temperature
based solely on the geothermal gradient would be approximately 19°F. Applying this value to
either set of carbonate wells yields groundwater temperatures of 97°F to 118°F. None of these
values are close to the 136°F of the groundwater found at KPW-1, which indicates local
groundwater flow, distinct from any other groundwater data point in the LWRFS.

The differences in groundwater temperatures suggest distinctive groundwater flow paths
through the RDCA in this area. Most importantly the difference in the temperature data from well
KPW-1 versus that of the rest of the wells in the RDCA indicates a very different source for the
groundwater flowing through KSV as compared to the rest of LWRFS. Figure 3-12 is the graphical
representation of the data from Table 3-4 and from the map shown in Figure 3-11. It’s evident
from Figure 3-12 that there are several wells that can be connected based on temperature, as well
as, wells that do not connect with any other data. The same colors on Figure 3-12 represent the
same flow paths on Figure 3-11, and are typically north to south. These groundwater temperatures
are consistent with the geophysics and the mapped geologic structures in the LWRFS. In summary,
the groundwater temperature data from KPW-1 doesn’t fit the groundwater temperature data from
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the other wells, with the exception of some mixing with well CSVM-4, and therefore indicate a
flow path distinctive from that of wells in the LWRFS.

Table 3-4. Temperature Data from Selected Carbonate Sourced Groundwater
Wells and Springs
Well/Spring Description Temperature Range Source

CSVM-2 99.87° - 99.82° 1
CSVM-3 78.02° - 77.04° 1
CSVM-4 106.56° - 107.89° 1
CSVM-5 75.69° - 76.11° 1
KPW-1 129.91°- 135.77° 2
Big Muddy Spring 89.78° 3
Pederson Warm Springs 89.96° 3
CSl-1 89° 3

References - Source of Data:

1. URS - 2006b CSV Monitor Well Sampling Report
2. URS - 2006a KSV Final Well Completion Report
3. CH2MHILL - 2006b Geochemistry Report
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4.0 GEOPHYSICAL DATA

Lincoln/Vidler have collected extensive lines of geophysical data in both KSV and CSV.
The Controlled Source Audio Frequency Magneto Telluric (CSAMT) method has been used for
this work, an explanation of which is provided below. Lincoln/Vidler has applied CSAMT for
characterization of the RDCA to thousands of feet below land surface over several decades and in
several hydrographic basins with great success. For this discussion, existing geophysical data is
considered to be that collected in KSV in 2012 by Zonge International, Inc. (Zonge). These existing
data are discussed in the following section. New geophysical data were collected in February and
March of 2019 for this report to the NSE to augment the existing geophysical data from KSV. The
new geophysical data were collected in northern CSV and both sets of data are considered together

for the purposes of this report.

A CSAMT geophysical survey is a high-resolution electromagnetic sounding technique
that uses a fixed grounded dipole as a signal source (a dipole is a pair of equal and oppositely
charged or magnetized poles separated by a distance). A complete, published, and peer-reviewed
discussion of the CSAMT method can be found in Zonge and Hughes (1991) and Zonge (1992).

As applied here, the CSAMT geophysical survey method used a CSAMT transmitter signal
source that usually consists of a grounded electric dipole 3,500 and 6,500 feet in length located
three to six miles from the area where the measurements are to be made (Figure 4-1). At the
receiver site, grounded dipoles detect the electric field and a magnetic field coil antenna detects
the magnetic field (Figure 4-2). The electrical resistivity of the geologic formations can be
determined from the combination of these electric and magnetic field measurements. Varying the
frequencies of the observations controls the depth of investigation using the CSAMT method.
Depth sections can be generated using the CSAMT method by measuring the electric and magnetic
fields over a range of frequencies and using computer modeling to produce a cross-section of

resistivity at different depths.

CSAMT data are usually shown as resistivity values in ohm-meters. Resistivity is
essentially a measure of the ground’s ability to conduct electrical current. Though the resistivity

contour lines often at first glance appear to be indications of contacts between lithologic layers
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they are lines of equal resistivity and not necessarily boundaries between different lithologies.
While different rock types do indeed often exhibit different resistivities, most rock types exhibit a
range of resistivities, and the resistivity ranges for different rock types may overlap. The ranges in
resistivity result from the fact that there are several factors that affect resistivity, including the
amount of pore fluids, the type of pore fluids, mineralization, clay content, and the size and
interconnectedness of the pore spaces, as examples. As a result of all these variables, in some cases
two different lithologies may exhibit similar resistivity, and in other cases, a single lithologic unit

may exhibit different resistivities in different areas.

This survey technique is a well-established method, commonly used primarily by the
minerals, geothermal, and groundwater exploration industries, and has been in use since the early
1980's when CSAMT equipment was first commercialized. It is not a proprietary method so it can
be, and has been, replicated or repeated by independent exploration geophysicists. Zonge is one
of several manufacturers of CSAMT equipment whose systems have been purchased by and are
in use by numerous government agencies including the US Geological Survey, universities,

national laboratories, and private entities.

4.1 DISCUSSION ABOUT USE OF THE CSAMT GEOPHYSICAL METHOD

It is not unusual for faults or other geologic structures to not be apparent to non-
geophysicists reviewing a CSAMT resistivity cross section. The following is provided to help
explain how various structures are identified in these CSAMT cross sections. In resistivity plots,
faults can be manifested in several different ways, since the data are showing an electrical property
of the subsurface that may or may not be indicative of changes in lithology. Figure 4-3 provides
two examples of the CSAMT geophysics plots that can be used to identify different fault structures.
The fault on the left in Figure 4-3 looks like a vertical, narrow, low resistivity feature centered at
station 350 (where the client drilled and accessed water). On the right-hand side of Figure 4-3 is a
more traditional looking plot of faulting, with the left side of the section offset higher relative to
the right part of the section, with the fault between stations -300 and -150. Both of these examples
show how geologic structures can be identified in transects conducted through southern KSV and
northern CSV using the CSAMT geophysical method.
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4.2 GEOPHYSICAL DATA COLLECTED IN KANE SPRINGS VALLEY

An extensive geophysical survey using the CSAMT method was conducted by Zonge in
2012 to further refine potential well locations in KSV. Several geophysical transects were
conducted perpendicular to the axis of the KSV basin (Figure 4-4). A transect was also conducted
along the axis of the southern part of the basin. For the transects conducted in CSV, the same
northwest-southeast (NW-SE) orientation as the KSV transects was used to assist in evaluating the
geologic structures in this area.

To best understand the geologic structures in northern CSV, a review of the first
geophysical transects, Lines 1 and 2, through the southern end of KSV is warranted. These
transects in both southern KSV and northern CSV are plotted on an excerpt (Figure 4-4) of the
most recent geologic map of this area by Rowley and others (2017).

4.2.1 CSAMT Transect Line 2 through Southern Kane Springs Valley

In order to track the geologic structures that occur in southern KSV into northern CSV, the
northern-most transect used in this report is discussed below and provided as Figure 4-5. The view
of the transect is looking to the northeast into the KSV basin.

Beginning on the right side (or east side) of Line 2 illustrated in Figure 4-5, the data exhibits
a very highly resistive block essentially from land surface to final investigation depth. This
demonstrates “ground-truthing” of the CSAMT method as this is an exposed block of RDCA.
From station number (the station numbers are across the top of the transect) 15100 the high
resistivity values occur adjacent to low resistivity values and are representative of faulting in this
area as also interpreted at this location on the geologic base map. These values represent the eastern
boundary of the Kane Springs Wash (KSW) Fault Zone (Figure 4-4).

Numerous other faults are represented on the Line 2 transect through southern KSV. This
area ranges from approximately station number 8500 through station 15100. This area represents
the KSW Fault Zone and is very consistent with the surficial geologic map by Rowley and others
(2017).
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The next significant feature shown on Figure 4-5 is the block of high resistivity that occurs
between stations 7500 and 8500 with a top at an elevation of approximately 1,500 feet. This feature
ties directly to the large carbonate rock outcrop mapped at the mouth of KSV (Figure 4-4, between
Lines 1 and 10, labelled “Ds”). The northwest side of the transect of Line 2 (Figure 4-5) confirms
the presence of the mapped Willow Springs Fault on the geologic map (Figure 4-4). This occurs
between stations 500 to 700 (Figure 4-5).

4.2.2 CSAMT Line 1 through Southern Kane Springs Valley

Line 1 of the KSV CSAMT transect (closest to southwest end of KSV) is provided in
Figure 4-6. This transect includes and is ground-truthed using both the down-hole geophysics and
geologic log of wells KPW-1 and KMW-1. These wells were drilled adjacent to the exposed
outcrops of Devonian Simonson Dolomite (Ds) illustrated in Figure 4-4. This well also intersects
the Willow Springs Fault as shown on Figure 3-3. The geophysical transect confirmed the exposure
of dolomite, the attitude (dip) of both geologic units, and the occurrence of the KSW Fault Zone.
The ground-truthing of CSAMT across the exposed dolomite outcrop in the center of Line 1 is

convincing.

Unlike Line 2 (Figure 4-5), the Line 1 (Figure 4-6) CSAMT transect does not extend to the
exposed hard rock outcrops of either the Delamar Mountains or the Meadow Valley Mountains.

