PROCEEDINGS, 48" Workshop on Geothermal Reservoir Engineering
Stanford University, Stanford, California, February 6-8,2023
SGP-TR-224

Distribution, isotopic composition, and origin of Li in the Salton Sea Geothermal Field

J. Humphreys', M. Brounce!, M. A. McKibben!, P. Dobson?,N. Planavsky?, H.R. Hoover!, B. Wenzel'

"University of California Riverside, Riverside CA 92592; *Lawrence Berkeley National Laboratory, Berkeley, CA 94720; *Yale
University, New Haven, CT 06518

Jhump 004@ucr.edu

Keywords: Salton Sea Geothermal Field, lithium, mineralogy, metasedimentary, chlorite

ABSTRACT

Hypersaline brines from the Salton Sea Geothermal Field (SSGF) comprise what may be potentially one of the largest known brine
deposits of lithium in the world, containing between 1 and 5 million metric tons of dissolved Li metal. With rising global and domestic
demand for lithium due to the manufacture of batteries for electric vehicles and other energy storage applications, there is increasing
interest in extracting lithium from geothermal brines such as those found in the SSGF. This type of lithium resource is also of interest
because it has a relatively small footprint on the surface of the Earth, and thus may have substantially lower environmental impacts when
compared to more traditional forms of lithium extraction, such as open pit hard rock mines and evaporative ponds (i.e., salars). In the case
of the SSGF brines, it is unclear the extent to which reinjected brines, once lithium has been extracted from them at the surface, might
reacquire additional lithium upon interaction with their source rocks at depth, and thus the maximum size of the recoverable resource may
exceed that currently found dissolved in the brines.

This study uses petrography, microscopy, Li isotopes, and micro-analytical techniques to identify the sources of lithium in the SSGF
brines and rocks, including the dominant mineral hosts of lithium within the host reservoir rocks.

The stratigraphy of the SSGF reservoir consists of metamorphosed Plio-Pleistocene sedimentary rocks (sandstones, mudstones, and
evaporites), with intervals of buried rhyolite domes and tuffs and intruded basaltic and rhyolitic dikes (e.g., Herzig et al., 1988; Hulen et
al.,, 2002). Preliminary analyses of polished sections of reservoir rock minerals using laser ablation induced coupled plasma mass
spectrometry yield Li concentrations as high as 91 ppmin rhyolite matrix glass and 581 ppmin authigenic (hydrothermal) chlorite. The
lowest lithium abundances are measured in epidote, alkali feldspars, pyrite and anhydrite. Groundmass (comprised predominantly of
granular biotite and sodic feldspar) concentrations of Li in rocks with these major mineral phases are as low as 12 ppm. When the
groundmass contains granular chlorite, groundmass Li concentrations reach as high as 252 ppm, even when chlorite is also present as a
major (i.e., >30 um in diameter) mineral. Chlorite is observed to encase pyritein anhydrite-bearing rocks, indicating a mineral reaction
important to fixing Li in the rocks; this chlorite contains 581 ppm Li - the highest measured Li contents in this study for a single mineral
grain. Unaltered surface Holocene rhyolite glasses record Li concentrations up to 91 ppm while their buried late Pleistocene counterparts
record Li concentrations of up to 68 ppm.

Fresh surface rhyolites show a wide §'Li variation from 3.5 to 10.3 %o, while older buried, altered intrusive and extrusive rhyolites exhibit
a tight 8’Li clustering from 6.4 to 7.6%.. Metasediment 3’Li values range from 1.8 to 7.8%.. Li isotopic compositions of the SSGF
reservoir brines are relatively light and narrowly confined (§'Li = +3.7 to +4.7%o). This 8'Li brine composition overlaps with previous
measurements of 8’Li in salar brines from South America (8'Li = +3.7 - +12.6%o) and playasediments from Nevada (8'Li = -1 - +8%o),
is slightly heavier in 8’Li comp osition than those reported for lithium-bearing (168-190 ppm Li) geothermal brines from the Rhine Graben
(8"Li=+1.0 - +1.7%o), and lighter in §Li composition than oil field related brine water from the Rhine Graben (5'Li = 7.0 - 12.6%o, 6.9
—72.0 ppm) and brines from the Tibetan Plateau (8'Li = 9.2 — 32.%o, 14.4 — 408.8 ppm). These values also overlap with many different
lithium reservoirs, including upper continental crust (8'Liave = 0.6%o), river waters (8'Li = +1 - +44%o), and Mid-Ocean Ridge Basalt
(8"Liavg = 3.4%o). The multiple overlaps in 8’Li values between Salton Sea brines and rocks with various Li sources, indicates that contact
with sedimentary, metasedimentary, and igneous rocks within the Salton Trough have likely all contributed to the chemical characteristics
of the current brine. Quantitative handling of the isotopic data will be used in a future contribution to demonstrate the exact source(s) of
Li in the SSGF brines and reservoir rocks.

