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A B S T R A C T

Groundwater geochemistry and 87Sr/86Sr from spring waters in the Spring Mountains, NV were used to un-
derstand how groundwater recharging in the Spring Mountains influences regional groundwater flow in the
Death Valley Regional Flow System (DVRFS). Previous researchers hypothesized that groundwater from the
Spring Mountains contributes to the DVRFS, an interbasin groundwater flow system (IGF). However, the Spring
Mountains are geologically heterogeneous, therefore, a uniform contribution of groundwater flow across the
range is unlikely. Here, we use spring water geochemistry, spring water and host rock 87Sr/86Sr, and observa-
tions of the surrounding geology to determine what regions of the Spring Mountains are likely to contribute more
flow to the DVRFS. Based on geochemical and isotopic evidence, Spring Mountains groundwater can be divided
into three flow regions with distinct geochemical signals reflecting silicate or carbonate water-rock interactions
and location relative to major thrust faults. The Keystone Thrust flow region (KST) has a 87Sr/86Sr of
0.710–0.711, is recharged by both rain and snow, and weathers both Mesozoic sandstones and Permian and
Cambrian carbonate. Central Spring Mountains (CSM) groundwater has a 87Sr/86Sr of ~0.708, is primarily
recharged by snow, and weathers Permian and Cambrian limestones and dolostones. The Montgomery Hills
(MH) flow region has a 87Sr/86Sr 0.711–0.733, is recharged by both rain and snow, and weathers both Permian
and Cambrian carbonates and Precambrian siliciclastics. Groundwater mixing between flow groups occurs along
major thrust faults in the study area, as evidenced by 87Sr/86Sr signatures that reflect one flow group and δ18O
and δ2H and geochemical signatures that reflect another flow group. The combination of geochemical and
isotopic results suggest CSM groundwater is the most likely to reach Death Valley because CSM groundwater
composition reflects the geochemical and isotopic signatures of the highly permeable rocks that connect the
Spring Mountains to Death Valley. Flow leaving the KST and MH also influences the DVRFS after mixing with
CSM groundwater along major thrust faults.

1. Introduction

The concept of interbasin groundwater flow (IGF) is well established
(Frisbee et al., 2016; Genereux et al., 2013, 2002; Pacheco, 2015;
Stewart-Maddox et al., 2018; Tóth, 1999, 1995, 1963). IGF occurs when
groundwater flow crosses surface water drainage divides and dis-
charges in an adjacent topographic basin. Although sedimentary bed-
rock may be naturally conducive to the occurrence of IGF (Frisbee et al.,
2016; Stewart-Maddox et al., 2018), it can occur in different geologic

settings. For example, IGF was observed in watersheds underlain by
volcanic bedrock in Costa Rica (Genereux et al., 2013, 2002), in vol-
canic, volcaniclastic, and sedimentary rocks of the lower Rio Grande
Valley in New Mexico (Langman and Ellis, 2010), and in Quaternary
sediments in Denmark (Danapour et al., 2019). Local- and intermediate-
scale flowpaths are interpreted to contribute to regional groundwater
flow systems through large faults and contact zones (Pacheco and Van
der Weijden, 2014a). Recent studies identify IGF as an integral com-
ponent of the Death Valley Regional Flow System (DVRFS) in the
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deserts of southern Nevada and eastern California (Anderson et al.,
2006; Belcher and Sweetkind, 2010; Nelson et al., 2004; Nelson and
Mayo, 2014; Stetzenbach et al., 1999; Thomas et al., 2013).

The DVRFS is an extensive and complex regional set of aquifers in
southern Nevada and southeastern California (Belcher and Sweetkind,
2010). Groundwater in the DVRFS is recharged at high elevations in the
Spring Mountains and other central and southern Nevada uplands
(Pahranagat Range, Sheep Range, Quinn Canyon Range, etc.) and
supplies flow to high discharge springs in desert basins such as Death
Valley and Amargosa Valley (Belcher et al., 2009; Bushman et al., 2010;
Thomas et al., 2013). Understanding the magnitude and geographic
extent of IGF connectivity and spring permanence is important for
groundwater management and planning (Belcher et al., 2009), parti-
cularly in the arid southwest where high temperatures and low annual
recharge limit the presence of surface water. Additionally, climate
change is altering recharge patterns in arid regions (Akiyama et al.,
2018; Love and Zdon, 2018; McKenna and Sala 2018). Recharge to the
DVRFS is expected to decrease (Meixner et al., 2016), yet desert com-
munities and groundwater-dependent ecosystems rely on groundwater
as the primary, sometimes only, source of perennial freshwater
(Klausmeyer et al., 2018; Patten et al., 2008). Despite the importance of
groundwater in the region, the contributing areas to and groundwater
fluxes in the DVRFS are still debated (Anderson et al., 2006; Belcher
et al., 2009; Belcher and Sweetkind, 2010; Burbey, 1997; Bushman
et al., 2010; D’Agnese et al., 1998; Hevesi et al., 2003).

Research in the DVRFS region has utilized water chemistry, iso-
topes, and various modeling techniques to quantify and delineate
groundwater flowpaths that contribute to basin springs as part of the
large IGF network (Belcher and Sweetkind, 2010; Bushman et al., 2010;
Peterman et al., 1992; Thomas et al., 2013; Ye et al., 2016). The Spring
Mountains are the highest range in the DVRFS and receive a relatively
large annual precipitation from both winter snow and summer rainfall
(Winograd et al., 1998). The Spring Mountains receive substantial
modern recharge that supplements the paleorecharge in storage
(Hershey et al., 2016) and provides hydraulic forcing necessary for
sustaining flow in the DVRFS. Indeed, previous studies indicate that the
Spring Mountains, NV are one of the greatest sources of recharge in the
DVRFS (Belcher et al., 2009; Belcher and Sweetkind, 2010; Bushman
et al., 2010; Hevesi et al., 2003; Larsen et al., 2001; Stetzenbach et al.,
1999; Thomas et al., 2013; Tiedeman et al., 2003; Winograd et al.,
1998; Winograd and Pearson, 1976). While regional research is abun-
dant, detailed hydrogeologic studies focused on the geochemistry of
Spring Mountains groundwater as it relates to the DVRFS are scarce and
often lack incorporation of structural controls and applications of en-
vironmental tracers, which can be used to infer connectivity of flow-
paths (Hershey, 1989; Hershey et al., 2016; Hughes, 1966).

In this study, Spring Mountains groundwater was evaluated as a
contributing influence to the DVRFS by use of water stable isotopes
(δ18O and δ2H), general geochemistry, and 87Sr/86Sr of spring water
and rock units thought to host flowpaths measured at twelve springs,
along with observations from published geologic maps and cross sec-
tions. Specifically, this project aims to: (1) identify recharge areas and
potential mixing between groundwater regions; (2) characterize the
geochemistry of Spring Mountains springs; (3) understand the influence
of geology on groundwater flow; and (4) identify the region of Spring
Mountains most likely to contribute groundwater to the DVRFS.

2. Study area

The Spring Mountains are a northwest-southeast trending mountain
belt in southwestern Nevada between the cities of Las Vegas, NV and
Pahrump, NV (Fig. 1). The mountain belt lies in the southern Great
Basin physiographic province and spans more than 80 km in length
with over 2200 km2 of mountainous terrain. The Spring Mountains are
the highest mountain range in southern Nevada (Mt. Char-
leston=3632masl) and exhibit significant relief from adjacent basins

(Pahrump≈800masl, Las Vegas≈ 600masl).

