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Abstract: Relatively few discharging playas in western United States extensional basins have high
concentrations of lithium (Li) and calcium (Ca) in the basin-center brines. However, the source of
both these ions is not well understood, and it is not clear why basins in close proximity within the
same extensional trough have notably different concentrations of Li and Ca. In the Barstow-Bristol
Trough, California, USA, three playas in separate topographically closed basins vary in Li and Ca
concentrations from northwest to southeast: 71–110 mg/L Li and 17–65 g/L Ca at Bristol Dry Lake,
20–80 mg/L Li and 7.5–40 g/L Ca at Cadiz Dry Lake, and <5 mg/L Li and <0.5 g/L Ca at Danby Dry
Lake. Using new and historic data from recently drilled wells (2017–2018), it has been determined
that there is minimal variation of temperature, Li, and major ion concentrations with depth (down to
500 m), suggesting that the brines are well mixed and likely to circulate slowly due to density driven
flow. Although it has been postulated that geothermal fluids supply the Li and Ca to Bristol and
Cadiz closed basins, there is little to no surface evidence for geothermal fluids, except for a young
(80,000-year-old) volcanic crater in Bristol Dry Lake. However, major-ion chemistry of fluid inclusions
in bedded halite deposits show no change in brine chemistry over the last 3 million years in Bristol
Dry Lake indicating that the source of lithium is not related to these recent basaltic eruptions. Mg–Li
geothermometry of basin-center brines indicates that Bristol and Cadiz brines have possibly been
heated to near 160 ◦C at some time and Danby brine water has been heated to less than 100 ◦C,
although Cadiz and Danby lakes have no known surface geothermal features. The difference in Li
concentrations between the different basins is likely caused by variable sources of both ions and
the hydrology of the playas, including differences in how open or closed the basins are, recharge
rates, evaporative concentration, permeability of basin-center sediments, and the possible amount of
geothermal heating. The differences in Ca concentrations are more difficult to determine. However,
historic groundwater data in the basins indicate that less saline groundwater on the north side of
the basins has molar Ca:HCO3 and Ca:SO4 ratios greater than one, which indicates a non-saline
groundwater source for at least some of the Ca. The similar Li and Ca concentrations in Bristol and
Cadiz lakes may be because they are separated only by a low topographic divide and may have been
connected at times in the past three million years. All three basins are at least Miocene in age, as
all three basins have been interpreted to contain Bouse Formation sediments at various depths or
in outcrop. The age of the basins indicates that there is ample time for concentration of Li and Ca
in the basins even at low evaporation rates or low geothermal inputs. The source of Li for brines
in Bristol and Cadiz basins is postulated to be from ancient geothermal fluids that no longer exist
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in the basin. The source of Li to the sediment may be either geothermal fluids or dissolution and
concentration of Li from tephra layers and detrital micas or clays that are present in the sediments,
or a combination of both. The source of Ca must at least partially come from groundwater in the
alluvial fans, as some wells have Ca:HCO3 ratios that are greater than one. The source of Ca could
be from the dissolution of Ca-bearing igneous rocks in the surrounding catchments with limited
HCO3 contribution, or dilute geothermal water migrating up through faults in the basin margin.
The relatively low concentration of Li and Ca in Danby playa is likely caused by a lack of sources in
the basin and because the basin was (or is) partially hydrologically open to the south, reducing the
effectiveness of evaporative concentration of solutes. Bristol Dry Lake is likely the only hydrologically
closed basin of the three because although Cadiz has a similar brine chemistry and salinity, there is
almost no halite deposition in the basin. It is only Bristol Dry Lake that contains 40% halite in its
basin center.

Keywords: calcium; lithium; California; Bristol Trough; playa; closed basin; Mojave Desert

1. Introduction

The use of brines for lithium resources has increased more than five-fold since the 1970s [1]
because extracting lithium from brines is more cost effective than obtaining lithium from pegmatites
and clays. The increasing use of lithium in batteries is driving brine exploration. In the United States,
the search for lithium resources in western US desert basin brines began in the 1960s and culminated
in the assessment of lithium in many playa brines in California and southern Nevada [2,3]. Three
of the basins studied were Bristol Dry Lake (“Dry lake” is a term historically used in California for
playas. See [4] for more information on playa nomenclature. The term playa will be used in this paper,
except when referring to Bristol, Cadiz and Danby Dry Lakes.), Cadiz Dry Lake and Danby Dry Lake
(Figures 1 and 2) that are located from northwest to southeast within the Barstow-Bristol Trough; [4,5].
Previous work in these basins showed that the lithium concentration of the dry lakes ranged from 71
to 87 mg/L in Bristol Dry Lake (BDL), 20 to 80 mg/L in Cadiz Dry Lake (CDL), and <1 mg/L in Danby
Dry Lake (DDL) [6–8]. This range in lithium concentrations indicates a different source at DDL from
CDL and BDL, and a potential gradient of lithium concentrations from low at DDL, intermediate at
CDL, and high at BDL. Additionally, the Na–Ca–Cl brine composition at BDL and CDL is different
from the Na–Cl brine in DDL and the Na–Ca–Cl brine in BDL and CDL is somewhat unusual [9].
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Figure 1. Location map showing watershed boundaries and known wells and coring locations in the Bristol Trough. The ancestral Bristol Basin watershed includes 

the area before Amboy Crater erupted (approximately 80,000 years ago) and the current Bristol Basin watershed excludes the area cut off by the Amboy Crater lava 

flows. 

Figure 1. Location map showing watershed boundaries and known wells and coring locations in the Bristol Trough. The ancestral Bristol Basin watershed includes the
area before Amboy Crater erupted (approximately 80,000 years ago) and the current Bristol Basin watershed excludes the area cut off by the Amboy Crater lava flows.
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Figure 2. (A) Geologic map of the Bristol Trough showing well locations and watershed outlines. Key to the map is Figure 2B. Geologic base map from [10]. (B) 

Geologic key to formation names, rock types, and faults is shown in Figure 2A. 
Figure 2. (A) Geologic map of the Bristol Trough showing well locations and watershed outlines. Key to the map is Figure 2B. Geologic base map from [10]. (B)
Geologic key to formation names, rock types, and faults is shown in Figure 2A.
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All three dry lakes have been mined since the early 1900s for different evaporite minerals: halite
at BDL and CDL, and halite and gypsum at DDL. BDL and CDL currently have extraction operations
for CaCl2, which is used as an additive to oil well completion fluids and drilling muds, highway
maintenance and de-icing, as a desiccant, and for other manufacturing processes [11]. Brines from
the shallow subsurface are pumped to the surface and evaporated in long ditches, where halite is
precipitated to remove sodium. The subsurface brines have very little measurable carbonate alkalinity
(HCO3/CO3) or sulfate (SO4) and relatively low concentrations of magnesium (Mg) and potassium (K)
(data in [12,13]).

There are many different sources of Li and Ca to playa brines. For Li sources, sources of Li
include dissolution of lithium-rich rocks, loess, or volcanic ash (tephra), long groundwater flow paths,
recycled lithium in the playa, and geothermal fluids [1], although most highly concentrated lithium
brines are thought to have originated from geothermal fluids [14–17]. Calcium is abundant in the
Earth’s crust and may be sourced from many different rock types including dissolution of carbonates
and feldspars in siliciclastic rocks, or dissolution of carbonate inclusions in highly metamorphosed
rocks [18]. However, there are few sources of Ca-rich solutions to playas that do not also contain HCO3.
Abundant HCO3 in solution would limit the amount of Ca left in solution after carbonate precipitation
(HCO3 would remove Ca from solution due to calcite precipitation [9]). Hardie [19] suggested that the
Ca at Bristol and Cadiz came from geothermal solutions in a process similar to the Na–Ca–Cl brines in
geothermal fluids occurring at depth in the Salton Sea geothermal field. However, although Na–Ca–Cl
brines are not common, they do form in relatively diverse environments, including Antarctic saline
lakes [20], Canadian and Fennoscandian shield aquifers [21], and mid-ocean ridges [22]. Many of the
continental-sourced brines have limited or no geothermal source for calcium and have been explained
by water–rock interaction and cation exchange [20,21], or secular variation in the composition of ocean
water [22]. In the Barstow-Bristol Trough, there is little evidence of long-term geothermal sources for
Ca (or Li) ions, over the millions of years the basins have existed. However, two basalt extrusions, one
at Lava Hills northwest of BDL and one south of Lead Mountain (Figure 1), may provide sources of
heating approximately 3 million years ago. There is also a ~79,000-year-old cinder cone, Amboy Crater
in the BDL basin [23]. No geothermal or relatively recent (last 1–2 million years) of basalt have been
found in CDL or DDL, but tertiary volcanic rocks crop out in the northern parts of the Cadiz basin and
to the east of DDL (Figure 2A).