Other important features shown on Line 1 include:

e Faulting within KSW Fault Zone at stations 8100 through the end of this transect (Figure
4-6).
e Faulting on west side of KPW-1 near boundary of outcrops at Station 2100.

43 GEOPHYSICAL DATA COLLECTED IN NORTHERN COYOTE SPRING
VALLEY

New geophysical data were collected in February and March 2019 in northern CSV just
south of the KSV basin boundary (Figure 4-4). These data were collected in direct response to the
request from the NSE in 10 #1303 (NSE 2019) calling for new data to be provided in order to

assist him in addressing the issues identified in the Interim Order (see Section 1.2).
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Two new CSAMT geophysical transects, in CSV, were conducted parallel to the previously
collected Lines 1 and 2, in southern KSV. The southwestern-most transect in KSV, Line 1, includes
wells KPW-1 and KMW-1. The new transects in CSV are labelled Lines 10 and 11 (Figure 4-7),
with Line 10 being the most northerly transect closest to the mouth of KSV. Both of these transects
are located in a NW-SE orientation, perpendicular to the known geologic structures identified on
the geologic map of the area (Rowley and others 2017). A third transect, Line 12, was conducted

in an east-west alignment in northern CSV and intersected both Lines 10 and 11 (Figure 4-4).

The following sections specifically discuss the new CSAMT data, and then discuss what
this information means relative to the geology and associated controls on groundwater flow in
southern KSV and northern CSV.

4.3.1 CSAMT Line 10 Northern Coyote Spring Valley

The northern most transect in CSV (Figure 4-7) is located just southwest of the exposed
outcrop of dolomite (Ds) at the mouth of KSV (Figure 4-4). Monitor well CSVM-4 is also located
to the southwest of station 13900 on Line 10.

There are several significant features that can be identified on CSAMT Line 10.

The transect is dominated by high resistivity blocks.

e From the ground-truthing discussed previously for Lines 1 and 2, and on this line at its
far southeast end, these high resistivity blocks are most likely RDCA.

e This transect also shows the down thrown nature of the boundary fault on the far
southeastern end — stations 23900 to 24300. This fault occurs to the western side of the
Meadow Valley Mountains and forms the eastern boundary of the Kane Springs West
Fault Zone (Figures 4-4 and 4-7) which is consistent with the geologic map (Rowley
and others 2017). This fault can be traced through these transects (Figures 4-4 and 4-
7) from KSV into CSV (Rowley and others 2017).

o Well CSVM-4 was drilled near the highly resistive block of exposed dolomite in KSV.

This block of dolomite is not exposed at the surface in CSV but can be traced from

KSV through to the geophysical transect of Line 10 in northern CSV.
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4.3.2

e The concealed Delamar Thrust Fault drawn on Rowley and others (2017) cannot be
identified—or is not present—on CSAMT transect of Line 10. If present, it would be
located at approximate station 4100.

e Faulting does occur from stations 8300 to 10500. This would agree with the concealed
strike slip fault identified on Rowley and others (2017) along the northwest edge of
the outcrop Ds at the mouth of KSV (Figure 4-4).

e The highly resistive block that outcrops as Ds at the mouth of KSV continues to occur
beneath the surface as shown in Line 10. This occurs from stations 13500 to 16300.

e There are numerous faults that occur from station 16300 though station 24300, which

is representative of the KSW Fault Zone.

CSAMT Line 11 in Northern Coyote Spring Valley

CSAMT Line 11 is located approximately 12,500 feet to the southwest of Line 10 (Figure

4-4). Monitor well CSVM-4 is located approximately 11,700 feet to the northeast of station 31100
of Line 11.

There are several significant features that can be identified on CSAMT Line 11.

The most striking difference of Line 11 from Line 10 is the virtual lack of the highly
resistive blocks that dominated the transect of Line 10. This constitutes over 2,800 feet or
a half mile of thickness of highly resistive block not present just 12,500 feet or
approximately two miles south of Line 10.

This transect also shows the down-thrown nature of the southeastern boundary fault. This
fault occurs to the western side of the Meadow Valley Mountains and forms the eastern
boundary of the Kane Springs West Fault Zone (Figures 4-4 and 4-7, stations 45300 -
45700).

Again, the southeastern boundary fault (or northwest exposed side of the Meadow Valley
Mountains [Figures 4-4 and 4-7]) is identified by the geophysics and can be traced through
this transect from KSV into CSV (Rowley and others 2017).
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4.3.3

Similar to Line 10, there are numerous faults throughout this transect and especially so on
the southern half of this transect.

There is no evidence of the Delamar Thrust Fault (that would be at station 21500) as
extrapolated from the Delamar Mountains on the geologic map (Rowley and others 2017)
from the geophysical transect of Line 11.

The concealed strike-slip fault that forms the western boundary of the KSW Fault Zone,
I.e., the strike slip fault identified on Rowley and other (2017) along the northeast edge of
the outcrop Ds at the mouth of KSV may be located at approximately station 26700 on
Line 11 (Figure 4-7).

The low resistivity zones may be the result of thicker volcanics versus higher resistivity
carbonates, or it may just be different materials in the alluvial cover (i.e., more or less clays
in some alluvial sediment layers than others, obviously much more in an overall sense than
in the RDCA). Also, along some parts of the line, there are multiple low resistivity layers
(stations 30000 to 38000, for example).

Comparison of Line 10 to Line 11 suggests that the structural boundary between southern

KSV/northern CSV and the rest of CSV to the south occurs between these two lines.

CSAMT Lines 12 East — West Line through Northern Coyote Spring Valley

CSAMT Line 12 (Figure 4-8) is an east-west transect that intersects both CSAMT Lines

10 and 11 at stations 42700 and 23800, respectively, at a 45-degree angle. There are several

significant features that can be identified on this transect.

The Gass Peak Thrust Fault (a very large, regional structural feature) appears to be present
at station 1300 (Figure 4-8; Rowley and others 2017).

Low resistivity values occur at the land surface on the western side of this transect. This is
significant because it correlates with an area of surface vegetation which is an indication
of a source of water supported by the low resistive materials.

There is no real evidence of the regional normal fault mapped on the geologic map around
station 13000 (Rowley and others 2017).

Remnants of KSW Fault Zone, i.e., the strike slip fault identified on Rowley and others

(2017) along the northwest edge of the outcrop Ds at the mouth of KSV, occur from
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4.4

approximately station 30300 through 44100. Specifically, there is an obvious change
between the layering of resistivities east and west of approximately station 30000.

Well logs from monitor wells CSV3009 and CSV3011 confirm the presence of
unconsolidated or alluvial materials, i.e., silts, clays, sands, and gravels to at least a depth
of approximately 1,580 feet below land surface (Figures 3-1 and 4-4). There are no highly

resistive (carbonate) rocks that occur on the western portion of Line 12 (Figure 4-8).

MAJOR POINTS IDENTIFIED AND DERIVED FROM THE GEOPHYSICAL
DATA

The following major points can be made about the geophysical data from lower KSV and

northern CSV.

Geophysics validate many but not all of the concealed faulting extrapolated on the geologic
map.

It is reasonable to connect the highly resistive feature that extends from southern KSV
(Line 2) through northern CSV (Line 10) and in exposed Devonian rock in southern KSV.
The KSW Fault Zone is a massive geologic feature that extends from northern KSV where
it transects the KSV Caldera Complex into northern CSV.

Well KPW-1 was drilled near the confluence or intersection of the Willow Springs Fault
and the western boundary fault of the KSW Fault Zone. In fact, the Willow Springs Fault
Zone joins with, if it doesn’t replace the western bounding fault of the KSW Fault Zone
(Figures 4-4 through 4-7).

The KSW Fault Zone expands from the southern part of KSV into northern CSV where it
extends to approximately 18,500 feet across (Figure 4-7).

The KSW Fault Zone in northern CSV is dissected by dozens of faults as shown in the
geophysical transect of Line 11 (Figure 4-7). This area exhibits an “accommodation zone”
pattern of faulting where numerous normal faults occur “en-echelon,” or parallel to each
other, throughout the area (Figure 4-7).

Because of the potential for incorporating less permeable materials in the process at a
regional scale, groundwater will flow easier along fault zones than across fault zones. Small

sections of faults may certainly have enhanced permeability and focus groundwater flow
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along their extents, but this is rarely maintained over miles of extent, which is the scale
being considered here of hydrographic basins and their relation to the LWRFS.

e CSAMT geophysics run perpendicular to the axis of KSV and known faulting in northern
CSV was captured by the geophysics and shows the structure quite clearly to depths of
approximately 3,000 feet bls.

e The faulting that occurs in northern CSV (especially the difference between Lines 10 and
11 presented here) explains why the water levels in KMW-1 and CSVM-4 are distinctly
higher than those found in the rest of the basin (Figures 3-4 through 3-9).

e These faults significantly impede the flow of groundwater from KSV and northern CSV
(where monitor well CSVM-4 is located) into the southern portion of CSV, south of the
transect of Line 11 (Figure 4-7).

e Comparison of Line 10 to Line 11 suggests that the structural boundary between southern
KSV/northern CSV and the rest of CSV to the south occurs between these two transects
(Figure 4-7).

e This extensive faulting provides a basis (along with other, associated hydrogeologic data)
for excluding KSV from being included in the LWRFS. This extensive faulting provides
an explanation as to why the water levels are different in the KMW-1 and CSVM-4 wells
and at CSVM-3 and CSVM-7.