2.1. Climate and precipitation

The large relief of the Spring Mountains causes climate patterns to
vary with elevation; alluvial valleys are arid lowland deserts while high
elevations have a climate similar to an alpine tundra (Hershey, 1989).
The Spring Mountains receive significant recharge despite their location
in the rain shadow of the Sierra Nevada (Hevesi et al., 2003). Average
annual precipitation ranges from 20 cm in the foothills up to greater
than 70 cm at mountain crests (Moreo et al., 2014; Winograd et al.,
1998; Winograd and Thordarson, 1975). Winograd et al. (1998) classify
precipitation events into two types, 1) low-pressure winter storms that
originate over the Pacific Ocean and 2) short and intense summer
storms that originate from the Gulf of California and the Gulf of Mexico.
Stable isotope evidence from prior studies (Springer et al., 2016;
Winograd et al., 1998) suggests that both summer and winter storms
contribute to groundwater flow; however, late spring snowmelt con-
stitutes the greatest proportion (>90 percent) of recharge. Mean an-
nual air temperatures are also variable, particularly across the elevation
gradient of the Spring Mountains. The average annual temperature at
Lee Canyon from 2009 to 2017 (2414m) was 9.5 °C (NOAA-NCDC,
2019). In the adjacent southwest basin, the average annual temperature
of Pahrump is 17.3 °C with summer highs approaching 40 °C (NOAA-
NCDC, 2019). Consequently, vegetation also varies with elevation
(Moreo et al., 2014). At low elevations desert shrubs dominate the
environment. As elevation increases, vegetation transitions to a juniper-
pinyon woodland environment and eventually to a coniferous forest
and alpine tundra (Hershey, 1989).

Spring Mountains groundwater is an important water resource for
local communities and ecosystems and provides freshwater to the
nearby cities of Las Vegas, NV (Las Vegas Valley Water District, 2018)
and Pahrump, NV (Harrill, 1986; Nye County Water District, 2018).
Rainfall and surface water are limited in the southern Great Basin;
therefore, desert ecosystems are dependent on a stable discharge of
groundwater as a reliable source of freshwater. Indeed, Spring Moun-
tains springs host highly productive groundwater-dependent ecosys-
tems (Kreamer et al., 2015). In addition to recharging the underlying
aquifer and supplying local springs with groundwater flow, the Spring
Mountains conduct mountain front recharge to the basinal aquifer
systems to the east and southwest (Harrill, 1986; Morgan and Dettinger,
1994).

2.2. Geology

The Spring Mountains comprise a sequence of sedimentary strata
deposited upon the Paleozoic passive margin of western North America.
These strata have since been displaced by thrust and normal faults,
uplifted, and deeply eroded, exposing the regional carbonate aquifer
that underlies much of the southern Great Basin (Figs. 1 and 2). From
northwest to southeast, strata transition up-section from Precambrian
siliciclastic rocks to Paleozoic dolostone and limestone to Mesozoic
sandstones. The Sevier orogeny generated folds and northeast-south-
west trending thrust faults, namely the Keystone Thrust, Lee Canyon
Thrust, and the Wheeler Pass Thrust (Burchfiel et al., 1974). Basin and
Range extension caused northwest-southeast trending normal faults to
cut existing thrust faults (Page et al., 2005).

Four major rock types dominate the Spring Mountains: sandstone,
limestone, dolostone, and siliciclastic rocks (Table 3). Mesozoic sand-
stones are present in the eastern Spring Mountains near the Keystone
Thrust (KST) and are the youngest rocks in the mountain belt. In ad-
dition to sandstone, evaporite lenses found in Mesozoic units are ob-
served to influence groundwater geochemistry where present (Hershey,
1989). Limestone and dolostone are abundant at the highest elevations
in the central Spring Mountains (CSM). Typically, limestone units are
younger than down-section dolostone units. The Bird Spring Formation
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is commonly surficially exposed in the CSM and has a maximum ex-
posed thickness of 2355m suggesting its importance for recharging
groundwater (Page et al., 2005). The northwest Spring Mountains, re-
ferred to as the Montgomery Hills (MH), comprise the oldest rocks in

the mountain belt and are located northwest of the Wheeler Pass
Thrust. The Montgomery Hills are predominately quartzite, but also
include siltstone, sandstone, shale, and minor dolostone and limestone
beds. Rocks in the Montgomery Hills are commonly brecciated.

Fig. 1. Simplified geologic map of the Spring Mountains adapted from Page et al. (2005) and Workman et al. (2016) Rocks units are colored by their primary
composition and age; color breakdown is listed in Table 3. Green units are Mesozoic sandstones, purple units are Permian and Cambrian dolostone and limestone,
yellow units are Cambrian and Precambrian siliciclastics. Springs are plotted as blue dots with their corresponding sample names (IES-XXX) and the relevant
87Sr/86Sr listed below each spring point. Major structural features are displayed as identified and adapted from Geologic and Geophysical maps of the Las Vegas
30′ x 60′ Quadrangle, Clark and Nye Counties, Nevada, and Inyo County, California (Page et al., 2005) and (Workman et al., 2016). Potentiometric contours adapted
from (D’Agnese et al., 1998) are displayed in dark blue. The cross-section A-A′ is displayed in Fig. 2. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2. Block diagram cross section from A to A′ (Fig. 1) adapted from Page et al. (2005). Springs emergence locations are approximate. Geologic units for four
regions in the Spring Mountains are listed below the block diagram for the portion of the Spring Mountains they represent. Geologic unit abbreviations are defined in
Table 3.
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Two major thrust faults separate the three primary rock regions
(Fig. 2). The Keystone Thrust Fault, located in the southeastern Spring
Mountains, occurs at the contact between the Aztec Sandstone (Ja) and
the Bonanza King Dolostone (Cbk). There, Permian and Cambrian do-
lostone and limestone are thrust atop Mesozoic sandstones. The
Wheeler Pass Thrust Fault, located in the northwest Spring Mountains,
places the Stirling Quartzite (Zs) atop the Bird Springs Formation (Pmb)
and marks the stratigraphic transition from Permian carbonate to
Cambrian and Precambrian siliciclastic rocks. Similarly, numerous
thrust faults such as the Lee Canyon Thrust, cut the CSM but do not
displace different rock types.

3. Methods

Observations from geologic maps were combined with strontium
isotopes and spring geochemistry and water isotope data to predict
groundwater flowpaths for twelve springs and to infer groundwater
flow in the rest of the Spring Mountains. Geologic structures are im-
portant controls on groundwater flow both within the DVRFS (Al-
Qudah et al., 2017; Belcher and Sweetkind, 2010; D’Agnese et al.,
1998) and globally (Dimmen et al., 2017; Seymour et al., 2008;
Vittecoq et al., 2015). In fact, DVRFS spring emergences are highly
correlated to structural features. Geologic maps (Page et al., 2005;
Workman et al., 2016) were used to identify structural features and
changes in rock types. Springs along pervasive thrust faults in the
Spring Mountains were used to study how groundwater composition
evolves along thrust faults and differs between regions. In addition,
potentiometric surface maps displayed on Fig. 1 (D’Agnese et al., 1998)
were used to infer groundwater flow direction.

Dissolved strontium and strontium isotope ratios (87Sr/86Sr), along
with general geochemistry are commonly used to better understand
potential groundwater flowpaths (Blum et al., 1993; Clow et al., 1997;
Négrel et al., 2018; Pacheco and Van der Weijden, 2014b; Pu et al.,
2012; Stevenson et al., 2018; Stewart-Maddox et al., 2018; Zieliński
et al., 2017). As water flows through rocks and soils it accumulates
dissolved strontium. The 87Sr/86Sr of the resulting water is a product of
the initial 87Sr/86Sr of the water and the 87Sr/86Sr of material weath-
ered along the flowpath. Differences in 87Sr/86Sr can be attributed to
exposure to different mineral sources or to mixing between multiple
water types if sources with distinguishable 87Sr/86Sr exist. Derivation of
flowpaths from 87Sr/86Sr is limited by the extent of known 87Sr/86Sr in
potential flowpath geology (Paces et al., 2007). We used published
87Sr/86Sr values from Spring Mountains units, the strontium sea water
curve and rock age, and leaching experiments from outcrop samples to
better constrain the range of potential 87Sr/86Sr and predict ground-
water flowpaths.