1. INTRODUCTION

Lithium is a highly versatile element that has made it desirable for a number of applications (e.g., lubricants, ceramics, flux powders). Of
particular note in the context of this study is the steadily increasing demand for Li as a component in batteries (Ambrose and Kendall,
2020). With efforts to combat climate change focusing on the utilization of more renewable energy resources and the decarbonization of
transportation, the demand for Li-batteries as an efficient means for energy storage has increased, as has the interest in establishing large,
reliable domestic sources of lithium ores. Lithium is thus considered a critical mineral by the United States Department of Interior
(U.S.G.S,, 2022).

Currently, lithium mining, refining, and battery assembly is an environmentally damaging process that requires energy- and water-rich,
hazardous mining and processing techniques and long distance, international shipping supply chains (Sun et al., 2017). The largest
producers of lithium are Chile (in the Andes M ountains, ~26,000 metric tons) and Australia (~55,000 metric tons) which account for
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~80% of global lithium production (Jaskula, 2022). Lithium mining, regardless of the form, requires large amounts of water (Chordia et
al., 2022; Liu and Agusdinata, 2020) and the amount of greenhouse gas emissions are dependent on the extraction techniques being used
(Kelly et al., 2021). Once mined, the majority of Li is shipped to China to be manufactured into Li-based chemical derivatives that are
necessary for production of batteries and other Li-based products (Olivetti et al., 2017; Sun et al., 2017). In 2014, the amount of Li-based
chemicals produced by China was ~47 kt LCE (lithium carbonate equivalent) or ~56% of the chemical derivatives produced globally (Sun
et al., 2017). Alternatively, mining Li in the SSGF would build upon the pre-existing geothermal energy extraction infrastructure and
technology already present in the Field, making the physical footprint for this form of Li-mining far smaller than the traditionally employed
methods. Additionally, the Imperial Valley, where the Salton Sea Geothermal Field is located, can potentially host electric car battery
manufacturing, which could diminish the amount of energy expended to produce Li-batteries by removing the need to ship the mined
lithium elsewhere to be converted into batteries. Together, these two possibilities mean that the SSGF offers a possible solution to the
global environmental problem that current lithium mining practices present to the U.S.

Current estimates for the Li reserves in the SSGF (between 1 and 5 million metric tons of Li metal) are based on geothermal brine volumes
and do not consider additional resources generated by the subsequent subsurface interaction of the reinjected, Li-depleted brine with the
host rocks at depth. This ongoing study will characterize the sources and sinks of lithium within the SSGF, as well as eventually the long-
term viability of lithium extraction from this field by quantifying the lithium concentrations in individual minerals within the reservoir
rocks and their unaltered equivalents at the surface.

2. GEOLOGIC SETTING

The SSGF is located in the southernmost part of California, 60 km north of the United States-M exico border, on the southeastern shore
of the Salton Sea (fig. 1). The Salton Sea is surrounded by a series of transform faults and pull-apart basins (and is notably where the San
Andreas Fault starts) that formed as a consequence of the rifting associated with the opening of the Gulf of California (e.g., Elders et al.,
1972; Han et al., 2016). Beginning >100 million years ago and continuously until ~12 million years ago subduction of oceanic crust
beneath the North American Plate took place off the coast of Southern California and Northern M exico (Stock and Hodges, 1989). From
~12 million years ago onwards, subduction in this region has been replaced with strike-slip and extensional motion (Stock and Hodges,
1989).
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Figure 1: Map of the Salton Sea using satelliteimages downloaded from Google Earth on 3 May 2022. A) Regional map showing
the location of the Salton Seain relationship to government borders. B) Inset map from A showing the size of the Salton
Seaandbounding of the Salton Sea by mountains to the east and west. C) Inset map from B showing a portion of the SSGF
and associatedrhyolitic domes. Samples from Obsidian Butte and Rock Hill were analyzed during this study.