There has been renewed interest in the lithium resources of the BDL and CDL basins and
knowledge of the source and hydrologic conditions that concentrate Li is important for assessing
the resource potential and for determining the sustainability of the resource. Although groundwater
has been thought to contribute solutes for evaporation in the playa center [4], recent work in other
basins has suggested that the basin-center brine and alluvial fan groundwater are different hydrologic
systems, and do not interact on short time scales (years) [24].

The purpose of this paper is to assess the evidence of how Li is concentrated and sourced within
the Bristol Trough, particularly in the BDL and CDL basins. In addition, if the source of Li is geothermal
fluid, the origin of Ca in the solution would likely be the same, and therefore an evaluation of Ca and
other trace elements that are associated with geothermal fluid needs to be included in this assessment.
We hypothesize that Li and Ca are sourced locally within the sediments and ashes within the basins,
and that if geothermal sources do exist in the basin, they likely were most active when the basin first
formed. We also hypothesize that alluvial fan groundwater contributes solutes to the playa brines.

2. Geologic and Hydrologic Background of the Barstow-Bristol Trough

Bristol Dry Lake is situated in the Mojave Desert region of southeastern San Bernardino County,
California (Figure 1). Detailed descriptions of the geologic and hydrologic framework of the Bristol
Dry Lake basin can be found in [25–28], but detailed descriptions of the Cadiz and Danby basins
are lacking. This section summarizes the descriptions in [26–28], adds some new information on the
hydrology from the current study, and describes what little knowledge exists for the other two basins.
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2.1. Geology

Bristol Dry Lake is the largest (155 km2) playa in a system of three northwest–southeast trending
dry lakes (playas) located in a structural trough between mountain ranges in the Basin and Range
physiographic province of North America. Bristol Dry Lake is situated on the eastern edge of the
Mojave block [28]. The Mojave block is defined by the Garlock fault to the north, the San Andreas
fault and the eastern Transverse Ranges to the west and south, and a southern projection of the
Soda-Avawatz fault zone to the east [29]. The topography of the area was caused by the clockwise
rotation of the Mojave block by right-shear movement along northwest trending faults during Late
Cenozoic time [30]. Glazner [31] found new evidence east of Barstow for significant early Miocene
(19–18 mya) extension of the Mojave block. Correlation of tephra layers from cores taken in BDL
indicates that the BDL basin may have existed for 10–12 million years, since the middle Miocene [26,28].
In addition, the presence of Pliocene Bouse Formation sediments in all three playas [32,33] indicates
that, at a minimum, the sediments in the playas are five million years old.

The Barstow-Bristol Trough is approximately 180 km long and extends from an unknown point
north of Barstow to the southeast beyond Danby Dry Lake (Figure 2) [4]. The trough is bounded
by the uplift of the Bristol and Cady Mountains to the northeast and the Newberry and Bullion
Mountains to the southwest along major fault zones [4]. Gardner suggested that the Barstow-Bristol
Trough represents a major break in the Earth’s crust and may extend into the upper mantle [5]. Such
relationships indicate that the trough has had a relatively long history, and that tectonics may play
an important role in both the short and long-term evolution of the trough. For example, [26,28] found
that 200 m of sediment in a core taken from the center of BDL was repeated due to faulting and] [34]
described increasingly steep dips in sediments of Cadiz basin.

Extrusive volcanics also play an important role in the evolution of the trough. A relatively young
cinder cone, Amboy Crater, and its associated basalt flows is situated in the northwest portion of the
Bristol Dry Lake Basin (Figure 1). The age of Amboy Crater, the only recent volcanic feature near BDL,
CDL or DDL, has been constrained to approximately 79,000 ± 5000 years old based on Cosmogenic
36Cl ages of Quaternary basalt flows [23]. Amboy Crater is the southeastern-most crater of one of
several similar cinder cones that line up along a northwest-southeast trend of the presumed faults
within the trough (Figure 2A). These basalt flows and cinder cones and, those south of Lead Mountain,
may have provided a short-lived hydrothermal heat source in the late Pleistocene in the northwestern
part of the trough. Older extrusive and intrusive igneous rocks may also play a role in providing
hydrothermal fluids to the basin [35]. However, at this time, there are no data on such sources which
can be easily evaluated.

The drainage into BDL passes through a variety of rock types. This makes the evaluation of the
ultimate source of brine components more difficult to determine. The Bristol and Marble Mountains,
which bound Bristol Dry Lake to the north and east, are composed mostly of Jurassic granodiorite and
quart monzonite but are associated with metamorphosed Paleozoic sedimentary rocks including some
marble and dolostones [36,37], although the extent of these sedimentary rocks is minor in outcrop
(Figure 2A,B). Carbonate rocks appear to be absent elsewhere in the drainage area [37], although
a small outcrop of late Miocene to early Pliocene Bouse Formation shoreline carbonates (including
stromatolitic mounds) has been found in the northwest fan in the Bristol Dry Lake Basin [29]. Bouse
Formation outcrops have not been found in the CDL or DDL basins, but Bouse aged sediments are
inferred based on rock types and fossils in basin-center cores in CDL and DDL [33]. To the south,
plutonic and metamorphic rocks are most common. According to [32], no saline-bearing deposits crop
out within the drainage area of the Barstow-Bristol Trough. All three basins are mostly surrounded by
volcanic and plutonic igneous rocks of varying ages (Figure 2A,B).

2.2. Definitions

The hydrology of playas has been discussed by many authors in general—for example, [4]
discusses three type of playas, discharge playas, where the only outlet for groundwater in the basin is
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through evaporation or evapotranspiration. In this case, the groundwater table is at or near the land
surface at the playa. Throughflow playas are playas where some groundwater may pass out of the
basin to the next basin, and the groundwater table may be at or near the land surface as well. Recharge
playas are playas where surface water recharges through the playa to the groundwater that is far below
the land surface. Bristol and Cadiz Dry lakes in this paper are defined as discharge playa, and DDL is
likely a throughflow playa, as discussed below. Cadiz Dry Lake may have been a throughflow playa
or been connected to BDL through surface flow in the past.

Geothermal water is defined as meteoric water that has traveled deeply into the earth and been
heated by magmatic forces at depth and potentially returned to the surface. Geothermal water generally
will have greater water–rock interaction and greater heating than thermal water. Thermal water is
meteoric water that is heated by long, deep travel paths in aquifers and heated by the thermal gradient
of the Earth. Thermal water is generally cooler than geothermal water but may not always be.

2.3. Hydrology of Barstow-Bristol Trough

The main hydrologic, sedimentologic, and chemical characteristics of the three playas in the
Barstow-Bristol Trough are summarized in Table 1. Bristol Dry Lake is separated from CDL and DDL
by projecting arms of the Marble and Calumet mountain ranges (Figure 1). At present, each of the
three subbasins have completely separate surface internal drainage. Cadiz Dry Lake currently has the
lowest surface elevation of the three playas (165 m above sea level), with BDL approximately 15 m
and DDL approximately 22 m higher than CDL, respectively. However, the projecting arms of the
mountains separating BDL and CDL are at present only approximately 15 m higher than the lowest
point in BDL. It has been suggested that surface and groundwater has flowed between BDL and CDL
during pre-Holocene time [38] and the similarity of the brine chemistries supports this suggestion.
Unfortunately, at the present time, there are not enough data to fully assess the flow between the basins.
A fourth basin, Alkali Dry Lake, is separated in terms of surface flow from BDL by Amboy Crater and
its associated basalt flows Alkali Dry Lake and BDL are functionally a single groundwater basin with
different surface drainages since Amboy Crater erupted. No chemistry data are available for Alkali
Dry Lake because it is located on the twenty-nine Palms Air Force Base but given that the basin has for
most of its history has been undivided, one can postulate that the brine is likely to also be a Na–Ca–Cl
brine. Given that Alkali Dry Lake formed relatively recently, for most of the history of the BDL basin,
the total drainage area into BDL (approximately 3500 km2) was significantly greater than it is today
(Figure 1). Even with this reduced current drainage area, the present total drainage area into BDL,
excluding drainage from CDL and Alkali Dry Lake, is approximately 2200 km2.

Thompson [39] indicated that the groundwater table at both BDL and CDL were close to, or at
the surface, whereas [40] indicated that in 2010 that the water table was many meters below the land
surface near the playa edge. This likely indicates that decades of pumping have changed the natural
conditions in both basins. Shafer [38], and [41], using essentially the same data as [38], analyzed
chemical groundwater data and water table information mostly from wells drilled in the alluvial fans
in the Bristol and Cadiz Basins (Figures 3 and 4). Although these data are sparse in crucial places,
the general surface of the water table was defined by [38], with modifications by [26]. Shafer [38] did
not state whether the groundwater system is confined or unconfined but based on the drillers logs of
the lithologies of the test wells and the shallow depth to static water, it is likely an unconfined system.
Unconfined groundwater systems are common in arid, porous alluvial fan systems. The mountains
around all three basins are relatively low and all have extensive alluvial fans, so that the slope of the
groundwater table is relatively low near the playas. This is different to some playas like Death Valley,
California and Dixie Valley, Nevada, where fault-bounded mountain ranges are relatively steep and
close to the edges of the playas [24].
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Table 1. Major features of the dry lakes in the Barstow-Bristol Trough. Other geothermal waters from the region are included for comparison.