Spring geochemistry can also be used to estimate weathering

patterns and to predict groundwater flowpaths (Blum et al., 1998;
Garrels and Mackenzie, 1967; Johnson et al., 2000; Pretti and Stewart,
2002; Rademacher et al., 2001). Determining the amount of material
weathered in carbonate and dolostone systems such as the Spring
Mountains is difficult because calcite reaches saturation quickly and is
easily precipitated. However, spring geochemistry can be used to
identify the weathering of silicate minerals in addition to limestone
(Blum et al., 1998; Jacobson et al., 2002). δ18O and δ2H can be used to
estimate the fraction of recharge from snow and to identify different
recharge elevations. (Beria et al., 2018; Penna et al., 2014; Winograd
et al., 1998). We used δ18O and δ2H to better constrain potential
flowpaths inferred from 87Sr/86Sr and spring geochemistry.

3.1. Sampling procedures and analyses

Spring water samples were collected from eight Spring Mountains
springs in March of 2016. Four additional springs were added to in-
crease spatial resolution in July 2017, May 2018, and July 2018.
Samples were collected using a GeoTech peristaltic pump with
Masterflex platinum-cured silicone tubing positioned at the spring
source or uppermost discharge location. Field temperature measure-
ments were collected at each spring source, whereas pH and con-
ductivity were determined at the New Mexico Bureau of Geology &
Mineral Resources Analytical Chemistry Laboratory (Table 1). At each
spring, samples for cation and anion analysis were filtered with 0.22 µm
polyethersulfone membrane Sterivex-GP pressure filters and collected
in 250mL high density polyethylene bottles (HDPE). Water to be ana-
lyzed for 87Sr/86Sr was filtered and collected in 125mL HDPE bottles.
Water δ18O and δ2H samples were collected in 2mL glass vials with no
head space.

General chemistry and δ18O and δ2H samples were stored cold), and
all samples were shipped to an analytical lab within six months.
Strontium isotope samples were analyzed at University of Illinois,
Urbana Champaign using a Nu Plasma HR multicollector inductively-
coupled-plasma mass-spectrometer. Stable isotope samples were ana-
lyzed at the University of California, Davis stable isotope facility for
δ18O and δ2H using a continuous flow isotope mass spectrometer. Major
cations were measured using an ICP-OES according to EPA method
200.7 and major anions were measured using an IC according to EPA
method 300.0 at the New Mexico Bureau of Geology & Mineral
Resources Analytical Chemistry Laboratory. General chemistry,
87Sr/86Sr, and water δ18O and δ2H values are reported in Table 2.

3.2. Rock leaching experiments & 87Sr/86Sr as a geochemical tracer

Rock 87Sr/86Sr were collected throughout the Spring Mountains and
compared to groundwater 87Sr/86Sr to better understand rock

Table 1
List of sampled springs and field and lab metrics. Temperature was recorded in field with a YSI Pro Plus. Specific conductance and pH were determined in lab by the
New Mexico Bureau of Geology & Mineral Resources Analytical Chemistry Laboratory. Flow region abbreviations are as follows: Keystone Thrust= KST, Central
Spring Mountains=CSM, Montgomery Hills=MH. *Temperature was not collected at the spring and was instead supplemented with data from the USGS (USGS
361541115415001 and USGS 360840115251001) (USGS, 2019).

IES Number Spring Name Sample Date Easting Northing Elevation (m) Temperature (°C) pH Specific Conductance (µS/cm) Flow Region

IES-001 Mountain Spring 3/12/16 634808 3987716 1688 17.2 8.1 911 KST
IES-002 Potosi/BSA Spring 3/12/16 635816 3985472 1648 9.9 7.9 593 KST
IES-003 Cave Spring 3/13/16 626122 4003263 1950 9.5 7.5 670 CSM
IES-004 Kiup Spring 3/13/16 614662 4002847 1571 15.9 7.4 756 CSM
IES-005 Horse Spring 3/13/16 600198 4017646 1518 16.9 7.7 539 MH
IES-006 Buck Spring 3/14/16 609764 4022636 2209 9.7 7.5 657 CSM
IES-007 Grapevine Spring 3/14/16 587257 4035099 1359 19.8 8.0 665 MH
IES-008 Grapevine Spring 2 3/14/16 587205 4035115 1360 17.2 7.8 926 MH
IES-052 Peak Spring 7/06/17 617004 4013692 3176 4* 7.9 202 CSM
IES-063 La Madre Spring 5/24/18 634277 4005801 1761 13.8 7.7 610 KST
IES-064 Willow Creek Spring 5/24/18 610794 4030910 1827 11.9 7.6 436 CSM
IES-065 Red Spring 7/27/18 642103 4001111 1117 20* 7.7 431 KST
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weathering and groundwater flowpaths. However, prior to this study,
only a subset of rocks present in the Spring Mountains had published
87Sr/86Sr values (Paces et al., 2007). To fill this gap, eighteen total rock
samples were selected from sixteen geologic units hypothesized to be
significant to groundwater flow based on published cross sections (Page
et al., 2005) and DVRFS characterization (Belcher and Sweetkind,
2010). Rock samples were collected from outcrops in the Spring
Mountains in March 2018. Geologic maps by Page et al. (2005) and
Workman et al. (2016) were used to determine sample locations for
each of the sixteen units. Fresh rock samples typically about 1000 cm3

were collected from each outcrop.
87Sr/86Sr values were determined from leachate water using

methods adapted from Frisbee et al. (2017). Rock samples were crushed
and sieved with a 0.4 size sieve (4.76mm) at Purdue University. For
each geologic unit, 200mg of crushed rock was added to a 1 L HDPE
bottle with deionized water. The bottles were capped tightly, sealed
with electrical tape, and stored for 2months in the laboratory. After the
allotted time, samples were decanted and analyzed at the ICMPS facility
at University of Illinois – Urbana Champaign. Rock leaching results are
reported with previously published 87Sr/86Sr values in Table 3.

Leaching with deionized water provides information on the most
easily released sources of strontium in the host rocks. However, by
crushing the rock we aim to increase the mineral surface area and en-
hance weathering of the more resistant minerals. One shortcoming of
this technique is that water is essentially stagnant in the bottle unless
the bottle is occasionally agitated and does not represent natural con-
ditions where solutes are transported away from the mineral surface by
flowing water. The Paces et al. (2007) methodology included pow-
dering whole rocks and leaching them in dilute hydrochloric acid.
These methods may give slightly different results since there is het-
erogeneity within the mineralogy of a rock sample and because hy-
drochloric acid aggressively weathers a broader assemblage of minerals
compared to deionized water.

3.3. Spring Mountains recharge

Spring water δ18O values were utilized to determine the relative
importance of snow and rain to groundwater recharge in the study area
(Genereux, 1998; Liu et al., 2004; Winograd et al., 1998). δ18O values
of rain and snow reported in Winograd et al. (1998) were used to create
a weighted average for each precipitation type. The calculation only
sourced δ18O from Winograd et al. (1998) because other Spring
Mountains stable isotope studies do not report amount of precipitation
for each δ18O observation. The fraction of recharge from snow was
computed using Eq. (1), where OSpring

18 is the measured O18 value for
spring water, ORain

18 is the weighted mean of rain O18 observations,
and OSnow

18 is the weighted mean of snow O18 observations from 88
observations of rain (n=41) or snow (n=47) collected between 1975
and 1978 and 1987 to 1988 (Winograd et al., 1998). Eq. (1) is a two-
endmember mixing model that assumes δ18O of snowmelt and rainfall
are the only sources of δ18O influencing discharging groundwater
(Beria et al., 2018; Penna et al., 2014; Winograd et al., 1998).