Upon the opening of the Gulf of California into western North America by ~6 Ma (Matti et al., 1985), the Colorado River deposited
sediments into the Gulf, creating a river delta that isolated the northern part of the rifted opening from the remainder of the Gulf of
California around 4 Ma (e.g., Winker and Kidwell, 1986). The Colorado River today predominately drains southwards into the Gulf of
California, but historically has been periodically captured and re-routed northwards as a result of flooding and this rerouting has filled the
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Salton Trough with sediments, creating multiple repeated evaporative salt lakes in the northern Salton Trough (Tompson, 2016). These
ancient lakes are collectively known as Lake Cahuilla, after the people who live in the Salton Trough, and are the origin of the sediments,
host rocks, and pore waters which exist at depth beneath the Salton Sea today and are the source of the geothermal brines currently being
used to power the SSGF today (Coplen, 1976).

The other important geological characteristic of the geothermal field is the heat source that exists beneath it as a result of extensional
spreading in the lower crust and upper mantle (e.g., Elders et al, 1972; Han et al., 2016). Surface expressions of this subsurface heat source
can be seen on the south-eastern shore of the Salton Sea, where five rhyolitic eruption sites exist at the shoreline of the Salton Sea (fig.
1C). These volcanic domes are ~2,000-12,000 years old (Wright et al., 2015) and are the most recent occurrence of rhyolitic volcanism
in the Salton Trough (Schmitt and Hulen, 2008). Starting at ~1500 m below these rhyolitic domes are a series of buried extrusive and
intrusive rhyolites that are ~450,000 years old (Schmitt and Hulen, 2008). The repeated volcanism in this region is a shallow expression
of the long-standing nature of deep magmatic activity associated with this extensional plate tectonic related heat source.

The subsurface brines beneath the Salton Sea are separated into two immiscible, density divided and distinct fluids: (1) a cooler, lower
salinity (<10 wt% total dissolved solids) fluid on top and (2) a hot, hypersaline (>20% total dissolved solids) brine below (Williams and
McKibben, 1989). The interface between the lower salinity fluid and the hypersaline brine ap proximately follows the depth of the250°C
isotherm of the geothermal field, such that in locations where the 250°C isotherm is shallowest, so too is the depth to the brine interface
(Williams and M cKibben, 1989). This relationship between the brine boundary layer and the 250°C isotherm connects the existence of
this hypersaline (and lithium-bearing) brine to the geothermal heat source in this region (Williams and M cKibben, 1989). Previous studies
ofthe SSGF hypersaline brines have found that these brines contain on average ~200 ppm Li (Helgeson, 1968; M aimoni, 1982; M cKibben
et al., 2021; Skinner et al., 1967; Williams and M cKibben, 1989). Additionally, drill cuttings from the Salton Sea Geothermal Field show
that the reservoir rocks in this field contains 15 - 80 ppm (average 40 ppm) lithium (M cKibben et al., 2021).

3. METHODS

3.1 Sample Description

Samples in this study include igneous and sedimentary surface rocks collected in 2022 for this study, geothermal brines collected from 22
commercial wells in the SSGF in 2022, as well as previously analyzed commercial drill cuttings (Schmitt and Hulen, 2008) and State 2-
14 drill core specimens (e.g., Elders and Sass, 1988; Herziget al., 1988; Herzig and Elders, 1988; M cKibben et al., 1988a, 1988b). Igneous
surface samples come from Obsidian Butte and Rock Hill (Herzig and Jacobs, 1994; Robinson et al., 1976). Sedimentary samples are
from surface exposures of the Durmid Hills sedimentary and evaporitic rocks (Babcock, 1974). Surface samples analyzed in this study
include the following:

e Spherulitic obsidian from Obsidian Butte. Spherulites are centered around fine grained, subhedral to anhedral phenocrysts of
plagioclase and are composed of radiating, acicular crystals of alkali feldspar and quartz. Sparse, fine grained, subhedral
clinopyroxene phenocrysts can be found at the center of spherulites, directly next to the larger plagioclase phenocrysts.

e Medium grey, vesicular, aphanitic to glassy rhyolite from Rock Hill. Sparse amounts of fine grained euhedral-subhedral,
plagioclase, clinopyroxene, and Fe-Ti oxide crystals are present within the rhy olite.

e Dark grey, vesicular, glassy rhyolite from Rock Hill. Sparse amounts of fine grained subhedral and rounded plagioclase,
clinopyroxene, and Fe-T1i oxide crystals are present within the rhyolite. Vesicles are elongated in one direction.

e  Light grey mudstone with minor amounts of fine to medium grained pyrite crystals.

e  Grey-ishtranslucent gypsum with light grey, interbedded mudstone. Gypsum beds range from very fine-grained layers of a few
mm in thickness to coarser grained, acicular blocks of about 1 cm in thickness.

e White, cryptocrystalline gypsum.

e Light tomedium grey, gy psum-cemented, fine-grained sandstone.