Characteristic Bristol Dry
Lake Brine

Cadiz Dry
Lake Brine

Danby Dry
Lake Brine

Salton Sea
Geothermal Well

Long Valley
Geothermal

Springs and Wells
References

Watershed size (km2)
Historic: 3130
Current: 2146 4244 2265 - - This paper

Brine type Na–Ca–Cl Na–Ca–Cl Na–Cl Na–Ca–Cl Na–HCO3–Cl [6–8,26,28,42–44]

Average
Maximum

Total dissolved solids (g/L) in
basin brines

259
357

255
375

128
187

-
387

-
0.74 This paper

Maximum calcium
concentration

(g/L) in basin brines
56 40 0.4 40 0.04 [6–8,26,28,42],

this paper

K:Mg ratio (meq/L) 0.2–1.4 0.3–1.3 1.0–3.8 2.3– >500 138 This paper

Maximum lithium
Maximum boron

Maximum fluoride
concentration (mg/L)

In basin brines

110
8.8
1.8

80
14
1.6

4.1
3.9
6.4

400
380
18

3.2
11.1
11.4

[6–8,26,28,42,44]

Percentage of halite by
volume in cores from basin

centers
40% <1%; one 1 m thick

bed near the surface

<1%; three <1 m
thick beds near the

surface
- - This paper

Greatest depth of drilling in
sediments in the basin * (m) 537 152 268 1000 >200 [6–8,34,43,44]

Range of brine temperatures
based on Mg:Li and Na:K

geothermometry (◦C)

Mg–Li: 161–152
Na–K: 192– <150

Mg–Li: 153–132
Na–K: <150

Mg–Li: 5–107
Na–K: <150 200–340 ** Mg–Li: 220

Na–K: 222

This paper, data
from [44] for
Long Valley

Bouse Formation present
One shoreline
outcrop 200 m
above playa

In core In core - - [32–34]

* None of the basins have been drilled to basement; ** measured temperature [42,43].
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Figure 3. Bristol Dry Lake watershed showing locations of wells, springs, and cores known or sampled
for this study. Numbers refer to well chemical data found in (data in [12,13]). Wells and springs marked
with red outlines have chemical compositions where the milliequivalent Ca:HCO3 ratio is <1.
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Figure 4. Cadiz Dry Lake watershed showing locations of wells, springs, and cores known or sampled
for this study. Numbers refer to well chemical data found in (data in [12,13]). Wells and springs with
red ring around them show the chemical composition of the groundwater where the milliequivalent
Ca:HCO3 ratio is <1.

The location of the saline–freshwater interface has important implications for modeling brine
compositions and flow directions in BDL. According to [38], the wide and complex variations in
groundwater surface elevations, which do not show a constant groundwater head direction, and the
variations in groundwater salinity, and hence density of the water, of the Bristol Dry Lake side of
the interface have not been sufficiently consistent to allow the saline groundwater to mix, either by
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diffusion or advection across the interface and significantly degrade the freshwater zone. Furthermore,
Shafer [38] stated that the shape and relatively less permeable lake and brine pan (halite) deposits
are the probable means of confining the saline water to the playa area and preventing the mixing
of the playa groundwaters to form a more homogeneous body around the margins of the playa.
The implication of these statements is that the solutes in saline–freshwater zones are essentially
stationary. One recent study of the Death Valley, CA, USA, groundwater system also suggested that
the alluvial fan groundwater system is disconnected from the playa center because of the permeability
contrasts between the permeable alluvial fan sediments and the less permeable clays in the basin
center [24]. This study was mostly concerned with short-term flow, on the order of 1–5 years, and did
not consider longer term and slower diffusion or advective flow (thousands of years) that would allow
movement within the low permeability sediments. In addition, the Death Valley alluvial system has
a much narrower and steeper alluvial fan gradient than the Barstow-Bristol Trough system. Other
modeling studies on wet playas have shown that this is not the case, and that wet playa basins
are exceptionally dynamic across the saline–freshwater interface and that over long periods of time
water moves across the saline–freshwater interface and within the brine itself [45,46]. Pumping of
groundwater for brine generation and salt production in BDL has occurred since at least the beginning of
the 20th century and estimates of groundwater withdrawal are approximately 100,000 m3/year [38,40].

Little is known about the hydrology of CDL playa area. Although much more is known about
the hydrology of Fenner Valley alluvial fan (Figure 3), the complexity of the water use in this area is
beyond the scope of this paper [40]. Wells for brine generation exist in several places (Figure 3), but due
to continued pumping and private ownership of the wells, water levels are proprietary. Pumping from
the wells located on the playa may roughly total approximately 925,000 m3/year, but the source of
these data for this value is not given [40]. A great deal of new water quality data are available from
wells located in the playa center, and these data are the basis of updated interpretations presented here.

Danby Dry Lake has the least amount of historic chemical and hydrological data, and no recent
data have been collected. However, boreholes drilled by the U.S. Geological Survey in the 1980s
and reported in Calzia [8] show a Na–Cl brine that contains almost no Ca or Li (Table 1). The two
boreholes, one drilled in the northern part of the playa and one in the south (Figure 5), were each
sampled at two intervals, between 22 and 40 m below land surface (bls), and near the base (153 m
bls). Three of the four samples contain brines with a TDS between 151 and 181 g/L, but the sample
from the base of the borehole at the southern end of the basin (core DAN-2-2) has a TDS of only 1.89
g/L [8]. The sediments at the base of this borehole are silty gravels and sands, indicating that there is
a relatively fresh aquifer below at least part of the Danby playa. This may indicate that the basin is at
least partially hydrologically open, and the reason DDL brine does not reach halite saturation until the
very top of the sediment column may be due to outflux of ions from the basin as suggested by [47] in
the playas in the Southern High Plains of Texas and New Mexico.
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Figure 5. Danby Dry Lake watershed showing locations of wells, springs, and cores known or sampled
for this study. Numbers refer to well chemical data found in (data in [12,13]). Wells and springs with
red ring around them show the chemical composition of the groundwater where the milliequivalent
Ca:HCO3 ratio is <1.

From computer simulations, Duffy and Al-Hassan [45 concluded that the relief of the surrounding
mountains and the Rayleigh number of the groundwater flow (the ratio of buoyancy forces tending to
cause flow to other forces tending to resist flow, i.e., free convection) can determine the hydrochemical
cycling in undrained-closed basins. A basin, such as those in the Barstow-Bristol Trough, with low
relief and low precipitation rates will have a high Rayleigh number and so promote free convection.
The relief on the mountains surrounding the trough is only approximately 1000 m, the average alluvial
fan gradients are low (1.8 m/km), and annual precipitation is extremely low at 0–100 mm per year [28].
Thus, Bristol Dry Lake is a prime candidate for free convection. Historic and recent temperature
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measurements of brine at BDL show that the water has a relatively consistent temperature (20–25 ◦C;
(data in [12,13]) as deep as 350 m bls, indicating that free convection is likely. The model predicts that
this free convection would promote degradation of the freshwater-saline water contact and eventually
make the entire basin saline. This has happened at BDL, but not at CDL or DDL because the alluvial
fan water in these basins is still relatively fresh.

No geothermal, thermal or cold springs have been found which would direct groundwater flow
into one specific area of the Bristol Trough at low elevations. In fact, diffuse groundwater flow into
the basin appears to be taking place. Although [5] reported “seeps” of calcium chloride confined to
the north and west portions of the playa, locations for these seeps were not reported and they have
not been found subsequently [25–28]. However, one of the salt companies on BDL uses groundwater
from the east portion of the playa for evaporation to calcium chloride brines, suggesting that brine
concentrations are higher to the east, not the west. Late Pleistocene/Early to mid-Holocene diffuse
discharge groundwater marsh/spring deposits composed of calcium carbonate have been found on the
northeastern margin of BDL near Fenner Valley (Figure 1) slightly above the present playa surface [48].
These thin deposits were formed when more fresh water was entering the basin during wetter periods
in the Younger Dryas and early to mid-Holocene wet periods [48]. Data from the geothermal resources
map of California and the United States [49] indicate that there are no geothermal wells or springs
in the Bristol Trough to indicate warm geothermal fluids, and this particular area of the Mojave has
a medium geothermal exploration potential for deep geothermal sources [50].