=f
O O
O Osnow

Spring Rain

snow rain

18 18

18 18 (1)

The certainty of the calculated fraction of recharge from snow is
limited by the incomplete precipitation record throughout a non-
consecutive six year period (Winograd et al., 1998), which may bias
endmembers. Isotopes of precipitation vary from storm to storm and
from year to year (Dansgaard, 1964), thus increasing the potential for
uncertainty due to the incomplete precipitation record. In addition, rain
data were collected at three locations and snow data were collected at
five locations, limiting the spatial coverage of the record. Discharging
spring water is likely not fully represented by recharge during the six
years that data are available. For example, Springer et al. (2016)Ta
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reported stable isotope samples collected from 2011 to 2012 for many
of the same springs sampled by Hershey (1989) from 1985 to 1987,
which are on average 0.61‰ greater for δ18O and 1.34‰ greater for
δ2H 24–27 years later. Uncertainty in the fraction of recharge from
snow is further increased by the limited spatial extent of sample col-
lection. Instances of percent snow values greater than 100% are likely
due to spatiotemporal limitations of the record used to define end-
members.

4. Results

4.1. Stable isotope observations

Spring water δ18O and δ2H range from −12.06 to
−13.71± 0.08‰ and −86.6 to −99.1±0.83‰, respectively
(Table 2, Fig. 3). Winograd et al. (1998) and Hershey (1989) collected
rain and snow within the Spring Mountains for multiple seasons be-
tween 1975 and 1988, and our spring water δ18O and δ2H values fall

Table 3
87Sr/86Sr from IES rock leaching experiments and Paces et al. (2007). Comparison of Paces et al., (2007) and IES data is presented in Fig. 3. Map color corresponds
with Fig. 1. Individual rock units were grouped into three colors as determined by geologic age, composition, and 87Sr/86Sr. The map color for each rock unit is listed
under Map Color and corresponds to Fig. 1. Flow group #1 is the Keystone Thrust flow region; flow group #2 is the central Spring Mountains flow region; flow group
#3 is the Montgomery Hills flow region.

Rock Unit
Symbol

Rock Unit Name Map Color Hand Sample
Composition

Present in Flow
Group

Rock Leaching Experiments Paces et al., (2007) 87Sr/86Sr
range

Easting Northing 87Sr/86Sr Uncertainty

Ja Aztec Sandstone Green Sandstone 1 636589 3986128 0.71116 ±0.00005 –
JTrKc Kayenta Formation Green Sandstone 1 638579 3984572 0.71115 ±0.00005 –
JTrKc Kayenta Formation Green Conglomerate 1 638594 3984548 0.71102 ±0.00005 –
Trml Lower Moenkopi

Formation
Green Limestone 1,2 640941 3992477 0.70827 ±0.00005 –

Pkt Kaibab and Toroweap
Formations

Purple Limestone 1 644610 3990660 0.70829 ±0.00005 –

Pr Lower Permian Redbeds Purple Sandstone 1,2 644810 3990706 0.70823 ±0.00005 –
Pmb Bird Springs Formation Purple Limestone 1,2,3 632669 3987605 0.70875 ±0.00005 0.70790–0.70913
Mm Monte Cristo Group Purple Limestone 1,2,3 633411 3987535 0.70836 ±0.00005 0.70844
Mdu Mississippian and

Devonian Rocks
Purple Limestone 1,2,3 634119 3987346 0.70855 ±0.00005 0.70862–0.70886

Dsi Simonson Dolostone Purple Dolostone 2 – – – – 0.70862–0.70866
Dsu Devonian & Silurian Rocks

undivided
Purple Dolostone 2 – – – – –

DOm Mountain Springs
Formation

Purple Dolostone 1,2 634735 3988093 0.70891 ±0.00008 –

Oes Ely Springs Dolostone Purple Dolostone 2 – – – – 0.70813–0.70946
Oe Eureka Quartzite Purple Quartzite 2 – – – – –
Ocp Pogonip Group Purple Quartzite 2,3 582066 4024796 0.71200 ±0.00005 0.71200
Cn Nopah Formation Purple Dolostone 1,2,3 634957 3988110 0.70898 ±0.0001 0.70847–0.71013
Cbk Bonanza King Formation Purple Dolostone 1,2,3 635150 3988220 0.70935 ±0.0001 0.70857–0.72543
Cbk Bonanza King Formation Purple Dolostone 1,2,3 585382 4034067 0.71235 ±0.00005 0.70857–0.72543
Cc Carrara Formation Yellow Limestone 3 585245 4034444 0.71315 ±0.00005 0.71018–0.71282
Cz Zabrinskie Quartzite Yellow Quartzite 3 585113 4034417 0.72237 ±0.00005 –
Czw Wood Canyon Formation Yellow Quartzite 3 583433 4034253 0.71205 ±0.00005 0.70945–0.72543
Zs Stirling Quartzite Yellow Quartzite 3 – – – – 0.71125–0.71343
Zj Johnnie Quartzite Yellow Quartzite 3 581158 4033515 0.71136 ±0.00005 –

Fig. 3. A) Stable isotope plot of Spring Mountains Springs (gray circles) and published rain (orange squares) and snow (blue triangles) δ18O and δ2H values (Hershey,
1989; Winograd et al., 1998). The global meteoric (GMWL), = +D O8 1018 is plotted in black. The local meteoric water line from Winograd et al. (1998),

= +D O7.8 7.218 is plotted as a dashed black line. 3B) Zoomed in view of Fig. 3A focusing on sampled springs. Water lines, rain, and snow points are styled in the
same manner as Fig. 3A. Springs are colored by flow region with green=KST, purple=CSM, yellow=MH. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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within the historical range for those studies (Fig. 3). δ18O values of rain
and snow reported in Winograd et al. (1998) were used to calculate a
weighted average δ18O for rain and snow, and were combined with
spring water δ18O values in Eq. (1) to calculate the percentage of re-
charge from snow for each spring. The percentage of snow contributing
to spring recharge ranges from 18 to 105 % (Table 2). This estimate is
limited by the unevenly distributed data over the 6-year period of re-
cord.

Springs emerging along the KST have δ18O and δ2H values ranging
between −12.74 and −12.06± 0.08‰ and −92.4‰ and
−86.6‰±0.83‰, respectively. KST springs are isotopically heavier
than the rest of sampled springs and receive between 18 and 54% of
their recharge from snow based on 2 end-member mixing calculations
using snow and rainfall δ18O data from Winograd et al. (1998). Springs
discharging in the CSM emerge at the highest elevations in the Spring
Mountains and have relatively lighter δ18O and δ2H, ranging between
−13.71 and −13.18± 0.08‰ and −99.1.4‰ and
−92.9‰±0.83‰, respectively. CSM springs receive more than 77%
of their recharge from snow based on mixing analysis using δ18O pre-
cipitation data from Winograd et al. (1998). Springs in the MH flow
region have intermediate δ18O and δ2H, ranging between −13.45 and
−13.1±0.08‰ and −95.2‰ and −91.9‰±0.83‰, respectively.
MH springs receive between 73 and 91% of their recharge from snow
based on δ18O precipitation data from Winograd et al. (1998).

4.2. Spring geochemistry

Sampled spring waters were grouped according to their hydro-
chemical facies. All springs in the study area are either Ca-HCO3− or
Mg-HCO3− water (Fig. 4) and are saturated with respect to calcite and
dolomite. Generally, the degree of saturation with respect to calcite and
dolomite increases from the CSM to MH to KST. Springs in this study
exhibit a positive correlation between Ca2++Mg2+ and SO42−+½
HCO3−, and follow the expected geochemical trend for dedolomitiza-
tion as distance from the recharge area increases (Fig. 5, R2=0.989)
(Raines and Dewers, 1997). Dedolomitization occurs as groundwater
weathers dolomite and gypsum (50:50) and subsequently super-
saturates groundwater with calcite (Raines and Dewers, 1997).