45 DISCUSSION OF GEOHPHYSICAL DATA AND HOW IT RELATES TO THE
HYDROGEOLOGY AND BASIN WATER LEVEL DATA

The geophysical data combined with the known water level data provide an explanation of
groundwater flow from KSV through northern CSV. Figure 4-9 illustrates the interpretation of
what we’re calling the Northern LWRFS Boundary Fault that has been identified by the new
CSAMT geophysical data. The Northern LWRFS Boundary Fault is a very large structure at the
end of the Delamar Mountains that provides an explanation of the abrupt end of the Delamar
Mountains in this area. Groundwater flowing southwest out of KSV, and southwest out of the
Delamar Mountains in the RDCA, would run directly into this large fault system. Since the highly
resistive blocks occur in Line 10, interpreted to be the RDCA, and not in Line 11 (Figure 4-7), the

Northern LWRFS Boundary Fault is interpreted to be down thrown to the southwest as shown on
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Figure 4-9. This means that groundwater flowing out of the Delamar Mountains and KSV would
run into lower permeability Tertiary basin fill materials, perhaps interbedded with Tertiary
volcanics (as identified in Section 4.3.2). This would cause the water levels to build up on the
upthrown side of the fault (to the northeast — Figure 4-9) until there is enough head built up (a few

tens of feet) for groundwater to push through into northern CSV.

The geophysical data collected in northern CSV shows that there is approximately 3,000
plus or minus feet of remarkably flat Tertiary Basin fill, that is perhaps interbedded with volcanics,
that are lithologically different or much more highly fractured and faulted en-echelon in a band
against the Meadow Valley Mountains (see Section 4.4, above). The RDCA from the southern
Delamar Mountains and KSV runs directly and unavoidably into these Tertiary basin fill
sediments, which directly affects the flow of groundwater in this area as shown by the geophysical

data and corroborating water level, groundwater chemistry, and temperature data.

A long-term aquifer test, approximately 25 %2 months, was conducted (Order No. 1169) to
look at the effects of groundwater pumping on the MRSA, but there were no effects ascribable to
the start and subsequent stop of a major pumping stress in monitor wells KMW-1 or CSVM-4.
There are several reasons for this including the significant distance the cone-of-depression would
have to extend out from the pumping well for the pumping and recovery effects to be identifiable
in the monitor well in southern KSV. This is a distance of over 15 miles from the MX-5 well. It
should be noted that the distance from the KPW-1 well to the springs in the MRSA is over 23
miles if measured by line-of-sight. Secondly, there is a very large sequence of carbonate rocks
between the location of the Order No. 1169 pumping and KSV and northern CSV and that thick
sequence likely has a very large transmissivity, which is indicated by the nearly flat-water level
elevation in much of the LWRFS. For hydraulic head changes (drawdown and build-up/recovery)
to travel through these thick sequences of carbonate rocks, they would also have to travel through
much more restrictive structures such as the en-echelon faulting that was found farther north in the
KSW Fault Zone. Finally, groundwater from KSV has to flow through the Northern LWRFS
Boundary Fault where the geologic structure changes as demonstrated by the new geophysical data
(Figure 4-9).
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5.0 OTHER ISSUES OF THE NEVADA STATE ENGINEER’S REQUEST

There are four other matters the NSE requested be addressed in 10 #1303 (NSE 2019) in
addition to the request for information regarding the geographic boundary. The other four issues

are:

o The information obtained from the Order No. 1169 aquifer test and subsequent to
the aquifer test and Muddy River headwater spring flow as it related to aquifer
recovery since the completion of the aquifer test;

. The long-term annual quantity of groundwater that may be pumped from the
Lower White River Flow System, including the relationships between the location
of pumping on discharge to the Muddy River Springs, and the capture of Muddy
River flow;

. The effects of movement of water rights between alluvial wells and carbonate
wells on deliveries of senior decreed rights to the Muddy River; and,

o Any other matter believed to be relevant to the State Engineer’s analysis.

Lincoln/Vidler are responding to each issue below although it may not be germane to whether
KSV is included in the LWRFS administrative unit.

5.1 ORDER 1169 AQUIFER TEST

As stated in Lincoln/Vidler’s correspondence to Jason King, NSE, dated October 10, 2018
(Lincoln/Vidler 2018):

“Lincoln/Vidler have not been involved in any of the Order 1169 studies to date.”

There was no indication at the time the Order No. 1169 aquifer test was completed and the NSE
called for an analysis of the pumping test data, that KSV would be part of the LWRFS
administrative unit. In fact, the NSE made this clear in his Ruling #5712 (NSE 2007) by stating at
page 21:

“The State Engineer finds there is not substantial evidence that the appropriation of

a limited quantity of water in Kane Springs Valley Hydrographic Basin will have
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any measurable impact on Muddy River Springs that warrants the inclusion of Kane
Springs Valley in Order No. 1169. Therefore, the State Engineer denies the request
to hold these applications in abeyance and include Kane Spring Valley within the

provisions of Order No. 1169.”

Because KSV was not included in Order No. 1169, Lincoln/Vidler were not noticed via
Order 1169A (NSE 2012) requesting reports on the outcome of the Order No. 1169 aquifer test
results (NSE 2002) to participate and provide their input in the Order No. 1169 proceedings. As
stated in Lincoln/Vidler’s correspondence dated October 10, 2018 (Lincoln/Vidler 2018), and we

reiterate in this report:

“Putting us [Lincoln/Vidler] into this Order now puts us at a great disadvantage as
we have not been privy to or participated in any of the meetings, data collection
activities, nor have we had the ability to analyze any of the collected data or, as
would likely be the case, collect our own data and information relevant to the issue
of Order 1169.”

5.2 LONG-TERM ANNUAL QUANTITY OF GROUNDWATER PUMPING FROM
THE LWRFS

Lincoln/Vidler provides no statement or analysis here as to the long-term annual quantity
of groundwater that could be pumped from the LWRFS administrative unit. Lincoln/Vidler do
however state that KSV can be part of the solution to the water issues affecting the LWRFS
groundwater basins. There is unappropriated water within KSV that can be used as a source of
supply for down-gradient groundwater basins with little reasonable likelihood of impacting or

affecting the MSRA because of the large distances and complex geologic structures in between.

5.3 IMPACTS AND EFFECTS OF PUMPING FROM ALLUVIAL AND CARBONATE
WELLS NEAR THE MRSA

Lincoln/Vidler have previously stated in a letter to the NSE (Bushner 2018) that all of the
groundwater pumped from the Order No. 1169 aquifer test can be explained by data provided by
SNWA. Figure 5-1 (reproduced from SNWA 2018) is very illustrative of what was stated at the
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beginning of Lincoln/Vidler’s 2018 comment letter. This analysis benefits from considering the

reliable data spanning over two decades, not just the duration of the Order No. 1169 Test.

First, SNWA normalized the flows of the Muddy River, where flood flows have been
removed from the hydrograph and diversions from the Muddy River have been added back into
the hydrograph. The red line on Figure 5-1 shows the calculated Muddy River flow deficit.
Groundwater pumping over time is plotted from wells in the alluvium (tan colors) in the MRSA
and groundwater pumping from wells in the carbonate rock aquifer (dark blue color) in the MRSA.
The light blue bars represent groundwater pumping from carbonate wells in the CSV. What can
be concluded from this chart and graphical representation of the Muddy River flow and
groundwater pumpage is that the red line plots in between the dark blue (MRSA carbonate rock
aquifer pumpage) and the light blue (CSV carbonate rock aquifer pumpage). This indicates that
pumpage from the MRSA completely explains the reductions in flows of the Muddy River and
associated springs. Groundwater pumpage from CSV (light blue bars) is not needed at all to explain

the declines since the 1990s in the flows in the Muddy River.

54 ANY OTHER MATTER BELIEVED TO BE RELEVANT TO THE STATE
ENGINEER’S ANALYSIS

With a clear understanding of the cause of reduced flows on the Muddy River and its
headwater springs, the NSE can proceed directly to define how the LWRFS administrative unit
will work and where the focus should be when trying to protect springs that are at issue in the
MRSA. First and foremost, the impacts from groundwater pumping on the MRSA are within the
MRSA itself, and therefore, the focus should be within the MRSA first. Secondly, CSV should be
monitored, however, impacts from pumping in the CSV do not cause the biggest impacts to the
springs. Finally, inflows to the MRSA from the Lower Meadow Valley Wash hydrographic area
should be monitored and protected. Lincoln/Vidler also addressed this issue in the correspondence
to the NSE (Bushner 2018) stating:

“...as identified by SNWA through the Cave, Dry Lake, and Delamar Valleys
hearing and associated reports, identifies 8,000 acre-feet of groundwater inflow

from upgradient hydrographic basin Lower Meadow Valley Wash ... If one of the
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goals to the LWRFS administrative unit determined by the NSE is to protect the
springs in the MRSA then the Lower Meadow Valley Wash hydrographic basin
and its groundwater inflow should not only be included as part of the LWRFS

administrative unit but should also be the focus and the priority of the NSE.”
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6.0 KEY FINDINGS AND CONCLUSIONS
The following are the key findings and conclusions from this existing data and geophysical
data documentation report.