2.4. Climate

Overall, the 20th-century climate of the Mojave Desert has been discussed in [51]. Even during
periods of regional high rainfall or high humidity, evaporitic conditions are dominant in the
Barstow-Bristol Trough [51], although Mojave wide droughts and increased rainfall cycles are present
due to the El Niño-Southern Oscillation that affects interannual climate and the Pacific Decadal
Oscillation that causes decadal-scale variability that result in prolonged dry and wet episodes [51].
Calendar-year precipitation in the Mojave Desert region calculated from 52 stations averages 137
mm/yr and ranges from 34 to 310 mm/yr [51]. Modern meteorological conditions for the central Mojave
Desert where the Bristol Trough is located indicate a mean annual rainfall of less than 100 mm/yr [28].
Thompson [39] noted that there are periods of 2–3 years with no precipitation recorded. However, there
is variability in local weather patterns. Cloud bursts are generally intense but may only cover a small
area. Many times, it will rain on one side of the playa and not on the other. The presence of extensive
and thick (>3 m) halite beds with primary fabrics (chevron halite with upward growth directions [28])
indicates that the halite formed in a lake setting. In order to evaporate sufficient water to maintain
thick halite deposits, a relatively permanent supply of water would be needed. This indicates that the
basin was likely wetter at various times in the past [4].

3. Methods

3.1. Watershed and Groundwater Delineation

Watershed boundaries were determined by combining hydrologic unit code (HUC) boundaries
at the watershed (HUC-10) level, as larger units crossed closed-basin boundaries. Boundaries were
not extended past HUC-4 boundaries to ensure that water outside of the combined basins was not
included. The boundary between Bristol and Cadiz watersheds is somewhat difficult to determine
because surface water flowing from Fenner Valley (San Bernardino, CA, USA) (Figure 1) flows to
a large alluvial fan leading to both the Cadiz and Bristol basins. As a result, groundwater might
also flow to both basins, but there is no documentation of this flow and pumping of water in both
basins may have changed the natural groundwater flow in the basins. Therefore, although many of the
alluvial fan wells appear to be in the BDL groundwater basin, they could also be in CDL. However, for
this study, because the water chemistry of BDL and CDL is similar, distinguishing which groundwater
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basin a particular well is located within is not that important. If a flow model or water budget were to
be constructed, this distinction would be far more important.

3.2. Well Construction and Sample Collection

Six new wells were drilled by Standard Lithium Ltd. (Vancouver, BC, Canada) from 2017 to
2019 in various locations on the playa at Bristol Dry Lake to approximately 450 m in depth. No new
wells have been drilled at CDL or DDL, but groundwater chemical data for all three playas have
been retrieved from historical well information maintained by the California Department of Water
Resources database (available online at http://wdl.water.ca.gov/waterdatalibrary/index.cfm). New
samples from existing brine operation well fields on the Bristol and Cadiz playas (Figures 1–5) were
analyzed for major ion concentration and trace element data [12,13], but Li concentration data are
withheld as proprietary company information. In addition, new information on clay mineralogy,
adsorbed chemicals, and mineral habit have been obtained from BDL clays at various depths in 3 of
the new wells that have been drilled.

New wells were drilled by Standard Lithium Ltd. to identify the areal and vertical distribution of
brine chemistry, as well as to confirm data from historical drilling and exploration [7]. From September
2017 to March 2018, seven rotary boreholes (two at the same location) were drilled using reverse
circulation (RC) with air, mud rotary (MR), and flooded reverse (FR) drilling techniques. Drilling
locations and targets were based on available land permissions and accessibility, surface geophysical
surveys, historical drilling, and past hydrological studies. The most effective drill tooling used large
diameter tricone and drag bits. Various downhole geophysical logs were run in both open hole and
cased wells to obtain information on the lithology, geological properties, and the presence of brine.
Samples of drill cuttings from RC drilling are loosely representative of the actual drilling depth and
were washed using a 20-mesh strainer. The samples were mostly comprised of saturated cohesive
clays and were placed into plastic chip trays, and then into 3.78 L plastic sample bags and were
logged at the drill rig. Sometimes MR drilling was used to advance the borehole quickly and maintain
borehole integrity so that a well could be completed. With this technique, drill cutting samples are not
necessarily representative of the actual bit depth. The same is true for FR drilling, which was used to
replace MR drilling in wells DH-5, 5A, and 6A. In MR and FR drilling, mud return was discharged
through a sand separator and onto a shaker screen. Samples were collected at the end of the shaker
screen and were treated the same as with RC drilling. The MR and FR drilling mud was comprised
primarily of a slightly oversaturated sodium chloride salt solution (density ~1.7) using local packaged
feed salt containing no gypsum. Very low quantities of various polymers and viscosifiers were used as
a suspension agent to help rheology.

3.3. Hydrochemical Analyses

Well chemistry data from the California Department of Water Resources (CADWR, Sacramento,
CA, USA) database provide relatively complete analyses of wells that were sampled mostly between
1955 and 1968, with some wells sampled earlier or later (data in [12]). Most wells have major ion
chemistry with some trace elements such as boron (B), fluoride (F) and some lithium (Li) analyses.
Ion charge balances are all within 5%, indicating that the analyses are of good quality. Some wells
were sampled multiple times and so provide some degree of confidence in the reproducibility of the
analyses. The methods used for each analysis are available in the online database [12,13].

For samples collected from existing wells in BDL and CDL, two laboratories were used: (1)
Western Environmental Testing (WETLAB, Sparks, NV, USA) as the prime laboratory and (2) ALS
Environmental (ALS Canada, Burnaby, BC, Canada) as the check laboratory. The laboratories used their
own certified internal QA/QC procedures. Major anions were analyzed by ion chromatography (IC) at
both laboratories. Metals were analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) at WETLAB and inductively coupled plasma mass spectrometry (ICP-MS) at ALS. Major and
trace elements were analyzed using EPA method 300.0 for major anions (Cl, SO4, and F), EPA method

http://wdl.water.ca.gov/waterdatalibrary/index.cfm
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200.7 for major cations (Na, Ca, Mg. K) and trace elements (Sr, Si, B, Fe, and Mn) and an autotitrator
for alkalinity analyses.

Quality assurance and quality control (QA/QC) field samples were collected at 10% frequency.
Each QA/QC set included field duplicates, field blanks, and internal standards, and were submitted to
both laboratories. Field blanks consisted of distilled water sourced from local vendors. An internal
standard was established at the beginning of the exploration program in order to provide a consistent
chemical matrix to test laboratory dilution procedures. It was collected from a shallow pit dug in
the playa that recharged with brine. At the time of digging, pit brine chemistry was thought to be
representative of the playa brine aquifer, and so a bulk sample was collected in a 55 gallon drum, to be
used as the internal standard throughout the exploration program.

No new lithium data from the brines at BDL and CDL are available at present, but a few previously
unpublished historic Li concentrations from the alluvial fans are available from the CADWR data. No
new data are available for DDL brines, partly because the brine is not of economic interest for lithium,
and partly because there are very few wells in the area. However, a few historic analyses of wells
located in the alluvial fans in the Danby basin have been found in the CADWR database [12] and are
presented here. Most wells and chemical analyses are from the northern side of all three basins, mostly
because there is more road access to the north.

Although different sampling and chemical methods were used for analysis over time, and different
detection limits and reporting values apply to the various laboratories, it can be seen from comparison
of the various analyses that the concentrations are, in general, similar over time. There is no way to
correct historical analyses, if they are indeed different than more recent analyses. However, for the
purposes of these analyses for any method biases, but given the high concentrations for the most part,
these biases would be small. It is felt that comparison between the different analyses conducted by
different laboratories is useful and the quality control that can be done, allows comparison of the new
and historic data.

3.4. Geothermometry

Determination of the maximum temperature that the groundwater has been subjected to in the
basins was performed using the equilibrium Na–K geothermometer [52] and the empirical Li and Mg
geothermometer [53]. The Na–K calculated reservoir temperatures below 150 ◦C are not reliable and
so this method is mostly a check on the higher temperatures determined. For sedimentary basins,
the Li–Mg empirical method gives more reasonable results at lower temperatures than the Na-K
method [54].

3.5. X-ray Diffraction on Bulk Sediment and Clay Minerals

Initial qualitative screening of 10 BDL sediment samples and one duplicate from various depths
revealed significant evaporite content in each of the dried samples. Salts included halite, gypsum,
and anhydrite. We attempted to eliminate salts while preparing for quantitative analysis by washing
approximately 4 g of each sample in approximately 40 mL of deionized water twice. Solids then were
recovered via centrifugation at 2000 rpm for 10 min, and dried.