The Mg2+/Ca2+ of spring waters varies from 0.39 to 1.48
throughout the Spring Mountains. High Mg2+/Ca2+ (>1) is more

commonly observed in springs discharging at lower elevations (below
1700m) and in springs with relatively warmer temperatures (>15 °C).
Springs discharging along the KST in the southern Spring Mountains
near Mountain Springs, NV (IES-001 and IES-002, Fig. 1) emerge from
dolostone (Bonanza King and Nopah Formations) and exhibit very high
Mg2+/Ca2+; 1.48 and 1.47, respectively. Springs discharging along the
northern portion of the KST near Red Rock Canyon National Con-
servation Area (IES-063 and IES-065) have lower Mg2+/Ca2+, 0.67 and
0.86, respectively. Mg2+/Ca2+ in CSM springs ranges from 0.39–0.92
and 0.89–1.14 in the MH. Spring temperature and Mg2+/Ca2+ are

Fig. 4. Piper diagram of the Spring Mountains. Springs are colored by flow
region with green=KST, purple=CSM, yellow=MH. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Plot showing dedolomitization trend in Spring Mountains groundwater.
The solid line represents 1:1 weathering between dolomite and gypsum, data
along this trend indicate increasing dedolomization (Raines and Dewers, 1997).
Springs are colored by flow region with green=KST, purple=CSM,
yellow=MH. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Plot comparing temperature and elevation to Mg2+/Ca2+.
Temperatures for IES-052 and IES-065 were not collected during field sampling
and were supplemented with USGS data (USGS 361541115415001 and USGS
360840115251001, respectively) (USGS, 2019). IES-001 and IES-002 (light
red) emerge in shallow pools with low discharge (>1 L/s). The pool tempera-
ture is influenced by the temperature of the atmosphere and is not re-
presentative of the discharging groundwater. IES-001 and IES-002 were not
used in the temperature versus Mg2+/Ca2+ regression line and R2 calculation
for this reason. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)
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positively correlated (R2=0.74, Fig. 6B). IES-001 & IES-002 are not
included in the temperature relationship as they discharge in low-flow
pools and have significant diurnal temperature signals. The diurnal
temperature signal was observed using a long-term temperature logger
with a sampling interval of 15min in IES-002. Although IES-001 did not
have a logger in place, it likely also exhibits diurnal temperature fluc-
tuations because of the very low discharge (>1 L s−1) in a shallow pool.

4.3. Strontium spring water and rock leaching experiment results

Spring water 87Sr/86Sr range from 0.70831 to 0.73314± 0.00005
(Table 2). Springs near the KST include IES-001, 002, 063 and 065, and
their 87Sr/86Sr range between 0.71038 and 0.71115± 0.00005
(87Sr/86Sr data is not available for IES-065 at this time). Springs in the
CSM include IES-003, 004, 006, 052, and 064, and have the lowest
87Sr/86Sr of all measured springs (0.70831–0.70879±0.00005).
Springs in the MH (or northwest of the Wheeler Pass Thrust Fault) in-
clude IES-005, 007, and 008 and have a 87Sr/86Sr of
0.71102–0.73314±0.00005, the highest of all measured springs.

Rock leaching 87Sr/86Sr range from 0.70823 to 0.72237± 0.00005
(Table 3). We did not conduct leaching experiments on five units pre-
sent in the Spring Mountains (Table 3) because the units are thin (Dsi,
Dsu, Oe, Oes) or only observed in the MH (Zs). 87Sr/86Sr for these five
units was supplemented by 87Sr/86Sr values from (Paces et al., 2007).
Paces et al. (2007) conducted multiple rock leaching experiments on
rocks collected throughout southern Nevada for many of the geologic
units present in the Spring Mountains. Many of the rock leaching
87Sr/86Sr reported in Paces et al. (2007) were collected from outcrops
containing units present in the Spring Mountains but were collected
outside of the Spring Mountains in other areas of southern Nevada.
87Sr/86Sr from rock leaching experiments in our study are within the
range of previously published rock leaching data for the same geologic
units in the region (Fig. 7, Table 3).

Groundwater 87Sr/86Sr was compared to nearby rocks using the
87Sr/86Sr results from rock leaching experiments on Spring Mountains

rocks. The footwall of the KST comprises a sequence of Mesozoic
sandstones, whereas the hanging wall is limestone and dolostone.
Mesozoic sandstones in the footwall are the only rocks with 87Sr/86Sr
greater than 0.710 present in the potential flowpaths of KST springs
(based on D’Agnese et al., 1998). Rocks in the hanging wall of the KST
have 87Sr/86Sr of 0.70836–0.70935±0.00005. Rocks in the CSM are
predominately younger limestone units atop older dolostone; however
thin quartzite beds are also rarely present. Dolostone and limestone
87Sr/86Sr in the CSM range between 0.70823 and 0.71200± 0.00005.
Only three (Bonanza King Formation, Nopah Formation, and the Po-
gonip Group) of fourteen CSM units are greater than 0.70898. 87Sr/86Sr
of rocks in Montgomery Hills (0.71136–0.72237±0.00005) are the
highest 87Sr/86Sr in the region for both rocks and water. Diagenetic
fluids that previously circulated through rubidium-rich rocks and de-
posited radiogenic strontium are likely the cause of the elevated
87Sr/86Sr present in the region (Paces et al., 2007).

5. Discussion

Three distinct but connected flow regions exist in the Spring
Mountains: the KST, the CSM, and the MH (Fig. 8). The identification of
flow regions is supported by evidence from 1) δ18O and δ2H, 2) spring
geochemistry, and 3) comparison 87Sr/86Sr from spring water and rock
leaching experiments to Spring Mountains geology.

5.1. Recharge patterns

Spring water δ18O and δ2H in the Spring Mountains vary because of
differences in the dominant recharge source (rain vs. snow). The
sandstone cliffs in the footwall of the KST are at a lower elevation than
Mt. Charleston and thus receive a greater proportion of rain. As a result,
δ18O and δ2H of precipitation along the Wilson Cliffs (Fig. 1) is heavier
than CSM precipitation based on modeled spatial variations in isotope
values of precipitation across the United States (Bowen, 2019; Bowen
and Revenaugh, 2003). KST springs IES-001, IES-002, and IES-065 re-
ceive between 18 and 22% of recharge from snow. KST spring IES-063
is located at a higher elevation than the southern KST springs (IES-001,
IES-002, and IES-065) and receives a greater proportion of recharge
from snow (54%). The relatively light stable isotopic signature of IES-