6.1 KEY FINDINGS

e KSV is a perennial yield groundwater basin under the Laws of the State of Nevada.

e KSV is too distant and isolated due to geologic structures for pumping the perennial yield
there to likely cause impairment of Muddy River Springs, Blue Point, or Rogers Springs.

e The effects of pumping from KSV would not be felt for over 100 years outside of KSV.

e The NSE did not include KSV in the Order No. 1169 aquifer test.

e Groundwater elevation data show distinctive differences in heads between KSV/northern
CSV and the southern portion of CSV, which are confirmed by the geologic structures that
occur in KSV and northern CSV.

e There is no discernable trend/pattern in water levels overtime between production well
KPW-1 and pumping trends.

e There is no correspondence between the water level trends in wells in KSV/northern CSV,
and wells located in southern CSV.

e LincoIn/Vidler have been collecting data for nearly over a decade to better quantify the
volume of precipitation that occurs in KSV and that becomes local in-basin recharge.

e There was an over-arching precipitation event that occurred in southern Nevada in 2005
that had a major effect on water levels in wells throughout the area.

e The trend in water levels in both KMW-1 and CSVM-4 indicate water levels are still being
affected by the 2005 precipitation event.

e The key finding of the geochemistry data is that “A comparison of these chemical and
isotopic relationships with Big Muddy Springs and particularly Rogers Spring and Blue
Point Spring indicates that the groundwater from KPW-1, assumed representative of the
KSV groundwater, is too strongly attenuated with CSV to be identifiable in these springs.”
(Appendix C: CH2M Hill 2006b, Pages 12 and 13).
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e Groundwater from KPW-1 and CSVM-4 are related and on similar groundwater flow paths
based on the TDSS values and other geochemical data. This supports the existence of a
significant fault in northern CSV corroborating the geophysical data.

e KPW-1 groundwater has one of the oldest apparent ages of 29,000 years. Assuming that
the apparent ages are somewhat true, and in this case may be, it is not likely that KSV
groundwater represented by KPW-1 with this age could contribute to the flow at Big
Muddy Springs.

e Based on the groundwater temperature data, none of the other groundwater temperature
data are close to the 136°F of the groundwater found at KPW-1, suggesting deep circulation
of groundwater in KSV.

e Groundwater temperature data are consistent with the geophysical data and represent
differing groundwater flow paths occurring in southern KSV and the northern most portion

of CSV compared to groundwater flow paths elsewhere in CSV.
6.2 CONCLUSIONS

It is clear that a Management Order and presumably a conjunctive use element for that
Management Order and the Order No. 1169 basins is appropriate. However, there is no evidence-
based reason to impose that plan on basins outside of the Order No. 1169 geographic area. In fact,
and on the contrary, there are science-based reasons to exclude KSV/northern CSV from the
LWREFS as identified in this report.

While we appreciate the gravity of the issues before the NSE in managing the water
resources of the State, frankly the record and science is clear relative to KSV: there is no likely
impact to the Order No. 1169 basins.
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7.0 RECOMMENDATIONS
Lincoln/Vidler submit the following recommendations as requested by 10 #1303.
1. Continue to exclude KSV from the LWRFS administrative unit.

The scientific data supports excluding KSV from the LWRFS administrative unit. The most
salient point is that the carbonate wells KPW-1 in southern KSV and CSVM-4 in northern
CSV have different hydraulic heads than other heads further south in the LWRFS. This
was explained by the new geophysical data that was collected from northern CSV which
shows that there are several structural controls, including faults, that occur in the northern
CSV and would represent impediments for groundwater flowing from KSV/northern CSV
into the LWRFS groundwater basins.

There is no indication from the water level data of either KMW-1 or CSVM-4 that there
were any noticeable effects from the Order No. 1169 aquifer test. What was observed and
was significant was the dissipating effects of an over-arching precipitation event in 2005
that affected water levels in these wells for years.

2. Recommended boundary revisions.

Lincoln/Vidler recommend that in addition to KSV remaining excluded from the LWRFS
administrative unit, the northern portion of CSV should also be excluded from the LWRFS
administrative unit based upon the geophysical data and corroborated by groundwater level
data, geochemistry data, and groundwater temperature data.

3. Additional recommendations:

Lincoln/Vidler recommend the NSE reduce or eliminate pumping adjacent to or near the
springs in the MRSA, and also define and protect the up-gradient watershed of LMVW.
The data provided by SNWA (2018) demonstrates that the depletions on the spring flows
in the MRSA are completely explained by groundwater pumping from wells in the alluvial
and carbonate rock aquifers within the MRSA hydrographic basin. Secondly, but much less
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impactful, is groundwater pumping from CSV. Thirdly, there is approximately 8,000 acre-
feet of groundwater inflow from the LMVW. If one of the goals of the LWRFS
administrative unit determined by the NSE is to protect the springs in the MRSA, then the
LMVW hydrographic basin, where there is a dearth of data, and its groundwater inflow
should not only be included as part of the LWRFS administrative unit but should also

become a focus and the priority of the NSE.

Lincoln/Vidler concur the NSE has reason to view many of the basins in the LWRFS as
hydraulically connected based on the remarkably consistent water levels among wells completed
in the RDCA. Lincoln/Vidler identified this effect in 2006 during the initial KSV hearing before
the NSE for applications for new groundwater appropriations in this basin. Although we concur
with the effective administration of these basins collectively based on the hydrogeology,
Lincoln/Vidler disagree that the effects are all the same across the entire LWRFS administrative

unit.

We must reiterate what we stated previously in Lincoln/Vidler’s letter to the NSE dated
October 10, 2018:

“While we appreciate the gravity to the issues before the State
Engineer in managing the water resources of the State, frankly the record
and the science is pretty clear relative to Kane Springs Valley and its lack
of impact to the 1169 basins. While there are no easy tasks ahead for water
solutions in much of Nevada, perhaps the focus should rest on viewing
many of the existing water resources upgradient as pieces of the puzzle for
solutions by willing participants not as “taking away” flow that some would
improperly characterize as gratuitously “belonging” to the downgradient
basin even if it is within the perennial yield of the upgradient basin. Our
basin and range geography still allows for the appropriation of perennial

yield within those upgradient basins.”
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Comments Pertaining to a Draft Order for the LWRFS
(As Distributed During Working Group Meeting in Overton, NV on Sept. 19, 2018)
Prepared by Jay Dixon, P.E. and Hugh Ricci, P.E. (on behalf of NCA-1 and 2)
October 5, 2018

Overview

Nevada Cogeneration Associates Nos. 1 and 2 (NCA 1 and 2, or NCA) operate combined cycle gas-fired
cogeneration facilities located at the southern end of the Lower White River Flow System (LWRFS). NCA
1 and NCA 2 began commercial operations in June 1992 and February 1993, respectively. Collectively,
the two plants account for 170 MW in baseload generation capacity. NCA sells 100% of its electric
output to NV Energy under the terms of a long-term Power Purchase Agreement and both facilities
supply hot exhaust gas and chilled water (via a closed loop system) to Georgia Pacific and Pacific Coast
Building Products’ gypsum facilities under the terms of an Energy Purchase Agreement.

The NCA facilities have played an integral role in economic output in the region for more than 25 years.
NCA’s water rights have been placed to continuous use since construction of facilities in 1992 and 1993.
The continued access of their certificated water rights is critical for NCA’s sustained operations.

Comments
1. Over the past three years, total pumping in the amount of 9,318 AF was provided as the average
between the years 2015 to 2017 within the area defined by the Lower White River Flow System
(LWREFS).

2. Asindicated on the draft order, the cumulative pumping in 2017 was 9,028.3 AF.

3. Acheck on available Pumpage Inventory reports indicates that 9,027.51 AF may have been
pumped (on average) between 2015-17. Note that an inventory report is not published for
Hidden Valley (Basin 217) but the only active underground right in that basin is permit 54074
(SNWA), which has not been pumped. The source of this apparent (290.49 AF) discrepancy is
unknown.

4. Between 2015-17, the average pumping for NCA 1 and 2, was 1,463.03 AF. Based on NDWR’s
Pumping Inventory for Basin 215 and NCA records, NCA’s average pumping from 1993 to 2017
was 1,557 AF.

5. NCA’s documented pumping is relevant as to its use of water being limited by permits issued
under Nos. 55269, 58031 and 58032 and subsequent certificate Nos. 17123, 17124 and 17125,
respectively. These s were issued in 1989 (No. 55269) and 1990 (Nos. 58031 and 58032), with
respective priority dates of October 30, 1989 and September 13,1990. The duty under these
permits and subsequent certificates was limited to 1,665 AF. The NCA-1 facility came online in
June 1992 and the NCA-2 facility was active by February 1993. The 25-year average pumping of
1,557 AF is 93.5% of the certificated water to NCA and 17% of the proposed limit provided in the
draft order (9,318 AF).
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10.

11.

12.

13.

This use of water over a substantial period shows that NCA has made a reasonable effort to
place the granted water to use for which the permits were issued. NRS 533.070 is very explicit in
this regard as it states that “The quantity of water from either a surface or underground source
which may here after be appropriated shall be limited to such water as may reasonably be
required for the beneficial use to be served.”

The approval of a permit under NRS 533.070 also requires that an applicant must have an
intention of construction of the works of diversion and reasonable expectation to apply the
water to the intended beneficial use with reasonable diligence. NCA has shown in both instances
that it completed the works and showed beneficial use with reasonable diligence.