Samples were prepared for quantitative X-ray diffraction (XRD) using a modified method based
on [55]. One gram of homogenized sample was mixed with 20% corundum and ground in a McCrone
micronizing mill with 4 mL ethanol for 5 min, generating particle sizes on the order of 10–30 µm.
After drying at 60 ◦C, the mixture was transferred to a plastic scintillation vial with three acrylic balls
(approximately 1 cm in diameter) along with 200–800 µL Vertrel® solution (Dupont) and shaken for
10 min. The powder was passed through a 250 µm sieve to break up larger aggregates and loaded onto
an XRD sample holder. Samples were analyzed using a Siemens D500 X-ray diffractometer from 5 to
65 degrees two theta using Cu Kα X-ray radiation, with a step size of 0.02 degrees and a dwell time of
2 s per step.
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Mineralogical composition was determined using the quantitative mineralogy software RockJock
(version 11, U.S. Geological Survey, Boulder, CO, USA) [55]. The software uses a linear combination
model and a library of standard mineral diffractograms in MS Excel to calculate the relative abundance
of each mineral. Generally, the precision of this method is +/−5%, although this value depends upon
the sample composition.

Clay Treatments

The <2 µm fractions of the sediment samples were isolated from 2 samples to perform heat and
chemical treatments for qualitative identification of the clay mineralogy. Each sample was ground in
a McCrone micronizing mill with 10–20 mL DI water for 5 min and transferred to a 50 mL centrifuge
tube. Next, the suspended samples were centrifuged at 1000 rpm for 5 min, which settles the larger
minerals to the bottom of the tube and leaves the <2 µm fraction in suspension. This step was repeated
twice. Aliquots of the clay suspensions were transferred to silicon wafers (for air dried and unheated,
ethylene glycol-treated samples) and glass wafers (for heat treated samples). Depositing thin films of
suspended clays naturally orient during the drying process, which produces more pronounced 001
reflections in the diffractograms. Samples were saturated with ethylene glycol by placing them upon
the upper tier of a desiccator containing ethylene glycol in the bottom. The desiccator was sealed
and placed in a 60 ◦C oven for at least 8 h before loading the samples for XRD analysis. Additional
clay identification was performed by heat treatment of the glycolated oriented sample by bringing the
sample to 500 ◦C for 90 min. The heat-treated samples were then re-glycolated as described above.
XRD analysis was performed in between each treatment. Raw X-ray data and metadata are available
in [56].

3.6. Bulk Sediment Chemistry

Ten bulk sediment samples from different depths in BDL were collected from cuttings of wells
DH 2, DH-5, DH5A, DH-6 and DH-6A, and analyzed at AGAT Lab in Mississauga, ON, Canada.
A weighed sample was digested in a Teflon® vessel with hot hydrochloric, nitric, hydrofluoric and
perchloric acids then filtered. Residual salts were dissolved in aqua regia and diluted. Samples were
then analyzed by ICP-OES and ICP-MS ICP-MS ELAN® DRC II (Perkin Elmer, Shelton, CT, USA) for
49 elements reported in Table 2 and in [10].

Table 2. Selected major and trace element chemistry of bulk sediment samples from Bristol Dry Lake
(complete analyses can be found in [12].

Core Depth (m) Li (ppm) Sr (ppm) Al (%) Ca (%) K (%) Mg (%) Na (%)

DH-2 15–17 150 617 4.67 4.81 1.97 1.34 10.3
DH-2 107–109 194 697 5.6 4.92 2.46 1.78 6.7
DH-2 198–200 116 429 5.26 3.11 2.18 1.46 13.6
DH-5 12–14 131 749 5.72 5.44 2.56 1.24 6.78
DH-5 235–237 111 633 3.93 5.95 1.82 0.91 12.8
DH-5 300–302 106 495 3.64 4.83 1.65 0.87 14.8

DH-5A 300–302 17.8 182 0.87 1.03 0.39 0.14 32.7
DH-6A 15–17 172 2610 6.37 5.12 2.65 1.49 4.06
DH-6 98–100 45 250 1.34 2.48 0.62 0.32 28.1

DH-6A 300–302 157 737 5.86 5.03 2.66 1.47 7.26

3.7. Scanning Electron Microscope

The same 10 bulk sediment samples from BDL were viewed under a scanning electron microscope
at the University of Nevada-Reno (Reno, NV, USA). Samples were coated with carbon in a vacuum
and run at 20 kV energy on a W-filament SEM with an embedded JEOL 10 mm2 EDS detector (energy
dispersive X-ray spectrometer) (JSM-6100LA, Tokyo, Japan).
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4. Results

4.1. Hydrochemistry

4.1.1. Alluvial Fan Water

New chemical data from BDL and CDL wells (data in [12,13]) are similar to previous data
presented in [6,7] but show a somewhat larger range of major ion concentrations, particularly in CDL
than has been previously presented (data in [12,13]); Figure 6). Data from the DWR database were
also examined to provide more information from the northern side of the alluvial fans in BDL and
CDL basins, and the northern and eastern side of DDL basin (Figures 3–5). Alluvial porewaters show
milliequivalent concentrations of Ca > HCO3 and Ca > SO4 in some wells, indicating that when these
wells are evaporated to calcite and gypsum saturation, bicarbonate and sulfate will be depleted, leaving
Ca behind in solution (Figure 7A,B). Most, but not all, of the wells with Ca > HCO3 are brackish
(specific conductance great than approximately 1000 µS/cm), but a few are fresh (specific conductance
<500 µS/cm). All of the wells with milliequivalent concentrations of Ca < HCO3 are fresh. There also
appears to be two mixing paths for alluvial fan water, particularly in the BDL basin, with one path that
has more Ca and another path with more Mg (Figure 6).
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Figure 6. Piper diagram of all data with complete major ion concentrations. Bristol and Cadiz Dry
Lake brines plot at the extreme end of the Cl portions of the anion portions of the diagram, but Danby
Dry Lake (DDL) brine plots where SO4 is more prevalent. Alluvial fan and marginal water (blue points)
show higher concentrations of HCO3 and SO4, but cations plot on a relative mixing line between
Na dominated solutions and Na + Ca dominated solutions. There appears to be two mixing lines
(red arrows) for alluvial fan water cations (triangle on left), those with more Mg and those with more Ca.
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Figure 7. Correlations of (A) Ca and HCO3 as milliequivalents per liter (meq/L), and (B) Ca and SO4

(meq/L) for alluvial fan wells in the Bristol Trough. The red dashed line represents equal concentrations
in meq/L. Sampling points above the red dashed line in 7A have Ca > HCO3 and Ca > SO4 in 7B,
and points below the line have Ca < HCO3 and Ca < SO4 in 7A and 7B, respectively.

Some of these alluvial wells in BDL and CDL have B and F concentrations that are 1 to 5 mg/L,
which is relatively high for fresh to brackish water. Unfortunately, very few alluvial wells were
analyzed for Li, but those were mostly less than the detection limit (detection limit of 0.1 mg/L). A few
have concentrations up to 5 mg/L, suggesting that Li, B and F may not be from the same source
because they are not consistently high in the same wells. Boron and fluoride are accessory elements
in igneous rocks and weathering of rock in the mountains surrounding all of the basins is the likely
source for these elements. The fact that B and F do not concentrate in the brines suggests that they are
adsorbed to the sediment (mostly clays) as the water moves to the playa center, as predicted in arid
zone soils [57]. Although B adsorption is pH dependent, the pH of Bristol Trough brines (around a pH
of 6–7) is not low enough to inhibit adsorption [58], and both B and F are likely to adsorb to illite and
montmorillonite clays that are abundant in these basins [59,60].

4.1.2. Brine Chemistry

The brine chemistry at BDL has been well documented in numerous publications [7,26,28,34,61],
but the brine composition of CDL and DDL are only documented in [6,8]. New data collected in
2017 and 2018 from BDL and CDL [12,13] are consistent with previous analyses but provide more
information on the northern margin of BDL and for CDL basin-center brines (Figures 6 and 8A–D).
New samples from CDL were collected from several sets of wells used for CaCl2 brine and halite
production from depths of 60 to 90 m bls. Bristol and Cadiz Dry Lakes are Na–Ca–Cl brines with
low concentrations of sulfate and alkalinity. BDL brines contain more Ca and Li than CDL and DDL,
even though the salinities of all brines are similar. Most of the major cations and Sr correlate well in the
brines (Figure 8A–D). No Sr data are available from the alluvial fans, but basin-center brines show
a strong covariance between Sr and Ca (Figure 8A). Sodium and Ca correlate relatively (Figure 8B)
well except for two values from BDL, which may indicate that these two samples have evolved past
halite saturation, keeping the Na at the same concentration but increasing the Ca concentrations.
Sodium and K appear to have two paths in the brine with lower K in some samples but not others
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(Figure 8C). Because some wells sampled at different times are on different paths, it is not clear that
this variation is real, and it may be caused by analytical error (data in [12,13]). This is supported by the
fact that the alluvial fan water shows a single trend. Magnesium and Ca correlate relatively well in the
brines (Figure 8D), but alluvial fan water does not show any correlation. This may indicate variable
weathering sources of Mg.
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Figure 8. Chemical relations between (A) strontium and calcium, (B) sodium and calcium, (C) potassium
and sodium, and (D) magnesium and calcium. Insets show lower concentration data in alluvial fan
and basin margin wells (note change in concentration units). Many alluvial fan wells do not have trace
element data.