Fig. 7. Plot comparing IES rock leaching results to rock leaching results in
Paces et al. (2007). IES rocks were crushed and leached in deionized water for
2 months. Paces et al. (2007) powdered and leached rocks in HCl. IES data are
plotted with the same x and y value as black circles. Paces et al. (2007) data for
the same rock unit is plotted along the x axis as a bar representing the range of
Paces et al. (2007) data, the y value for the bars is the IES rock leaching
87Sr/86Sr for a given rock unit. IES data displayed in red do not fall in the range
of Paces et al. (2007). Generally, agreement between leaching methods is good.
Samples are labeled with their rock abbreviation (Table 3) directly to the left of
the low value for the Paces et al., (2007) range. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 8. Plot showing groundwater flow regions. The Keystone Thrust flow re-
gion is green, the Central Spring Mountains flow region is purple, and the
Montgomery Hills flow region is yellow. Flow regions are separated by two
major thrust faults, the Keystone Thrust and the Wheeler Pass Thrust (both
trend northeast-southwest). Springs near the KST have 87Sr/86Sr of ~0.71. CSM
springs have 87Sr/86Sr of ~0.708. Springs in the MH have 87Sr/86Sr greater than
0.71. Rock leaching results are displayed as colored bands on the left y axis.
Green bands correspond with sandstones sampled in the KST. Purple bands are
dolostone and limestone present in the CSM. Yellow bands display rocks in the
MH. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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063 suggests that the La Madre Fault may be a conduit for groundwater
flow that is recharged at high elevations in the CSM. Groundwater flows
down-gradient from the CSM recharge area along the La Madre Fault
before discharging at IES-063 (D’Agnese et al. 1998). Rain recharging
the KST also contributes to flow at IES-063 but with a smaller con-
tribution than to southern springs. The southern portion of the KST is at
a lower elevation and potentiometric gradient, and thus groundwater
present has a greater potential to accumulate flow derived from rain as
KST flowpath length increases. Springs along the KST are recharged by
both rain falling over the sandstone cliffs and by rain and snow that
recharges through limestone and dolostone present at higher elevations
in the CSM, with the fraction of recharge by rain in the southern KST.

CSM precipitation falls primarily as snow at high elevations, such as
Mt. Charleston, but also receives some summer rain, as evident by the
high fraction of recharge by snow (77–105% snowmelt) in discharging
springs. Spring waters in the CSM are closest to δ18O and δ2H for his-
torical snow observations compared to springs in the KST and MH
(Hershey, 1989; Winograd et al., 1998) (Fig. 3). Potentiometric con-
tours developed by D’Agnese et al. (1998) suggest that water recharged
at high elevations around Mt. Charleston flows downgradient toward
IES springs, thus suggesting a pathway for high fractions of snow re-
charge reaching springs at lower elevations.

MH δ18O and δ2H values suggest that MH groundwater is recharged
by a mixture of rain in the MH and snow from the CSM. The fraction of
recharge by snow (73–91%) implies that recharge is primarily sourced
from CSM snow with a minor local recharge component from warmer
(lower elevation) rains. As distance from the CSM increases, the ratio of
recharge by rain increases. For example, IES-005 has the greatest pro-
portion of recharge by snow (compared to IES-007 and -008), and is the
closest spring to the CSM in the MH flow region.

5.2. Groundwater weathering patterns and flow depth

All springs in this study exhibit the geochemical signature expected
for dedolomitization. The ratio of the concentrations of Ca2++Mg2+

to SO42−+½ HCO3− of approximately one, which represents a 50:50
weathering of dolomite:gypsum (Fig. 5) (Raines and Dewers, 1997).
The positive correlation (slope=0.927, R2=0.989) between sampled
spring geochemistry and the dedolomitization trend line suggests that
all springs weather both dolomite and gypsum and subsequently pre-
cipitate calcite. Dolostone is not common in the MH or in the footwall of
the KST but is found throughout the CSM, however, the dedolomitiza-
tion signature is observed throughout all of the Spring Mountains which
indicates a hydrologic connection from the CSM to the KST and MH.

Mg2+/Ca2+ can be used as a proxy for flow depth in the Spring
Mountains because of the stratigraphic order of carbonates, typically
dolostones are present at depth and limestones near the surface. Higher
ratios of Mg2+/Ca2+ indicate deeper flow and lower ratios indicate
shallower flow. Mg2+/Ca2+ values vary throughout the sampled Spring
Mountains spring waters and are a function of both calcite precipitation
and dolomite dissolution. As recharging waters weather shallow lime-
stone, [Ca2+] increases. The water flows through deeper dolostones
and continues to weather [Ca2+] and [Mg2+] until the water is satu-
rated with respect to [Ca2+] and calcite precipitation begins. Generally,
Mg2+/Ca2+ increases as spring elevation decreases because most high
elevation springs emerge in limestone units that have limestone up-
gradient, thus limiting the possibility of significant flow through do-
lostone (Fig. 6A). Groundwater emerging at lower elevations likely
travels through deeper dolostone before discharging at the surface, and
thus has a higher Mg2+/Ca2+. The positive correlation between spring
water temperature and Mg2+/Ca2+ (R2= 0.74) suggests that springs
with higher Mg2+/Ca2+ ratios may be sourced by groundwater from
greater depths and/or were recharged by low elevation rain (rather
than high elevation snow) (Fig. 6B).

Springs emerging along the KST have variable Mg2+/Ca2+ (Table 2)
as a result of differing amounts of limestone and dolostone weathering.

Springs with low Mg2+/Ca2+ around the KST are likely sourced by
shallower flowpaths that have not passed through older and deeper
dolostone. For example, IES-063 emerges in the Monte Cristo Group, a
young limestone with no dolostones upgradient. In contrast, springs
with high Mg2+/Ca2+ along the southwest and lower hydrologic gra-
dient portion of the KST (IES-001 and IES-002) are interpreted as being
sourced by deeper flowpaths that weather dolostone. These springs
emerge in dolostones such as the Nopah and Bonanza King formations
down-section of the Monte Cristo Group. It is difficult to use tempera-
ture as a proxy for circulation depth in the KST because many springs
emerge in shallow pools with low discharge rates that are likely influ-
enced by ambient air temperatures.

Mg2+/Ca2+ in CSM springs suggest that circulation depth in the
CSM is variable. Springs with low Mg2+/Ca2+ are likely fed by pre-
dominantly by shallow flowpaths because upgradient CSM strata are
limestone while older and deeper units are dolostone (Table 3). Vari-
able flow depths by CSM groundwater are further supported by the
relationship between spring temperature and Mg2+/Ca2+. For ex-
ample, IES-052 (Mg2+/Ca2+=0.39) emerges at high elevation on Mt.
Charleston in the Bird Springs Formation (limestone) and has the lowest
temperature (4 °C, USGS, 2019) of all sampled springs. No geologic unit
is present upgradient of the Bird Springs Formation in the CSM in-
dicating that limestone is the primary control on groundwater geo-
chemistry for IES-052. In contrast, IES-004 (Mg2+/Ca2+=0.92)
emerges in the Bonanza King Formation (dolomite) and has the highest
spring water temperature (15.9 °C) in the CSM. Snowmelt recharges
IES-004 then flows through limestone and deeper dolostone and warms
before discharging at the surface. Typically, when groundwater is in
contact with dolomite along the flowpath, Mg2+/Ca2+ is higher and
circulation is deeper.

Mg2+/Ca2+ in the MH suggest that discharging groundwater has
undergone deep circulation. All three MH springs have Mg2+/Ca2+

greater than 0.98 indicating significant calcite precipitation. Deep
groundwater circulation is further suggested by spring water tempera-
tures (16.9–19.8 °C), as MH spring waters are warmer than CSM
groundwater because of warming by the geothermal gradient after deep
circulation. However, using geothermometers is complicated in this
study area because 1) Ca2+ and Mg2+ are not conservative such that
Mg2+ concentrations increase and Ca2+ concentrations decrease as
calcite is precipitated during dedolomitization, and 2) the mineralogy
of the dolomitic rocks do not contain abundant (by volume) minerals
containing silica, sodium, and potassium, thus Na-K-Ca and Si geo-
thermometers do not provide meaningful estimates of the equilibrium
temperature. We infer from Fig. 6b that circulation depth must increase
since the temperature of spring waters increase as Mg2+/Ca2+ in-
creases.