NCA also complied with NRS 533.380 regarding requirements for filing proofs of completion and
beneficial use in that the measure of reasonable diligence is the steady application of effort to
perfect the application.

The cumulative 2017 pumping value at the priority date of March 31, 1983 is 3,089.61 AF, with
“senior rights” pumping approximately one-third of the 9,318 AF mentioned in the draft order.
Thus, “junior rights” pumped two-thirds of the proposed limit, which includes NCA who pumped
approximately 25% of those “junior rights”.

The draft order suggests under Section VIl (4) that junior rights will not be curtailed until the
unused senior water right use reaches the limit of 9,318 AF. Again, a review of the LWRFS
groundwater rights by priority, indicates that the cumulative duty as of the March 31, 1983 date
is somewhere between approximately 8,000 to 12,400 AF. This means that only 3,089.61 AF of
this duty was used in 2017.

This places NCA in a very tenuous position in that it did everything required under the statutes,
yet those senior water right holders who did not put their water to use may be allowed to start
a project and use a portion of that unused water and put NCA's rights at risk.

To allow for additional time to evaluate anticipated changes in withdrawals as a result of the
proposed LWRFS draft order and potential changes in impacts, the order should be issued such
that it shall be re-evaluated after a period of 3-years. During this time, the pumping should be
limited to not more than what was pumped in 2017 or the 2015-2017 average.

The LWRFS order should consider providing flexibility for entities to maintain their water rights

in good standing without risk of cancellation for not developing those rights during a temporary
period of time subject to adoption of a management plan.
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Introduction/Objectives

A hydrologic assessment of the local and regional conditions that affect the movement and
storage of groundwater in the Kane Springs Hydrographic Area (206) was conducted to

address the following objectives:

* Develop an understanding of the existing conditions of local groundwater resources

within Kane Springs Valley (KSV).
e Assess the availability of these resources.

¢ Assess potential impacts to local and downgradient water users and water resources

including local and regional springs, and water courses.

* Develop a conceptual framework to support potential monitoring and/or mitigation

measures, as appropriate.

The principal components of the assessment included the following:

¢ Development of a hydrologic framework to provide physical context for the assessment.

¢ Installation of test well and companion monitoring well, and conduct aquifer testing.
This component of the assessment was performed by URS Corporation and the specific

results and analyses that arose from this work is presented under separate cover in URS
(2006).

* Conducting groundwater sampling from both KSV and adjacent Coyote Spring Valley.

» Evaluation of the local and regional geochemical conditions of the groundwater based

on the analyses of water chemistry and stable isotopes.

* Development of hydrologic conceptual model of KSV both locally and in the context of

regional groundwater flow.

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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Based on the resulting conceptual model:

* Assess the availability of groundwater in the KSV

* Assess potential impacts resulting from groundwater withdrawals from the KSV.

Hydrologic Framework

KSV - Physical Features and Conditions
Kane Springs Valley is an elongated north-northeast/south-southwest trending valley in

southern Nevada that is flanked by the Delamar Mountains to the west and north, and the
Meadow Valley Mountains to the south. Covering an area of approximately 232 square
miles, KSV is approximately 28 miles long and an average of approximately 8 miles wide.
The floor of the valley slopes south-southwest from a high of approximately 4000 feet near
the base of the Clover Mountains toward the mouth of the valley where the elevation is
approximately 2900 feet, Within the KSV hydrographic area, the Delamar Mountains reach
7720 feet and receive most of the local precipitation. The Meadow Valley Mountains are
considerably lower with a maximum elevation of 5676 feet. The Clover Mountains, while
technically east of the KSV basin, affect precipitation patterns within the northeastern
portion of KSV.

The ephemeral Kane Springs Wash, which drains the entire valley, is the dominant surface
water feature in the basin. Springs discharging from the surrounding mountains are
generally low-flowing (i.e., less than 10 gallons per minute [gpm]) and are considered to be
locally recharged based on their water chemistry (Thomas et al., 1996). With the exception of
small areas below these springs, phreatophytic vegetation is generally absent; therefore,
groundwater discharge through transpiration is a negligible component of the water budget
for the KSV basin.

Figure 1 shows the location of the study area focused on KSV. Figure 2 shows the location of
KSV Hydrographic Area with respect to the Colorado River Basin and other hydrographic
areas within the Colorado River Basin. Figure 3 shows detail of KSV highlighting the
various local geographic features: Kane Springs Wash, the Meadow Valley Mountains, the

Clover Mountains, the Delamar Mountains, and the locations of various local springs.

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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Geologic Framework
The general lithology of much of the mountains surrounding KSV is Tertary volcanic rocks,

although outcrops of underlying Paleozoic carbonate rocks can be found in the western
portion of both the Delamar and Meadow Valley Mountains. The valley bottom is
composed of Quaternary basin-fill deposits, which form soils that are fairly uniform

throughout the valley.

KSV is located is located in the middle of the vast Carbonate-Rock Province, which
underlies as much as 50,000 square miles in Nevada alone, but also stretches into Idaho,
Utah, and California (Dettinger et al., 1995). The location of KSV in relation to the Carbonate

Rock Province is shown in Figure 4.

The specific geology of the study area is shown in Figure 5, and geologic cross sections
(indexed and shown in Figures 6 through 17) reveal the subsurface structure and lithology
with important implications with respect to the occurrence and movement of groundwater

through the carbonate rocks, which underlie the study area.

Based on examination of these cross-sections, the following conclusions can be drawn:

+ Carbonate aquifer truncated by Clover Mountain calderas in upper portion of KSV.
* Considerable thickness of carbonate rock units (over 1 Km) in lower portion of KSV.
¢ Considerable faulting has occurred both within and along the margins of KSV.

¢ Faulting is mapped as occurring deep in the carbonate rocks implying the potential for

deep groundwater occurrence and flow.

» Kane Springs Wash fault zone truncates carbonate rocks along the northern flank of the
Meadow Valley Mountains.

» Basin-fill deposits in KSV are relatively thin.

» Thick sequences of carbonate rocks are present down Coyote Spring Valley and into the
Muddy Springs Area, Hidden Valley, Garnet Valley, California Wash and Black

Mountains Area.

e Considerable vertical faulting occurs in all these areas.

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIG AREA (206):
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Hydrologic Conceptual Model

The groundwater environment in KSV includes both basin-fill deposits and fractured rock,

which includes primarily volcanic and carbonate rocks.

Basin-Fill Deposits

In the absence of much direct information on the composition and extent of the basin fill,
these deposits are assumed in this study to be composed principally of fine-textured
sediments (silt and clay) across much of the basin, except immediately adjacent to the basin
margins where alluvial fan deposits contain more coarse-textured sediments. The lithologic
logs from the boreholes drilled near the mouth of the basin support the hypothesis of a
primarily fine-textured basin fill (URS, 2006). The basin-fill deposits are the product of the
erosion of the surrounding mountains, which are mainly volcanic in origin. These volcanic
rocks readily weather to clay-size particles. In addition, both the Delamar and Meadow
Valley Mountains are generally low in relief, and do not engender high-energy erosion
environments capable of transporting large quantities of relatively coarser material (i.e.,

gravel, cobbles) onto the basin floor.

As a result, the basin-fill deposits in KSV are generally not favorable for the development of
laterally continuous aquifer units, although these deposits are undoubtedly locally

saturated over some depth interval at least seasonally.

Fracture-Rock
The fractured-rock groundwater medium in KSV is composed of both local volcanic and

regionally occurring carbonate rocks. Volcanic rocks of the Clover and Delamar Mountains,
which are composed of various ash-flow tuffs, rhyolite and basalt, typically do not support
development of significant aquifer system because of heterogeneous intrinsic permeability
and the general lack of continuous faulting and folding structures. Volcanic rocks, however,
do provide local conduits for groundwater to recharge into deeper (carbonate) aquifer
system. Carbonate rocks, which are highly fractured and laterally/ vertically continuous, are
the primary groundwater medium in KSV, and provide the principal means of inter-basin

groundwater flow from KSV.

HYDROLOGIC ASSESSMENT QF KANE SPRINGS VALLEY HYDROGRAPHIC AREA {206):
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Groundwater Recharge to KSV
Walker (2006) performed an analysis of recharge to KSV that involved multiple means of

estimating precipitation, and used two separate means to estimate recharge based on the
precipitation estimates. Precipitation was estimated using vegetation mapping in two ways:
(1) vegetation/ precipitation/elevation correlations were developed resulting in
precipitation estimates representative of sequential bands of elevation, and (2) vegetation
communities were mapped to develop a map of the spatial distribution of precipitation
irrespective of elevation. In addition, precipitation data from PRISM was used to develop a

spatial distribution of precipitation across KSV as a third means of comparison.

Recharge was approximated both using a slightly modified version of the Maxey-Eakin
approach (Maxey and Eakin, 1949), and through a water budget approach. For the water-
budget approach, the areas of the basin where evapotranspiration was at least 12 inches,
based on literature values (see Walker, 2006), were subtracted from a given precipitation
distribution resulting in the amount of water available for infiltration or surface runoff.
Subtracting estimates of surface runoff and discharge from local springs, resulted in

estimates of groundwater recharge that are summarized in the following table.