Trace element concentrations also tend to correlate well. Lithium and Sr are highly correlated with
every major cation in BDL and CDL (Figure 9A–D) except Na, which has been lost to solution by halite
precipitation at BDL. Brines on the edge of BDL and some CDL fluids that are below halite saturation
do show a correlation between Na and Li, but there are not enough data in DDL to determine whether
major cations correlate with lithium.
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Figure 9. Chemical relations between lithium and (A) strontium, (B) magnesium, (C) calcium, and (D) sodium in historical data. Red dashed lines show trends and
are not correlation lines. Insets show lower concentration data in alluvial fan and basin margin wells. Many alluvial fan wells do not have trace element data. Salton
Sea geothermal well is show for comparison in Figure 8B. The temperature recorded from this well was 300 ◦C [42].
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BDL brines overall are slightly more saline than CDL brines but have also precipitated far more
halite than CDL [26], indicating that BDL is more evaporated and evolved than the CDL brine. Boron
and F are not correlated in any of the brines (data in [12,13]); Figure 10) and concentrations in the
basin-center brines are not much higher than in the alluvial fan water. This suggests that both elements
are adsorbed to/precipitate with clay minerals as they get to the playa center.Minerals 2020, 10, x FOR PEER REVIEW 22 of 34 
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Figure 10. Fluoride (F) plotted against boron (B) for historic brine and alluvial fan well measurements.
No correlation is evident between F and B, and brine concentrations are similar or lower than alluvial
fan concentrations in all basins for F. Boron concentrations are higher in the CDL and DDL brines than
alluvial fan water, but not at BDL. New sampling of Standard Lithium wells did not include fluoride
or boron.

Danby Dry Lake, which has been used sporadically for salt extraction of brines since the 1880s [62]
is less saline than the other two playas and also contains little Ca in the brine (data in [12,13]). Danby
Dry Lake is a Na–Cl brine that also contains almost no HCO3. However, SO4 is present between 3.8
and 31 g/L in the saline brines. Only three thin (<0.5 m thick) layers of halite have been found in the
top 5 m of the core drilled at the north end of the playa [8]. The core at the south end of the playa has
no halite beds and is sandier than the other core. Gypsum deposits are abundant around the edges
and south part of the playa and some appear to be the remnant pedestals of older, likely Pleistocene
deposits [63].

4.2. Sediment Mineralogy and Chemistry

Both samples (DH-2 50-55 and DH-2 350-355) that were included in the clay investigation were
scanned with both randomized and oriented orientations. The 060 peak of montmorillonite was
not expressed in oriented XRD scans, but its d-spacing in the randomly oriented preparation was
diagnostic for differentiating between trioctahedral and dioctahedral smectites. In all samples, we
found a bimodal 060 peak with foci near 1.52Å and 1.50Å indicating a mixture of trioctahedral and
dioctahedral smectite. The confirmation of trioctahedral smectite was used to continue the investigation
into the presence or absence of hectorite clay.

The ethylene glycol solvated 001 peak was clear in every oriented clay sample, and the distinction
between stevensite and hecorite is based on the failure of oriented samples to re-expand after heat
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treatment and subsequent ethylene glycol solvation [64]. The heat treatment collapses the d-spacing
of the 001 peak to 14Å, and the 001 peak of a hectorite will re-expand to 17Å after solvation with
ethylene glycol, which we demonstrated using the clay mineral society hectorite (SHCa-1) as a control
sample. Because the 001 peak of the montmorillonites analyzed in this investigation did not re-expand
to 17Å after heat and ethyne glycol treatment, we determined stevensite was present, not hectorite.
Although samples were micronized to homogenize before clay separation, and some amount of quartz
and feldspar could have been present in the <2 µm random and oriented XRD samples, the presence
of non-clay minerals on an oriented slide does not change the location of the 001 peak.Based on the
analysis above, the mineralogy of the 10 samples analyzed from BDL show that the composition of the
clays and bulk sediment are similar down to 400 m (Table 3). The clay-sized sediment is composed of
mostly equal portions of smectite and illite group clays, with most of the remaining clay-sized fraction
as mica (Table 3). Kaolinite is generally less than 3% of any individual sample. The non-clay-sized
fraction was dominated by potassium feldspar (up to 40%) and quartz (up to 16%), with minor amounts
of plagioclase (<12%), calcite (<10%), and gypsum/anhydrite (<6%).

Lithium concentrations were not measured in the previous sediment cores taken from BDL [6].
However, Li concentrations were measured in the 10 BDL samples as part of the current study. These
show similar concentrations to those reported in [6,8] for CDL and DDL, respectively (Figure 11).
Concentrations of Li in bulk sediments from BDL (Table 2; Figure 11) are relatively low (18–172 ppm;
N = 10), with an average of 120 ppm, which is higher than Li concentrations in sediments from CDL
(average of 80 ppm; N = 74) and DDL (average of 58 ppm; N = 187) reported in [6,8]. Although
lower concentrations at CDL and DDL correlate with the lower salinity and possible open hydrology
of CDL and DDL, the difference in sample size between each basin may account for some of these
differences. Some Li concentrations in both CDL and DDL are higher than the highest concentrations
observed in BDL (Figure 11) and there is no consistent trend with depth in the basins, although CDL
lithium concentrations tend to decrease with depth. The 10 samples from BDL show little variation
with depth, and at the deepest interval at approximately 395 m, the values range from 18 to 157 ppm
Li in three different cores. Danby Dry Lake appears to have two intervals of high concentrations
(>200 ppm)—one near the surface in core DAN-2, and one at approximately 100–115 m in depth in
core DAN-1. Lithologically, there is no discernable difference in the sediments in these intervals shown
in [8] that would explain the high Li concentrations.
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Table 3. Mineral composition of Bristol Dry Lake sediments from X-ray diffraction (data from [56]).

Sample Name: DH2
50-55

DH2
350-355

DH2
650-655

DH5
40-45

DH5 40-45
Duplicate

DH5
770-775

DH5
985-990

DH5A
985-990

DH6A
50-55

DH6
320-325

DH6A
985-990

Depth of Sample (m) 15–17 107–109 198–200 12–14 12–14 235–237 300–302 300–302 15–17 98–100 300–302

Mineral wt %
Non-clays

Quartz 7.4 5.8 6.1 13.6 11.4 13.4 11.2 15.5 14.3 14.2 12.4
K-feldspar 20.5 17.4 16.1 26.8 26.1 25.3 24.5 36.4 38.8 27.3 18.0
Plagioclase 3.5 1.7 2.4 6.7 7.7 5.4 6.0 11.3 9.1 6.8 1.8

Calcite 7.0 9.5 6.7 8.4 8.5 7.0 7.5 4.8 5.1 7.3 5.2
Halite 1.1 0.1 2.0 0.3 0.4 0.8 0.4 0.6 0.4 0.7 0.5

Anhydrite 1.3 3.0 0.1 0.5 0.5 11.7 8.5 5.5 1.3 11.7 13.8
Gypsum 5.6 0.0 0.0 3.6 4.6 0.0 0.0 0.0 1.6 0.0 0.2

Amphibole 2.1 1.8 1.2 3.0 3.0 3.1 2.2 3.1 2.2 2.8 0.1
Total non-clays 48.4 39.3 34.6 63.0 62.2 66.7 60.3 77.2 72.8 70.8 51.8

Clays
Kaolin group 0.5 1.9 2.5 1.9 0.0 1.2 0.4 0.2 0.0 0.7 1.4

Smectite group 20.8 21.2 23.1 13.9 10.3 12.8 16.0 9.2 13.3 12.4 22.0
Illite group 21.8 31.7 34.0 15.7 17.6 11.7 14.0 7.9 4.2 10.6 21.0
Mica group 7.0 5.0 4.7 3.8 8.7 6.7 8.6 5.3 8.4 4.2 2.1

Chlorite 1.5 0.9 1.1 1.7 1.3 0.9 0.8 0.3 1.2 1.3 1.6
Total clays 51.6 60.7 65.4 37.0 37.8 33.3 39.7 22.8 27.2 29.2 48.2
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Figure 11. Lithium concentrations in bulk sediment from Bristol, Cadiz and Danby Dry Lake cores.
Data from Cadiz and Danby Dry Lakes are from [6,8], respectively. Wells plotted are numbered in
Figures 3–5 as: BDL, samples from wells 10, 13–16; CDL well CAD-1, well 104; and DDL wells; DAN-1,
well 113, DAN-2, well 114. Data from Bristol Dry Lake are from this study.