3.2 Sample Preparation

Samples were sawn with a diamond-coated blade and washed in de-ionized water before being sent for commercial preparation as polished
thin sections by Burnham Petrographics, LLC. Drill cuttings were mixed with epoxy and mounted within 0.7 cm-round brass spacers cut
tobe 0.6 cm in length, exposed on one side, polished, and carbon coated for SEM analysis.

3.3 Scanning Electron Microscope

Carbon-coated samples were analyzed at the Brounce Geochemical Laboratory at the University of California, Riverside ona JEOL JCM-
7000 NeoScope Benchtop scanning electron microscope using an accelerating voltage of 15 kV. Elemental and back-scattered electron
maps of samples were analy zed to identify major mineral phases in the samples in conjunction with visible light petrographic observations
for the thin sections analyzed. These analyses were then used to identify target regions for analysis of major and trace element
concentrations via laser ablation induced coupled plasma mass spectrometry.
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3.4 Laser Ablation Inductively Coupled Mass S pectrometry

Trace element abundances for the samples in this study were analyzed at the Lyons ICP-MS Facility at the University of California,
Riverside via LA-ICP-M Susing an Agilent Technologies 7900 single quadrup ole mass spectrometer that is coupled to a short pulse width
coherent 193 nm ArF excimer laser. Samples in this study were analyzed for 59 major, minor, and trace elements, including Li. Spot sizes
ranged from 25-30 um. A repeat rate of 5 Hz and energy on sample surface of 0.040 — 0.052 mJ was used. United States Geological
Survey glass standards BIR-1 g BCR-2 g, and BHVO-2 g and Max Planck Institute glass standards KL2-G, ML3B-G, StHls-G, GOR-
128-G, GOR-132-G, ATHO-G, and T 1-G were used to create linear calibration curves (R?> 0.999) for each analytical session (Jochum
et al., 2000; Kelley et al., 2003). Counting statistics were examined carefully for each element and those elements that did not return
strong signals for the entire length of the ablation period were discarded. For minerals where sulfur and/or carbon was a major elemental
constituent (i.e., pyrite, anhydrite, gypsum, and calcite), analyses were normalized to either “*Ca (for anhydrite, gypsum, and calcite) or
38Fe (for pyrite) using an assumed CaO or FeO stochiometric concentration (41.3 wt % CaO for anhydrite, 32.6 wt % CaO for gypsum,
56.0 wt % CaO for calcite, and 59.9 wt % FeO for pyrite). To calculate elemental abundances from the signal for the remainder of the
samples analyzed, the calculation of concentration method from Gratuze (1999) was followed.

3.5 Lithium Isotopes

Lithium isotopes for the samples in this study were analyzed at the Geochemistry Center at Yale University via a Thermo Finnigan
Neptune Plus ICP-M Susing the methods of Kalderon-Asael et al. (2021). For the brines, an aliquot of 1 mL of each sample was dried at
93°C into a pre-acid-cleaned Teflon beaker. Thealiquots were subsequently digested with aqua regia (200 microliters of distilled HNO3
and 600 microliters of distilled HCI), capped and left on a hotplateat 130°C for 48 hours, and dried again. At a second digestion step, 1
mL of distilled HNO3 and three drops of H2 O, were added to each sample, capped and left on a hotplateat 130°C for 48 hours, and dried
again. The samples were then redissolved in 10 mL of 6N HCIL. Splits were taken for lithium column procedure. The rock samples were
digested using the total digest protocol. At the end, the samples were redissolved in 5 mL of 6N HCI. The few evaporitic samples were
dissolved in MQ H>O. Splits were taken for the lithium column procedure.