Precipitation Total Recharge Recharge Recharge/Total
Estimation Precipitation Estimation Method Estimate Pracipitation
Method/Source (AFlyr) (AFiyr) {percantage)
Vegetation Indicators as 128,270 Maxey-Eakin 5,700 4
function of elevation
Waler-Budget 6,350 4
Vagetation 118,668 Maxey-Eakin 5,300 4
Communities
Water-Budget 6,600 5
PRISM-based 133,920 Maxey-Eakin 9,600 7
Water-Budget 14,155 10
LVVvWD (2001)° 140,218 Maxey-Eakin 6,757 4
Water Budget 5,950 4
State Water Plan—1971° 80,000 - 500 0.6
2 LVVWD (2001).

b Nevada Department of Natural Resources, Division of Water Resources. 1971, State of Nevada Planning Report
From these results, Walker (2006) estimated that the average annual recharge to
groundwater in the KSV is on the order of 5,000 acre-feet/ year (AF/yr).
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It is concluded here that a value of 5,000 AF/yr is a reasonable estimate for average annual

recharge based on:

¢ General consistency among different estimating approaches.

¢ Size of basin (232 square miles), which is considerable area over which to receive

precipitation.

» Significant area within K5V that is of higher elevation (69 square miles > 5,000 ft, or 30%

of basin)

¢ The various methods for estimating average annual precipitation results in a reasonable
value of roughly 120,000 AF/yr, which translates to an average precipitation across the

basin of approximately 9 inches/ year, which is considered a reasonable estimate.

¢ An overall percentage of precipitation that becomes recharge (approximately 5 percent)

is considered reasonable.

Groundwater Conditions

Figure 18 shows the locations of selected wells in the study area. A subset of these wells
through which a vertical profile has been developed is shown in Figure 19. The vertical

profile, in turn, is shown in Figure 20.
Key conclusions from the vertical profile in Figure 20 are as follows:

¢ Only the upper-most 1,000 to 2,000 feet of the aquifer is penetrated by existing wells.
Accordingly, only a fraction of the carbonate rock is penetrated by existing wells based
on published geologic cross sections that indicate that the carbonate units are typically 2-

4 kilometers (6,500 - 13,000 feet) thick.
» Differences in lithology within screen interval influences water level.

Figure 21 shows the location of the test well and monitoring well installed in KSV relative to
local geologic features; principally the Kane Spring Wash fault zone and the Willow Spring
fault. Figure 21 also shows the location of a geologic cross section through the well site. The
cross section is shown in Figure 22, The significance of the cross section is that it shows the
vertical proximity of the Willow Spring fault relative to the test well KPW-1. During aquifer
testing on KPW-1, a recharge boundary was encountered within the first hour of the test

HYDROLOQGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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reflecting a higher transmissivity zone associated with the Willow Spring fault. Figure 23

shows the drawdown in monitoring well KMW-1. One of the Hantush-Jacob type curves

used to calculate aquifer transmissivity and storage coefficient is also shown on the figure,

The level portion of the curve clearly demonstrates a source of water to the well that

truncates further drawdown.

Another important implication of the aquifer testing results based on Figure 23 is that the

shape of the drawdown curve is indicative of a porous medium (i.e., there is no evidence of

conduit or discrete fracture flow),

A summary of the aquifer test results are shown in the following;:

Summary of Results From 7-Day Sustained Aquifer Test Pumping KPW-1 at 1,800 gpm

Data Method* Tr?g";ml::ll;t')“y Cgrf:?::n t Source
KMW-1 drawdown Hantush-Jacob (leaky-confined) 30,000 10" URS (2006a)
Jacob-Cooper (mid-time) 30,000 10 Feast
Geosciences*”
Jacob-Cooper (late-time) 240,000 Feast Geosciences
KMW-1 Recovery Thels (mid-tt") 95,000 - URS (2006a)
Theis (late-t1t') 240,000 - URS (2006a)
Jacob-Cooper (mid-tt') 85,000 - Feast Geosciences
Jacob-Cooper (late-tit") 236,000 - Feast Geosciences
KWPW-1 Theis Recovery (late-t/t") 380,000 - URS (2006a)

*  Methods based on Lohman (1979)

**  Feast Geosclences unpubilshed aquifer test anaiysis, 2006

Based on the aquifer test results, two values of transmissivity determined:
1. Representative of the “regional” aquifer between approximately 30,000 and 80,000 gallons
per day per foot (gpd/ft).

2. Representative of higher transmissivity zone associated with the Willow Springs Fault of

approximately 300,000 gpd/ ft.

Figure 24 shows the location of local geologic structure affecting groundwater conditions in
KSV. The hydraulic affect of these structures are apparent from the aquifer test and

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA {206):
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groundwater level data. Of note is evidence for the extension of the Kane Springs Wash

fault zone southwestward into Coyote Spring Valley.

Figure 25 is a schematic diagram of Kane Springs Wash fault influence on groundwater
levels in Coyote Spring Valley. Based on geologic logs of the wells obtained from Berger et
al. (1988) and the most current water levels from December 2005 obtained from Southern
Nevada Water Authority Central Data Repository, it is clear that there is a steep hydraulic
gradient between these wells CE-VF-2 and CSVM-6. The Kane Spring Wash fault zone
likely:

* Acts to impede but not inhibit groundwater flow across the fault zone.

¢ Has the potential to limit the northward advance of the cones of depression from
pumping wells downgradient of the fault (as a function of distance - the closer the

pumping to the fault, the less the limiting influence.)

¢ Has the potential to limit the southward advance of the cones of depression from

pumping wells upgradient of the fault (as a function of distance from the fault).

Evidence of the influence of the fault zone is also shown on Figure 26, which depicts the
spatial distribution of the most recent water levels on record for selected carbonate wells in

the study area. Based on this map of water levels (Figure 26):

* Kane Springs Wash fault zone causes break in regional (carbonate rock) hydraulic

gradient in Coyote Spring Valley.
» Upgradient of fault: Gradient “steeper”
¢ Downgradient of fault: Gradient “flatter”

e Witha few exceptions (e.g., CSVM-5, C5V-2), carbonate groundwater levels are very
similar generally everywhere downgradient of Kane Springs Wash fault zone.

* Implication of “flat” gradient is relatively high transmissivity across the southern half of
the study area.

* Implication of relatively high transmissivity is high potential for regional groundwater

flow

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA {206):
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Figure 27 shows the spatial distribution of transmissivity values across the study area, The
results on the figure are consistent with the water level data, which indicate that high

transmissivity values are present across the study area.

Estimation of Groundwater Flow Through Kane Springs Valley
Groundwater flow through Kane Springs Valley was roughly approximated based on the

following 1-D application of Darcy’s Law:

Q=TwAh

where,
Q = groundwater discharge across a given cross sectional area
T = aquifer transmissivity
w = aquifer width over which T is assumed representative
Ah = horizontal component of hydraulic gradient perpendicular to the aquifer width

The rationale for determining representative thickness of the carbonate aquifer underlying
K5V is based on the following;

* Published geologic cross sections which indicate:
— Considerable thickness of carbonate rock in vicinity of KSV (> 3,000 feet).
— Considerable faulting has occurred both within and along the margins of KSV.

~ Vertical faulting is mapped across (deep) all carbonate rock in KSV implying the
potential for deep groundwater flow through this basin.

* Groundwater temperature from KPW-1 is very hot (~ 130 °F) and deuterium
concentrations light (-104) indicating circulation of deep groundwater under KSV.

e Published data on carbonate wells elsewhere in Nevada indicate the potential for
carbonate wells to exceed depths of 5,000 feet (Dettinger et al., 2005, Table 6).

It is therefore concluded that 3,000 feet is a reasonable, and likely conservative, estimate for
the thickness of the carbonate aquifer in KSV.

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA {206):
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Based on an assumed representative value of aquifer thickness of 3000 feet, a representative

value for aquifer transmissivity was determined using the aquifer test results as a starting

point. Specifically, using the relationship,

Transmissivity = aquifer thickness x hydraulic conductivity

the following table runs through the procedure followed to develop values of aquifer

transmissivity that reflect the total aquifer thickness.

Aquifer Calcutated Revised Assumed

Portion | Calculated Thickness Assumad Transmissivity Reprasentative

of Range of T | Tested (Based cﬂvg;i':xft Totai Aquifer {Based on total Value of
Aquifer | (gpdift) on KPW-1 °;‘m s V| Thickness (ft) | aquifer thickness, | Transmisstvity

Construction, ft) V) gpdift) (gpdif)

Bulk 30,000 - 1,000 4-9 3,000 90,000 — 200,000 150,000
Aquifer | 80,000
Locai 300,000 1,000 40 3,000 900,000 900,000
Fault
Zone

*  From 8-day aquifer test at KPW-1

The next step is to determine the regional horizontal component of hydraulic gradient that

would be representative of the gradient driving groundwater flow into the KSV.

The bases for estimating regional horizontal component of hydraulic gradient are presented

in the following table.
Location Representative Distance Betwean Locations (ft)
Water Level
Elevation (ft amsl)* Pahranagat CSVM-3 KPW-1 CSVM-4 | CE-VF-2
Springs
Pahranagat 3190 0 68,500 96,500 96,500 132,000
Springs**
CSVM-3 2206 68,500 0 37,190 36,060 66,130
KPW-1 1879 96,500 37,190 0 10,760 56,450
CSVM-4 1874 96,500 36,060 10,760 o 45,950
CE-VF-2 1857 132,000 66,130 56,450 45,950 ¢
*  Weli data from December 2005
**  Approximated by eievation of Lower Pahranagat Lake
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In the absence of readily available data for groundwater level in the carbonate rock in the
Pahranagat Springs area, the elevation of Lowe Pahranagat Lake was used as a general
approximation as it represents a lower area collecting discharge from regional carbonate

springs.