5. Discussion

5.1. Hydrology of the Basins

The relatively constant correlation between alluvial fan water and basin-center brines for most
elements suggests that evaporation is the main driver for the concentration of these elements. While
some Ca and Sr are lost to carbonate, gypsum, and celestite precipitation in the alluvial fans and basin
margin [27], the loss of Ca and Sr does not appear to change the ratio of these elements to Li in the BDL
and CDL brines. The lack of ratio change, even after precipitation of gypsum may indicate input of
an additional source of water, possibly geothermal in origin.
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In order to further assess the geothermal influence in the Bristol Trough brines, geothermometry
calculations were conducted to constrain the maximum temperature to which the brines were subjected
(Table 1). The equilibrium-based Na–K geothermometer does not provide reliable temperatures below
150 ◦C. Therefore, although temperatures calculated using the Na–K geothermometer agree with the
Mg-Li geothermometer, the Na–K geothermometer is used as a check of the Mg–Li geothermometer,
because most calculated temperatures are below 150 ◦C.

Although it has been suggested that the empirical relation between Li and Mg should be linear
due to unexplained reasons [54], the decreased solubility of dolomite and ankerite with increasing
temperature and the relative incompatibility of Li released by progressive silicate mineral dissolution
at higher temperatures has been suggested to decrease the Mg/Li ratio with increasing temperature [50].
Kharaka and Mariner [53] also suggested that due to the almost identical crystalline ion radii of Mg
and Li, they can substitute for each other in amphiboles, pyroxenes, micas and clays. Although not
explicitly suggested, this would mean that at higher temperatures, Mg is incorporated into these
minerals and Li is released. In Bristol Trough chemical analyses, the Mg to Li concentration is not
constant in all analyses and is different between the few alluvial fan samples and basin brine samples
in BDL (Figure 9B). Alluvial fan waters in BDL give low reservoir temperatures of generally less
than 100 ◦C (data in [12,13]), whereas brine samples yield reservoir temperatures of approximately
160–117 ◦C. This means that there is either a different source of water between the alluvial fan and
basin center, or there are chemical reactions that are either releasing Li or sequestering Mg from the
water. Given that other elements correlate relatively closely between the alluvial fan and brine samples,
it appears that chemical reactions are more likely to explain the variations in Mg/Li ratios than different
fluid sources. If this is correct, the higher reservoir temperatures in the basin center, may overestimate
the maximum temperature to which the brines have been subjected.

There is some overlap in calculated temperatures between BDL and CDL brines, but none of the
brines have been subjected to apparent temperatures greater than approximately 160 ◦C using the
Mg–Li geothermometer, with slightly higher temperatures using equilibrium geothermometers at BDL
(data and calculations in [12,13]). There appears to be a decrease in temperature from BDL to DDL
of approximately 50–100 ◦C, although CDL temperatures only appear to be slightly lower than BDL.
Deep Salton Sea geothermal temperatures are approximately 300–400 ◦C [42,43] and so if geothermal
water is entering the basin, it is (1) coming from water that is not as hot as Salton Sea water, (2) coming
from a shallower depth that has cooled substantially, or (3) mixing with cool alluvial groundwater.
None of the brines in the Bristol Trough have current temperatures greater than approximately 25 ◦C,
which suggests that if heating occurred, it was in the distant past.

Strontium isotopes were analyzed by [26] for celestite nodules on the north and south margin of
BDL. The average 87Sr/86Sr ratio of 5 samples was 0.7122424 ± 0.0000941. This value is higher than
strontium isotope measurements from Salton Sea geothermal fluids of 0.711225± 0.000179 [42,43,65] but
is consistent with the strontium isotopic composition of global igneous rocks (granites and rhyolites) [66]
that are widespread throughout the basin (Figure 2A). This indicates that strontium is likely sourced
from the watershed rather than geothermal fluids, even though there is a strong correlation between Li
and Sr (Figure 9A). Araoka [14] found that Li was likely sourced from geothermal fluids in Clayton
Valley, Nevada, to the northeast of the Bristol Trough, but found that Sr was likely derived from the
local watershed.

Dolginko [67] used fluid inclusions in unaltered halite crystals from the cores analyzed by [25,27]
to show that the brine composition has not changed with depth within the top 500 m of sediment.
This indicates that if the Li and Ca came from a geothermal source, it was present in the basin more
than 3 million years ago [26,28,68], and the brine composition has not changed over time. This is also
likely the case for CDL and DDL.



Minerals 2020, 10, 284 27 of 34

5.2. Groundwater Flow to Playa Center

For discharging playas in Death Valley, California, and Dixie Valley, Nevada, [24] suggested that
permeability contrast between playa clays and alluvial fan sands and gravels causes groundwater
from alluvial fans to discharge at the edge of the playa though phreatophytes and not flow to the
playa center. They indicated that the playas are wet because of continual run-on of surface water to
the playa during rainfall events that then seeps into the playa surface and evaporates concentrating
the water over time. They further suggested that this process is true for all wet playas. However,
this hypothesis is not consistent with salt precipitation patterns. As surface freshwater arrives on the
playa it would dissolve any salts that had precipitated previously, but the composition of the incoming
water would always be essentially the same and contain higher HCO3 concentrations, because HCO3

is the dominant anion in global river water [69]. This would mean that carbonate minerals would
form first in the center of the playa. After carbonate precipitation gypsum would form and then halite.
This sequence of precipitation would be vertically stacked in the basin. In Bristol Trough playas, this is
not seen in any of the cores, and in fact this sequence is seen laterally most prominently in the BDL
basin. Carbonates form mostly in vadose zone calcretes in the fans surrounding the basin, gypsum
forms at the transition from alluvial fan to playa clays, and halite forms in the center of the basin (at
BDL). Although there are minor amounts of calcite and gypsum in the playa clays (<10%) possibly
from run on events, the bulk of these minerals are formed on the edges of the playa. As has been
demonstrated in previous work (25–27) the lack of HCO3 and SO4 in the playa center brine at BDL and
CDL must be caused by the precipitation of carbonate and sulfate minerals before they enter the center
of the playa because these minerals are not present in the basin center.

If the playa center brine was formed solely from geothermal fluids similar to Salton Sea brines
entering only in the center of the basin, the chemistry of the playa brines would have higher trace
element concentrations (Pb, Fe, Mn, in particular) and likely higher Li concentrations. Unevaporated
Salton Sea brines have 200–400 ppm Li [42]. In addition, although the Salton Sea brines appear
chemically similar to the brines discussed here (Table 1), the milliequivalent ratio of Na:Ca in Salton
Sea brines is approximately 1.7 whereas in BDL and CDL brines it is approximately 5 or higher. Finally,
K and Mg concentrations Salton Sea brines are approximately 11–16 g/L and 20–74 mg/L, respectively,
whereas Bristol Trough brines have K concentrations between <1 and 4.1 g/L and Mg concentrations
between 0.5 and 3.5 g/L (data in [12,13]), which are much lower and the opposite of Salton Sea brines
(Table 1). Precipitation of clays cannot account for these differences (see below). Lowenstein et al. [15]
suggested that Long Valley Caldera springs contributed to the major ion composition of Searles lake in
the past, but this geothermal water is not similar to Bristol Trough brines (Table 1). Geothermal water
from the Long Valley Caldera is not a likely to be the source for the Bristol Trough brines because even
during the wet Pleistocene epoch, the river system that started in the Long Valley Caldera and flowed
to Death Valley did not overflow into Bristol Dry Lake [68].

It appears there is no individual source that can completely account for the chemistry of BDL and
CDL brines. It is possible that there is a mixture of the different fresh water and geothermal sources.
However, correlations of most solutes are consistent (Figure 8), indicating that the source(s) of the
fluids come from the edge of the basins and not from the basin centers. Although the chemistry of the
alluvial fan porewater is best characterized in the northern Bristol Trough, it is clear that there is little
fresh water near BDL. Yet there is abundant fresh/brackish water in Fenner Valley and in the fans to
the north of DDL. Based on the observation that the greatest salinity occurs at BDL and playa brines
are progressively less saline from CDL to DDL, it appears that BDL is the only completely closed playa
within the trough. Extensive halite deposits occur at BDL down to 500 m bls, whereas CDL and DDL
only have limited halite within the upper 10 m of the surface [6–8,28]. This indicates that BDL brine
has lost substantial Na and Cl to halite precipitation, whereas CDL and DDL brines have not, and that
BDL has undergone closed basin evaporation to a greater extent than CDL and DDL.

The similarity in brine chemistry between BDL and CDL suggests that they either have been
connected as one lake basin at certain times, or that there is a subsurface connection between the basins
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(or both). The difference in chemistry between DDL and CDL/BDL indicates that these basins are not
connected and the source of ions for the DDL brine is different. The difference is either caused by
differences in the surrounding rocks that contribute different ions to the brines in each basin, or by
different water sources, such as geothermal water, that have contributed to the DDL brine. The lack
of data at DDL makes it difficult to evaluate these possibilities. The presence of a slightly brackish
groundwater below the DDL playa indicates that the playa may be open to the southeast and may
never reach the same salinity as BDL or CDL. However, DDL is still a very saline brine, and so the
openness of this playa is relatively small. It is not possible to calculate the openness of the basin
without more data on groundwater flow rates and chemistry in unsampled parts of the basin, and the
construction of a basin groundwater flow model.