5.3. Groundwater flowpaths as inferred from 87Sr/86Sr and geology

Springs emerging along the KST have a 87Sr/86Sr
(0.71038–0.71116) higher than the limestone and dolostone east of Mt.
Charleston that make up the hanging wall of the KST
(0.70836–0.70935). The only sources of higher 87Sr/86Sr in nearby
bedrock are the Aztec Sandstone (0.71116) and the Kayenta Formation
(0.71102), and both of these units are present in the footwall of the
KST. The Aztec Sandstone outcrops as massive sandstone cliffs to the
east of sampled springs and is higher in elevation than KST spring
emergence locations. In addition, the Aztec sandstone and its correla-
tive equivalents have been documented to have high porosity in
southeastern Nevada (Fossen et al., 2015) and in Utah (Beitler et al.,
2005). Groundwater travels downgradient from north to south along
the KST as it weathers Mesozoic sandstones in the hanging wall of the
KST (Fig. 9). For example, IES-063 (1761m) emerges around the
northernmost point of the Wilson Cliffs (Fig. 1) at an elevation higher
than other springs along the KST (IES-001, 1688m; IES-002, 1648m).
The 87Sr/86Sr of IES-063 (0.71115) suggests that the spring is sourced
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by flowpaths that originate in Mesozoic sandstone. As water flows
through Mesozoic sandstones downgradient and parallel to the KST,
flowpath length increases, and therefore, the potential to weather Me-
sozoic sandstones increases. Groundwater in the southern portion of the
KST accumulates an elevated 87Sr/86Sr from Mesozoic sandstone as it
flows from north to south. Groundwater that flows through Mesozoic
sandstones mixes with CSM groundwater along the fault through frac-
tures and areas of greater permeability.

Each of the five springs in the CSM flow region has a 87Sr/86Sr of
0.70831–0.70879 that falls within the range (0.70823–0.71200) and
close to the median (0.70883) of geologic units present in the CSM.
Comparison of spring 87Sr/86Sr to 87Sr/86Sr from rock leaching ex-
periments indicates that Spring Mountains geology is the primary
control on CSM geochemistry and that there is little to no flow from
other Spring Mountains locations or regionally. Topography and pub-
lished potentiometric contours (D’Agnese et al., 1998) also support this
conclusion.

Similar to flow along the KST and the CSM, the elevation gradient
and published potentiometric contours (D’Agnese et al., 1998) of the
MH suggest that groundwater present along the Wheeler Pass Thrust
flows from higher elevations at the northern extent of the thrust fault
downgradient towards the southern extent of the thrust fault. Geo-
chemical and isotopic comparisons of IES-005 and IES-064 support
these proposed flowpaths. IES-005 groundwater is mixed between the
CSM and MH flow groups. The spring emerges just northwest of the
same thrust fault (Wheeler Pass Thrust Fault) that IES-064 (CSM flow
group) emerges from but has a different geochemical signature and
87Sr/86Sr. IES-064 has a 87Sr/86Sr of 0.70864 and is a Ca-HCO3− type
water that predominately weathers limestones. In contrast, IES-005 has
a 87Sr/86Sr of 0.71102 and is a Mg-HCO3− type water that weathers
both carbonate and silicate minerals. As groundwater flows south along
the Wheeler Pass thrust it accumulates a silicate signature as the vo-
lume of up-gradient silicate rocks increases. The Bonanza King and
Carrara Formations line the hanging wall of the thrust and facilitate
mixing between the two flow groups. Comparison of IES-063 and IES-
005 provides evidence for the importance of major pervasive thrust
faults (i.e. KST & Wheeler Pass Thrust) in facilitating regional
groundwater mixing. IES-007 and IES-008 are particularly distinct in
87Sr/86Sr. Both springs have very elevated 87Sr/86Sr (>0.73) than any
of the rocks or springs in the study area. We hypothesize that

groundwater flows through very radiogenic rocks prior to discharge in
the spring and causes the unique chemistry of springs IES-007 and IES-
008.

5.4. Conceptual model for three flow regions

5.4.1. Keystone Thrust groundwater
Groundwater discharging in the KST region is a combination of

water recharged throughout the CSM and locally in the footwall region
of the KST (Fig. 9). The evidence of a greater proportion of recharge by
rain, extensive dedolomitization, and the mixed circulation depth signal
of the Mg/Ca, along with the silicate weathering signature of 87Sr/86Sr
indicate that KST groundwater undergoes significant flow through the
Mesozoic sandstones in the footwall of the KST. The KST serves as a
mixing zone between the CSM and footwall of the KST. Groundwater
flows downgradient along the KST and accumulates an elevated
87Sr/86Sr from Mesozoic sandstones as it flows from north to south
toward Death Valley.

5.4.2. Central Spring Mountains groundwater
Groundwater discharging in the CSM region is sourced by water

recharged locally throughout the CSM. The evidence of a snow domi-
nated recharge, extensive dedolomitization, and the shallow circulation
depth signal of the Mg/Ca, along with 87Sr/86Sr that match local rocks
indicate that CSM groundwater is recharged and discharges within the
CSM. Published potentiometric contours (D’Agnese et al., 1998) de-
crease to the southwest, suggesting groundwater in the CSM flows
downgradient toward Death Valley. Major thrust faults such as the Lee
Canyon Thrust trend perpendicular to potentiometric contour lines and
thus likely serve as conduits to flow because springs emerging at lower
elevation on thrust faults undergo more dedolomitization and are high
in total dissolved solids.

5.4.3. Montgomery Hills groundwater
Groundwater discharging in the MH region is a combination of snow

recharged throughout the CSM and rain locally in the MH (Fig. 10).
Groundwater in the MH exhibits a dedolomitization signature but also
has 87Sr/86Sr similar to Cambrian and Pre-Cambrian siliciclastics
(Fig. 5). This flow region is therefore likely weathering both siliciclastic
rocks in the MH and limestone and dolostone present in the central

Fig. 9. A Conceptual diagram of flowpaths con-
tributing to springs along the Keystone Thrust
with IES-001 as a representative example, arrow
size approximates contribution of flow. Each flow
region heading displays the range of 87Sr/86Sr for
spring water in the region, dominant recharge
mechanism is displayed below each heading.
Rocks displayed in green are sandstones, rocks
displayed in purple are limestone and dolostone.
Spring locations are approximate. The northern
Keystone Thrust is higher in elevation than the
southern Keystone Thrust. Groundwater emerging
at IES-001 primarily weathers carbonate rocks as
shown by the high concentrations of Ca2+, Mg2+,
and HCO3− in the stiff diagram but also has a
87Sr/86Sr that reflects sandstones to the east. Flow
to IES-001 is sourced from two locations; 1) water
flowing through dolostone and limestone that was
recharged near Mt. Charleston, and 2) water
flowing down-gradient along the Keystone Thrust
after recharge on the sandstone cliffs. Fig. 9B. Stiff
diagram of IES-001. Fig. 9C. Stiff diagram of IES-
063. (For interpretation of the references to color
in this figure legend, the reader is referred to the
web version of this article.)
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Spring Mountains. The Wheeler Pass Thrust fault divides the CSM and
MH. IES-005 at the southwestern end of the fault exhibits a MH
87Sr/86Sr and Mg2+/Ca2+ signature as well as a δ18O and δ2H from
snow over the CSM, suggesting that the Wheeler Pass Thrust acts as a
mixing zone between the two flow regions and that groundwater
leaving the Spring Mountains is flowing down gradient toward Pah-
rump and Death Valley.

5.5. Implications for recharge to the Death Valley Regional Flow System

The Spring Mountains are identified as a recharge area for inter-
basin groundwater flow in the Death Valley region (Belcher et al., 2009;
Belcher and Sweetkind, 2010; Bushman et al., 2010; Hevesi et al., 2003;
Larsen et al., 2001; Stetzenbach et al., 1999; Thomas et al., 2013;
Tiedeman et al., 2003; Winograd et al., 1998; Winograd and Pearson,
1976). Groundwater characteristics in the DVRFS were compared to
observed Spring Mountains groundwater to both identify the area of
recharge in the Spring Mountains most likely to contribute to the
DVRFS and to predict the geochemistry and 87Sr/86Sr of groundwater
leaving the Spring Mountains and flowing west towards Death Valley,
the regional low.