The regional horizontal component of hydraulic gradient was subsequently estimated by
considering the change in water level elevation between Pahranagat Springs, CSVM-3, and
CE-VF-2:

Pahranagat Springs/ CSVM-3 = (3190 - 2206) /68,500 = 0,014
CSVM-3/CE-VF-2 = (2206 - 1857) /66,130 = 0.0053

The gradient between Pahranagat Springs and CSVM-3 is considered to be too steep to be
representative of flow into KSV. It is therefore concluded that a representative value for the

regional hydraulic gradient is on the order of 0.005

In estimating the hydraulic gradient for groundwater flow from KSV it was assumed the
gradient along Willow Spring fault would be most representative and roughly

approximated by the change in water level elevation between
KPW-1/CSVM-4 = (1879 - 1875)/10,760 = 0.0005

The final step in the determination of groundwater flow through KSV is the approximation
of representative values of aquifer width through which groundwater flows into and out of
the KSV. Assuming flow through carbonate rocks, the inflow width of aquifer is defined as
being perpendicular to assumed regional hydraulic gradient where carbonate rocks mapped
within KSV (approximately 3 miles). Figurc 28 shows the location and length of the width of
aquifer identified as being representative of groundwater flow into KSV.,

The width of the aquifer though which groundwater flows out of the aquifer is defined as
being perpendicular to the assumed direction of local flow from KSV, and parallel and
controlled by the Kane Springs Wash fault zone.
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Due to the influence of the Willow Spring fault on the aquifer test results, two components

to the local aquifer width are considered:

Width representative of fault zone transmissivity (approximately 0.5 miles);

-~ Width of aquifer representative of transmissivity unaffected by fault zone

(approximately 3.5 miles).

The location and length of the representative width of the aquifer through which

groundwater flows out of KSV is shown on Figure 29.

With values for all of the parameters required to apply the Darcy’s Law approach, the

approximation of the volumetric flux of groundwater through KSV is summarized in the

following table,
Volumetric
Calculated
Groundwater Transmissivity Aquifar Hydraulic Volumaetric ﬁ?l:'n";";aézu::‘::
Flow Component (gndift) Width (ft) Gradient Groundwater nearest 1.000
Flow (AFlyr) AFlyr)
Regionai 150,000 15,840 0.005 13,300 13,000
Groundwater flow
into Kane Springs
Vailey
Groundwater 150,000 18,480 0.005 15,500 15,000
outflow from Kane
Springs Vailey into | 900,000 2,640 0.0005 1,300 1,000
Coyote Springs
Valiey
Combined - - - 16,800 16,000
Groundwater
Qutflow from Kane

Springs Valley

Based on the resulting values of volumetric groundwater flow, the following summary of

groundwater inflow and outflow from KSV was developed:

Inflow to Kane Springs Valley:
Regional groundwater flow
Recharge within Kane Springs Valley*
Total groundwater inflow to Kane Springs Valley

-------------------------------------------------------------------

--------------------------------------------------
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Outflow from Kane Springs Valley:

Local groundwater discharge into Coyote Spring Valley................. 16,000 AF/yr
* based on analysis by Walker (2006)

Clearly the inflow estimate does not balance with the estimate of outflow, but the difference
is within about 10 percent, and reflects the uncertainty in parameter values and the
applicability of the approach. In particular, the aquifer thickness is likely significant, but
unknown.

However, it is concluded that:

— Atleast approximately 15,000 AF/yr flows through the aquifer system of KSV.

— KSV perennial yield, however, is on the order of 5,000 AF/yr based on recharge

analysis.

This conclusion is shown conceptually on Figure 30.

Impact Analysis

The impacts analysis focused on the assessment of potential effects of lowering

groundwater levels on local permitted points of diversion and local and regional springs

Permitted Groundwater Points of Diversion
Complex aquifer conditions in KSV (local presence of fault structures that both enhance and

impede groundwater flow), multidimensional groundwater flow, together with limited
spatial distribution of data on water levels and aquifer parameters, make meaningful
predictions of groundwater level decline problematic. Accordingly, a simple analytical

approach, which most likely over estimates resulting groundwater declines, is applied here.

Specifically, the analytical solution for transient groundwater flow to well developed by
Theis (1935) is applied to approximate “worst case” water level declines within reasonable
distance (~ 10 miles) from pumping well in KSV. Theis (1935) provides the transient
solution to the partial differential equation for the radial flow to pumping well, arranged to

solve for drawdown (s), as follows:

HYDROLOGIC ASSESSMENT QF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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s=—gr e "du
4aT Ju u

where, Q = pumping rate

T = aquifer transmissivity

and,
r’S
H=—
4Tt
where, r = the radial distance from the pumping well

S = storage coefficient

t = time since pumping began

In applying the Theis solution to determine the lateral extent of the cone of depression from
a point of hypothetical pumping in KSV, the following general approach was followed.
First, the Theis-predicted water level declines at distances from the pumping well were
compared to locations of the nearest existing permitted groundwater points of diversion.
Second, the resulting groundwater declines were assessed as to whether they would impair
the permit (e.g., assess if predicted water level decline would dewater an existing well ata

permitted point of diversion).

The Theis solution assumes an ideal porous medium consisting of an aquifer of
homogenous properties, including isotropic permeability, over infinite extent. In addition

the application for the impact analysis assumed the following:

* Pumping from a single well at 3,000 gpm (5,000 AF/ yr) for 100 years.
¢ Location of pumping well at KPW-1

o Values of input parameters based on KSV aquifer test results.

Using the Theis solution to predict long-term drawdowns as a result of pumping from KSV

will overestimate the predicted water level declines for the following reasons:

* The approach assumes that there is no local or regional hydraulic gradient, which would
restrict propagation of the cone of depression both lateral to the horizontal orientation of

the gradient and downgradient of the pumping well (i.e., the resulting circular cone of

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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depression extends further downgradient and in directions perpendicular to the local

natural direction of groundwater flow).

* The resulting circular cone of depression is also in contradiction with the probable
effects of both the Willow Spring fault (positive boundary) and the Kane Springs Wash
fault zone (negative boundary), which would ultimately impede the propagation of the

cone of depression.

* Single pumping well concentrates drawdown at a point. Less drawdown would occur at
same distance from the pumping well if pumping divided among multiple wells spaced

at least 1 mile or more apart.

Based on the following values for the input parameters:

Q =3,000 gpm
S=104
t =100 years

the predicted drawdowns for two different values of transmissivity are as follows:

Predicted drawdown at distance = r (ft)
Transmissivity (gpd/ft)
r = 5000 r = 50,000
150,000 30 20
300,000 16 11

A transmissivity value of 300,000 gpd/ft is representative of the local aquifer conditions
affected by the Willow Spring fault. However, over 100 years, a lower value of
transmissivity may be more applicable. Accordingly, results for 150,000 gpd/ ft are
presented. Using a value of 50,000 gpd/ ft was not considered representative of long-term

pumping at the KPW-1 location.
The permitted points of diversion within 10 miles are identified on Figure 31.

Based on the results, wells 10 miles away from KPW-1 location would experience a
maximum additional water level decline of between 10 and 20 feet. Wells greater than 10
miles away from KPW-1 would experience less decline.

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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This level of additional drawdown is not considered to be deleterious. Because of the
inherent assumptions in the Theis solution (i.e., homogenous aquifer of infinite extent), the
use of these results to predict potential reductions in downgradient regional spring flow is

inappropriate because it the method overestimates water level declines at greater distances.

Local Springs

Based on field observations, permitted local springs in KSV represent groundwater flowing
through the surrounding upland areas that are not connected to the regional carbonate
aquifer. Accordingly, pumping from the carbonate aquifer locally within KSV would not

affect the discharge from these springs.

Regional Springs

The approach to assessing potential impacts to regional springs generally consisted of
conducting a review of water chemistry and hydraulic data, and published geologic
interpretations to assess the potential linkage between groundwater withdrawals in KSV

and the discharge of Muddy River Springs and Rodgers/Blue Point Springs.

Figure 32 repeats the spatial distribution of the most recent groundwater level elevations
in selected carbonate wells within study area and Figure 33 presents hydrographs for

selected carbonate wells in the study area.
Based on Figures 32 and 33, the following conclusions can be drawn:

* Groundwater levels progressively lower from north to south across the study area,
supporting concept of generally southerly groundwater flow in regional carbonate

aquifer.

* Kane Springs Wash fault zone causes a break in the regional hydraulic gradient
(“steeper” to the north, “flatter” to the south).

¢ Regardless of fault, there is a general trend of rising groundwater levels since spring of

2005 in most wells (less so in wells near Arrow Canyon Well),

* Similar water level trend implies regional influence on carbonate aquifer.
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Flat hydraulic gradient south of KSW fault indicative of fairly homogeneous distribution

of high aquifer transmissivity.

High aquifer transmissivity supports high potential for substantial groundwater flow
through the carbonate aquifer within the study area.