5.3. Chemistry of Playa Sediments

Droste [70] analyzed clay samples from all the playas in the Bristol Trough (except Alkali Dry Lake)
from deep cores drill in the 1950s and from data reported in [34]. The mineralogy of all three playas
was similar, consisting mostly of montmorillinite (smectite)/illite clay mixtures with minor amounts of
chlorite and kaolinite at all depths. He concluded that because of the similarity of composition and
mineral assemblage at all depths and all playas, that the bulk of the sediment was derived from detrital
material and that limited reactions had occurred in the clays even at depth. Rosen [26] analyzed 10
clay samples from BDL, in cores collected in the 1980s by Southern California Edison and found that
these cores (drilled to >500 m and deeper than the cores analyzed by [70]), also showed little evidence
of change in the mineralogical composition. Rosen [26] independently concluded that the clays were
likely of detrital origin due to their similarity with depth. The new samples taken from the Standard
Lithium cores confirm these previous studies and show that in general the mineralogy of the clays
have not changed due to chemical reaction to depths of 500 m. Scanning electron microscope images of
the samples show ragged edges on clay and mica grains further indicating that fine-grained material
in the cores is mostly detrital (Figure 12). However, sorption reactions could be possible in the clays,
and other mineral reactions could have occurred in non-clay portions of the sediment (feldspars, micas,
and other accessory minerals).
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The lithium concentrations in the sediments of all three playas are relatively low compared to Li
in the brine. As with the brine, average Li concentrations in the sediment decrease from BDL to DDL,
although some of the highest values in individual samples occur in DDL (Figure 11). Micas are present
in all basins and although dissolution of Li from lepidolite micas is a possible source, it would likely be
uniform across all the basins.

Tephra layers are another possible local source of Li and are found mostly in BDL sediments,
but only 10 beds possibly exist in 500 m of sediment analyzed by [26,28,61] and most beds are less than
10 cm thick. In addition, tephrochronology measurements of the grains were performed on 11 tephra
units to obtain ages for the tephras. With the exception of two samples, glass was unweathered [26].
Therefore, the release of Li from tephras within the basin is not likely to provide the bulk of the Li to
the brine. However, Miocene volcanic rocks ring each basin and may provide a source.

If Li was coming from a deep geothermal source, Li concentrations might be greater within the
deep sediment column. This does not appear to be the case (Figure 11), as BDL concentrations are
relatively similar throughout the sediment column, CDL Li concentrations in the sediment are higher
at the top of the sediment column, and DDL concentrations are variable, with a concentrated layer at
the top of one core and another near the bottom of the other core. The sediment concentrations do
not necessarily point to a geothermal source, but if brines are circulating, the source of the Li in the
sediment may be difficult to determine. The ratios of the concentrations of major ions in the sediment
samples at BDL are similar to the brine composition, and there are no geothermal tracers that appear
elevated in the sediment data, although B and F were not analyzed (Table 2). However, in DDL,
the lack of Li in the brine compared to the sediment concentrations, which are similar to BDL and CDL
sediment concentrations, suggests that if the source was an ancient geothermal fluid, the remnant ions
of this fluid have left the basin because of the openness of the basin, compared to BDL and CDL, which
are more closed.

5.4. Origin of Calcium and Lithium

Calcium and Li concentrations are well correlated in the BDL and CDL brines, but not in the few
brine samples from DDL. Although there are very few analyses or detections of lithium in alluvial fan
waters, those that exist appear to correlate with Ca (Figure 9C, inset). The ratio of Li to Ca in the brines
is slightly higher in the brines than in the alluvial fan water, but given the difficulties of measuring
saline water, the ratios are similar, suggesting that water in the alluvial fans could be a source of Li.
The reason that only some alluvial fan wells have milliequivalents Ca:HCO3 ratios greater than one is
not clear, but there are several possible explanations: (1) there have simply been too few wells sampled
in the alluvial fans to get an accurate picture of the overall composition of the alluvial fan water in
the basins. This is particularly true of the south side of the playas, where there are no data. (2) The
free circulation of BDL playa water back to the edge of the basin has provided the Ca from the playa
center and mixed with the fresh water. However, this is unlikely to be true for CDL or DDL, where free
circulation has not likely occurred. (3) Ion exchange reactions are occurring in the soil that releases Ca
from non-carbonate minerals (i.e., clays and feldspars) without releasing HCO3. (4) There is a dilute
deep source of geothermal water that mixes with cool alluvial fan water along faults at the edge of the
basin or in the mountains. This water would have to either cool or occur in a small enough volume
to not heat the shallow alluvial groundwater. Although it is not clear whether the high Ca water is
coming from dilute deeply circulating fluids rising from faults or from ionic exchange reactions from
rock weathering, it is clear that a previous study [9] suggesting that all the alluvial fan water flowing
to Bristol and Cadiz playas has milliequivalent Ca:HCO3 ratios <1 is not accurate. If the alluvial fans
did not provide groundwater to the playas, then the formation of groundwater-derived gypsum on the
playa margin [23] could not occur. Some alluvial fan wells near the playa margin (wells 92, 93, 94, 118;
Figure 3) have high Ca and SO4 concentrations and low HCO3 concentrations, indicating that water
has not become saturated with gypsum. This type of water is only found near the playa margin and
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indicates that flow must move towards the playa where no HCO3 and SO4 remain due to calcite and
gypsum precipitation.

6. Conclusions

The evidence for local sources or deep geothermal sources is not simple to unravel. While
there are abundant volcanic rocks in all three basins (although somewhat less in Danby) that could
provide lithium to the playas, and dissolution of feldspars or other rocks that could provide Ca,
the inconsistency between Danby (low Li and Ca) and Cadiz and Bristol (high Li and Ca) make local
sources difficult to establish. Given that the basins are >5 million years old, there is sufficient time for
weathering to occur. No recent geothermal sources are present in the basins other than ~79,000-year-old
Amboy Crater. The brines in all basins are relatively homogenous, indicating mixing within each
basin, likely driven by density, and so there is no indication of higher concentrations at deep depths.
However, Mg–Li geochronometers indicate that heating in Bristol and Cadiz Basins has occurred at
some point, likely more than 3.5 million years ago.

Given that there is more consistency in the argument for a geothermal source, it appears that
the source of lithium and calcium to Bristol and Cadiz playas likely comes from ancient geothermal
sources that are at least 3.5 million years old. This conclusion is based on the consistency of Ca
and Li concentrations regardless of the TDS concentrations of the solution and the fact that Danby
playa, which is similar in watershed lithologies, age of the basin, and TDS concentrations, has low
Li and Ca concentrations. Salton Sea-type geothermal fluids have been invoked by [9] as the source
of the Ca and Li to the Bristol Trough brines, but the overall fluid composition of Salton Sea thermal
fluids is different from the chemistry of the Bristol and Cadiz brines, especially with respect to K and
Mg. Either the geothermal fluid source to the Bristol Trough has a different composition than the
Salton Sea fluid, or mineral reactions have removed potassium and magnesium from the brine center.
Because the clay minerals in Bristol Trough playa sediments indicate that no diagenetic reactions have
occurred in the clays, it is more likely that the source geothermal fluid had a different composition.
Lithium concentrations in playa sediments in all three basins are relatively low compared to brine
concentrations and do not necessarily indicate a deep geothermal fluid is the source for lithium in
the sediments because the lithium concentrations do not show any consistent concentration gradients
from deep to shallow sediment.

Bristol Dry Lake is the only completely hydrologically closed basin of the three playas in the Bristol
Trough. Evidence for this comes from the abundance of halite precipitated in the sediments of BDL
and the lack of halite precipitation in the sediment column in Cadiz and Danby playas, the gradient of
lower concentrations of TDS, Ca, and Li concentrations from Bristol to Danby playas, and the presence
of a deep relatively freshwater aquifer below Danby playa. Cadiz Dry Lake is likely “more closed”
than Danby Dry Lake. Cadiz groundwater (and some surface water) likely flows to Bristol Dry Lake
intermittently, and Danby Dry Lake groundwater likely flows out of the basin to the south and east.

In BDL and CDL, the decrease in sulfate concentrations from the alluvial fans to basin-center
brines indicates that groundwater from the alluvial fans does flow slowly (over thousands of years) to
the playas in these basins, contrary to the hypothesis that alluvial fans only discharge at the playa
margin and there is no connection between basin-center brines and alluvial fan water.

There are still some inconsistencies in the hydrology and chemistry of these playas and more
hydrologic studies are needed on the margins of these playas, particularly on the southern margins, to
better understand the source, flow paths, and concentration mechanisms of lithium and calcium in
these playas.
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