The DVRFS contains twenty-five hydrogeologic units (Belcher and
Sweetkind, 2010). The Spring Mountains hosts strata found in three of
the hydrogeologic units: the sedimentary rock confining unit (SCU), the
lower clastic-rock confining unit (LCCU), and the lower carbonate-rock
aquifer (LCA). The SCU consists of cratonic sedimentary rocks with
variable hydrogeologic properties and are observed in the footwall of
the KST. Some of the SCU units may host groundwater flow, but these
units are often disconnected or are too small or shallow to be significant
contributors (Belcher and Sweetkind, 2010). The LCCU comprises Me-
soproterozoic to Cambrian siliciclastic rocks and dolostone (Belcher and
Sweetkind, 2010). The LCCU is a low hydraulic conductivity confining
unit (Winograd and Thordarson, 1975). However, the LCCU has the
potential for shallow groundwater contributions in places where it is
highly fractured and brecciated (D’Agnese et al., 1998; Larsen et al.,
2001). Fractured and brecciated quartzites were observed in the LCCU
region of the northwest Spring Mountains while collecting rock samples
for 87Sr/86Sr analysis, and these units are important to groundwater
flow in the MH. The LCA is a thick aquifer containing Paleozoic car-
bonate units. The LCA contains the most permeable rocks in the DVRFS

region; therefore, it is plausible that the LCA is a significant conduit
groundwater flow. The LCA contains geologic units present throughout
the Spring Mountains and it hosts the majority of strata in the CSM.
Hydrogeologic characterizations such as large hydraulic conductivities
(Belcher and Sweetkind, 2010; Winograd and Thordarson, 1975) sug-
gest that the LCA has the highest potential to transport groundwater
from the Spring Mountains to the Death Valley region with smaller flow
components from the SCU and LCCU.

Many of the units present in the CSM are present in the regional
LCA. These units include: Ely Spring Dolomite, Eureka Quartzite,
Pogonip Group, Mississippian and Devonian rocks, Devonian rocks,
Mountain Springs Formation, Nopah Formation, Bonanza King
Formation, and the Carrara Formation (Belcher and Sweetkind, 2010).
The units are primarily dolostone and limestone. Springs emerging in
the Central Spring Mountains most closely match the expected weath-
ering patterns of the carbonate units as illustrated in Fig. 5. The LCA has
the largest spatial extent both at the surface and at depth in the CSM (as
compared to the KST and MH). LCA units are present either at the
surface or at depth across the entire CSM. In contrast, only the Carrara,
Nopah, and Bonanza King formations are present in the MH. Similarly,
the Nopah and Bonanza King formations outcrop across the entire KST.

Thrust faults serve as mixing zones between groundwater regions
because two different rock types (silicates & dolostones) are next to one
another in zones of fracturing. Pervasive dolostones at the thrust faults
connect water from the silicate rocks to the DVRFS after mixing as in-
dicated by groundwater emerging at thrust faults with 87Sr/86Sr sig-
natures that reflect silicates in the KST or MH and δ18O and δ2H and
geochemical signatures that reflect the CSM. The Bonanza King and
Nopah Formations are present at the contacts between major thrust
faults that divide the three flow groups (the KST and Wheeler Pass
Thrust) and at the Lee Canyon Thrust in the CSM. The elevation of the
thrust faults decreases to the southwest, implying that faults serve as
conduits allowing groundwater to move to the southwest toward Death
Valley. Some springs (IES-001, IES-002, IES-005) emerging along these
thrust faults have 87Sr/86Sr indicative of silicate rocks despite emerging
in or near thick regional dolostones. Geochemical observations from
these springs flowing through the KST and MH suggest that these two
silicate end members influence the geochemistry of groundwater in the
Bonanza King and Nopah formations, and therefore, have the potential
to influence the geochemistry of groundwater flowing toward Death

Fig. 10. A Simplified conceptual diagram of
flowpaths contributing to springs along the
Wheeler Pass Thrust with generalized locations
of IES-005 and IES-064, arrow size approx-
imates contribution of flow. Each flow region
heading displays the range of 87Sr/86Sr for
spring water in the region, dominant recharge
mechanism is displayed below each heading.
Yellow rocks are Cambrian and Precambrian
siliciclastics, purple rocks are limestone and
dolostone. Spring emergence locations are ap-
proximate, actual spring emergence elevations
are lower. The northern section of the Wheeler
Pass is higher in elevation than the southern
Wheeler Pass Thrust. Groundwater emerging at
IES-064 primarily weathers carbonate rocks as
shown by the high concentrations of Ca2+,
Mg2+, and HCO3− in the stiff diagram, the
87Sr/86Sr of IES-064 is consistent with the car-
bonate and limestone to the east. Flow to IES-
005 is sourced from two locations; 1) water
flowing through dolostone and limestone that
was recharged near Mt. Charleston, and 2)
water flowing down-gradient along the Wheeler
Pass Thrust after flow through the Montgomery
Hills. Fig. 10B. Stiff diagram of IES-005.

Fig. 10C. Stiff diagram of IES-064. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Valley.
By combining observations of spring geochemistry and 87Sr/86Sr

with known hydrogeologic characteristics of the DVRFS, we developed
a conceptual model that can predict groundwater flowpaths most likely
to contribute to the DVRFS. Groundwater recharging in and around Mt.
Charleston and flowing through the CSM contributes the greatest
amount of flow to the DVRFS. Recharge along the KST or over the MH
can reach the DVRFS after mixing at thrust faults; however, recharge
from the KST and MH flow regions is less than the contribution from the
CSM. We expect water leaving the Spring Mountains and flowing
southwest to have a range from magnesium-bicarbonate waters to
calcium-bicarbonate waters (Fig. 4).

6. Conclusion

Spring Mountains groundwater was grouped into three flow regions
using 87Sr/86Sr, water δ18O and δ2H, and general geochemistry.
Groundwater flow regions are distinguished as follows: 1) Keystone
Thrust groundwater weathers both silicate and carbonate and has a
87Sr/86Sr of 0.710–0.711; 2) central Spring Mountains groundwater
primarily weathers limestone and dolostone and has a 87Sr/86Sr of
0.708; 3) groundwater in the Montgomery Hills weathers both silici-
clastics and carbonate and has 87Sr/86Sr 0.711–0.733. Groundwater
flowing through the CSM has the highest potential to contribute to the
DVRFS. Major thrust faults are conduits for groundwater flow and en-
able groundwater in the KST and MH flow regions to supplement flow
from the Spring Mountains to the DVRFS. Mixing between groundwater
regions occurs as groundwater flows downgradient, from northeast to
southwest, along thrust faults. The relative contribution of groundwater
from the three flow groups leaving the Spring Mountains could be more
accurately quantified in future work by determining the 87Sr/86Sr and
geochemistry of groundwater in deep wells throughout the Pahrump
Valley and in the Tecopa basin and southern Death Valley that have not
interacted with highly soluble basin fill.

Understanding groundwater in arid regions is important for eco-
systems and communities that are dependent on groundwater resources
for their primary freshwater supply, particularly as climate continues to
change. The classification of recharge areas and groundwater flow di-
rection presented in this paper are applicable to Spring Mountains
ecosystems, the Las Vegas and Pahump water supplies, and the DVRFS.
Methods used for identification of recharge source and dominant
flowpaths have implications both locally and can be more broadly ap-
plied to groundwater flow in arid regions worldwide as groundwater in
arid landscapes is often the only source of freshwater and subsequently
it is difficult to directly observe and predict how freshwater resources
are changing due to perturbations in climate and recharge patterns.
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