Figure 34 repeats the vertical profile through selected carbonate wells in study area and

shows the conceptual location of the Kane Springs Wash fault zone.

Based on Figure 33 the following conclusions can be drawn:

Wells down downgradient of KSW fault have similar groundwater levels despite

variable screen intervals.

Implication is that the aquifer is highly transmissive and fairly homogeneous in this

regard with depth (suggesting isotropic permeability).

Water levels in wells at elevations above top of rock indicative of groundwater under

pressure, and therefore driven by deep regional gradients.

This hydrologic assessment also included a geochemistry component that is presented

under separate cover in CH2M HILL (2006). The key points developed in that report with

respect to regional groundwater flow are summarized as follows:

Deep carbonate aquifer groundwater flows from north to south across the study area;
specifically, from Pahranagat Valley and Kane Spring Valley into Coyote Spring Valley,
and from there to both the Muddy River Springs Area and into Hidden Valley and
Garnet Valley.

Discharge to Muddy River Springs is comprised of approximately 60 percent regional

carbonate groundwater.

The remaining 40% of the discharge is comprised of water of non-carbonate aquifer
origin. This 60/40 split of carbonate to non-carbonate origin groundwater is prevalent in
wells throughout the downgradient portion of the carbonate aquifer within the study
area (i.e., Garnet Valley and California Wash, in addition to the Muddy River Springs).
The implication of this prevalence is that groundwater flowing through the regional

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY HYDROGRAPHIC AREA (206):
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carbonate aquifer in Coyote Spring Valley does not necessarily have a preferred flow
path toward the Muddy River Springs, but also flows into Garnet Valley via Hidden
Valley. This conclusion regarding the origin of carbonate aquifer groundwater in Garnet
Valley is supported by C-14 data from GV wells. Specifically, the C-14 data imply that
the groundwater in Garnet Valley is very old (29,000 years). Therefore, a more local
source of this water in GV (e.g., from the Sheep Range) at least in any significant
proportion, is unlikely.

Discharge at Rogers and Blue Point Spring is comprised of roughly 40% regional

carbonate groundwater.

The remaining 60 percent of the discharge is comprised of water of non-carbonate
aquifer origin.
Rogers and Blue Point Springs are not the terminus of all carbonate groundwater that

by-passes the Muddy River Springs.

Groundwater movement between basins is on the order of thousands of years,

consistent with the low hydraulic gradients observed.

The generalized regional groundwater flow in the study area is summarized in Figure 35.

Based on the combination of water chemistry (CH2M HILL, 2006) and hydraulic data, and

published geologic interpretations the following fundamental conclusions and other

considerations are presented:

{t is understood that the carbonate aquifer within the study area underlies hundreds of
square miles and likely extends to depths of several thousand feet. The implication is
that there is a considerable volume of groundwater flowing through this aquifer system

within the study area.

The carbonate rock aquifer appears to be highly transmissive across much of the study

area enabling movement of significant amounts of groundwater.

Areas of high transmissivity are not limited to the Arrow Canyon area that leads to the
Muddy River Springs. Accordingly, a preferred groundwater flow path specifically from

Coyote Spring Valley toward these springs can only currently be assumed.
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e The “flat” hydraulic gradients over large areas caused by high transmissivity result in
poorly defined groundwater flow paths in the southern portion of the study area.

e Flat hydraulic gradient does not necessarily imply that there is little groundwater
movement through the aquifer as evidenced by large discharge from Muddy River

Springs downgradient of area of high transmissivity.

»  Within the KSV, the Kane Springs Wash fault zone will have the effect of concentrating
the resulting drawdown from local pumping to within KSV.

¢ In Coyote Spring Valley, the Kane Spring fault zone will likely have the effect of
impeding the propagation of a cone of depression originating within KSV from
migrating south.

¢ Approximately 40 percent of the discharge of the Muddy River Springs is comprised of
water that is not from the regional carbonate aquifer (i.e., the discharge represents both
carbonate and non-carbonate groundwater that have mixed along the flow path leading
to the springs. The implication is that if it is assumed that the regional carbonate aquifer
only contains a finite amount of ancient water that has entered the system many miles to
the north of the study area, then 40 percent of the water in the carbonate rock flow
system is missed because it is derived from non-carbonate sources (e.g., recharge
through the alluvium). This conclusion is supported both by deuterium ratios and by
major ion chemistry that indicates non-carbonate signatures are observed in wells
completed in carbonate rock (indicating that the groundwater from those wells has

flowed through media other than carbonate rock).

Lastly, pumping 5,000 AF/yr from KSV should not affect downgradicnt regional springs
because local recharge in KSV is on the order of 5,000 AF/ yr. However, roughly 10,000
AF/yr over the local amount recharged is estimated to flow into Coyote Spring Valley from
KSv.
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FIGURE 1
Kane Springs Vafley Study Area

fre-~ad %"
s
Lawer  Villey
S
2 ugicly
g a8 =
[+

HYDROLOGIC ASSESSMENT OF KANE SPRINGS VALLEY
HYDROGRAPHIC AREA (206): HYDROLOGIC FRAMEWORK

SE ROA 41289

JA_ 11586



FIGURE 2
Location of Kane Springs Valley (206) With Respect fo Colorado River Basin
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FIGURE 3
Kane Springs Valley (208) Hydrographic Area
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FIGURE 4
Kane Springs Valley In Relation to Carbonate-Rock Province
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GURE 5
Geologic Map of Parts of the Colorado River Basin
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Source: Page, W. R., G. Dixon, P. Rowley, and D Brickey. 2005. Geology Map of Parts of the Colorado, White
Rive and Death Valley Groundwater Flow Systems. Nevada Bureau of Mines and Geology Map 150.
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FIGURE &
Location of Geologic Cross Section A" A™
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Source: Page, W.R., G. Dixon, P. Rowley, and R. Brickey. 2005, Geology Map of Parts of the Colorado, White
River and Death Valley Groundwater Flow Systems, Nevada Bureau of Mines and Geology Map 150.
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FIGURE 8
Lacation of Geologic Cross Section B"-B™

Source: Page, W.R., G. Dixon, P. Rowley, and R. Brickey. 2005. Geology Map of Parts of the Colorado, White
River and Death Valley Groundwater Flow Systems. Nevada Bu eau of Mines and Geology Map 150.
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GURE 10
ocation of Geologic Cross Section C" C*
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Source: Page, W.R., G. Dixon, P. Rowley, and R. Brickey. 2005. Geology Map of Parts of the Colorado, White
River and Death Valley Groundwater Flow Systems Nevada Bureau of Mines and Geology Map 150.
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FIGURE 12
Location of Geoclogic Cross Section D"-D"
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Source: Page, W.R., G. Dixon, P. Rowley, and R. Brickey. 2005. Geology Map of Parts of the Colorado, White
River and Death Valley Groundwater Flow Sys e s.Nevada Bureau of Mines and Geology Map 150.
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FIGURE 14
Location of Geologic Cross Section E"-E™
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Source: Page, W.R,, G. Dixon, P. Rowley, and R. Brickey. 2005. Geology Map of Parts of the Colorado, White
River and Death Valley Groundwater Flow Systems. Nevada Bureau c Mines and Geology Map 150.
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IGURE 16
Location of Geologic Cross Section "~ ™
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Source: Page, W.R,, G. Dixon, P. Row ey, and R. Brickey. 2005. Geology Map of Parts of the Colorado, White
River and Death Valley Ground ater Flow Systems. Nevada Bureau of Mines and Geology Map 150.
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FIGURE 18
Location of Selected Wells in Study Area
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GURE 19
ocation of Selected Carbonate Wells Used in Schemalic Cross Section
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FIGURE 20
Vertical Profile Through Selected Carbonate Wells in Study Area
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FIGURE 21
Location of Kane Spring Valley Wells Relative to Local Geologic Features
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FIGURE 22
Localized Cross Section Through KMW-1, Kane Springs Valley
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FIGURE 23
Drawdown Curve in Monitoring Well KMW-1 at a Distance of 143 Feet; KPW-1 Pumping @ 1800 gpm
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F GURE 4
Local Geologic Structure Affecting Groundwater Conditions
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FIGURE 25
Schematic Diagram of Kane Springs Wash Fault Infuence on Groundwater Levels in Coyote Spring Valley
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FIGURE 26
Most Recent Groundwater Level Elevations (ft amsl) in Selecled Carbonate Wells Within Study Area
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FIGURE 27
Aquifer Transmissivily (gpd/ft) at Selected Carbonate Wells in the Study Area
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FIGURE 28
Width of Carbonate Aquifer Through Which Groundwaler Flows into Kane Springs Valley
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FIGURE 29
Width of Carbonale Aquifer Through Which Groundwater Flows out of Kane Springs Valley
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GURE 30
Conceplual Groundwater Flow Through Kane Springs Valley
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FIGURE 31
Ten Mile Radius from KPW 1 and Permitted Points of Diversion in the Vicinity of Kane Springs Valley
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FIGURE 32
Most Recent Groundwater Level Elevations (ft amsl) in Selected Carbonate Wells Within Study Area
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FIGURE 33
Hydrographs for Selecled Carbonate We sin t e Sludy Area
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FIGURE 34
Vertical Profile Through Selected Carbonate Wells in Study Area
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F GURE 35
Generalized Regional Groundwater Flow in Portion of the Carbonate Aquifer System, Colorado River Basin.
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