4. RESULTS

Surface rhyolitic rocks have variable lithium isotopic compositions. Obsidian Butte lithium isotopic compositions (whole rock samples)
range from 3.5-3.8%o while Rock Hill 5'Li ranges from 8.1-10.3%o. Lithium concentrations within these rocks varies by mineralogy (1-
91 ppm) with the highest Li concentrations consistently being recorded in the matrix glass (91.2 + 2.3 ppm). Buried rhyolitic rocks
consistently have 8'Li values that range from 6.4-7.6%o and spot analysis lithium concentrations that range from 2-68 ppm. Due to the
hydrothermally altered state of these late Pleistocene subsurface volcanic drill cuttings, no mineralogic comparisons can be made between
the different analyzed areas; however, based on the SEM elemental maps, a qualitative assessment of the cuttings show that the more Si-
rich regions have higher lithium concentration than relatively Ca- or Na-rich regions.

TheLi contents of the Durmid Hills surface sedimentary and evaporitic rocks vary by rock type. The minerals within the sandstone contain
low concentrations of lithium (1-7 ppm) and 8’Li = +5.2%o. The mudstone groundmass of the mudstone rock and mudstone that is
interbedded with gypsum has relatively high lithium concentrations (142.1 —172.6 ppm); these values are slightly higher than the reported
Li concentrations (104-136 ppm) measured in the clay-size fraction of near-surface sediments from the Salton Sea (Sturz, 1989). Durmid
Hills mudstones have 1.5%o 8’Li, interbedded mudstone and gypsum range from 5.5-6.0%o. Lithium contents for the cryptocrystalline
gypsumare <1 ppmand have a 8’Li =-9.1%o. The State 2-14 drillcore metasedimentary mudstones found at depths from ~1290-1430 m
have a §7Li = 1.8%o for the mudstone that contained anhydrite veins (~1290 m depth) and 5.7-6.3%o for the mudstone with hematite veins
(~1430 m depth). Vein material was not analyzed for these metasedimentary rocks, and care was taken to only sample the mudstone in
these cores.

The variation in Li concentration in the metasedimentary rocks varies with the mineralogy. Chlorites, regardless of depth of host rock,
have the highest Li concentrations recorded of all the metasedimentary minerals, with concentrations as high as 581 ppm. Mixed biotite-
groundmass and calcite-quartz grains had the next highest Li concentrations, as high as 87 ppm. Alkali feldspars in this study range from
3-19 ppm Li. Other minerals, such as anhydrite, pyrite, epidote, and apatite, had Li compositions that were consistently <1 ppm but
occasionally as high as 5 ppm Li. The metasedimentary rocks found at depths between 1800 and 2400 m have 8’Li compositions that
range from 2.0-4.3%o. For metasedimentary rocks deeper than 2500 m, 8’Li = 6.2-7.9%o for an epidote-rich metasedimentary rock and
+4.3 - +5.1%o for a metabasalt. Geothermal brines in this study have a narrow range in 8’Li compositions (87Li = 3.7-4.5%o). This 8’Li
brine composition overlaps with previous measurements 8’Li in salar brines from the Andes (8'Li = +3.7 - +12.6%o; Garcia et al., 2020;
Godfrey and Alvarez-Amado, 2020; Godfrey et al., 2013; Munk et al., 2018) and Nevada (8'Li =-1 - +8%o; Araoka et al., 2014), slightly
heavier in §’Li composition than those reported for lithium-bearing (168-190 ppmLi) geothermal brines from the Rhine Graben (8'Li =
+1.0 - +1.7%o; Sanjuan et al., 2016), and lighter in 8’Li composition than oil field related brines from the Rhine Graben (8’Li = 7.0 -
12.6%o, 6.9 —72.0 ppm; Sanjuan et al., 2016) and Tibetan Plateau (8'Li = 31.3 — 32.%o, 14.4 —97.5 ppm; He et al., 2020) as well as lighter
in 8’Li composition from non-oil well brines originating from melting snow and rain water (5'Li=31.3 —32.6%o, 14.4 — 97.5 ppm; He
et al., 2020) and ancient brine lake and mountain recharge water (5'Li = 9.2 — 21.2%o, 8.7 — 408.8 ppm) in the Tibetan Plateau (He et al.,
2020).

5. DISCUSSION

From paleomagnetic, isotopic, and infrared stimulated luminescence dating, the rhyolitic domes at the southeastern shore of the Salton
Sea are ~2000-12,000 years old (Schmitt et al., 2019; Wright et al., 2015). The presence of the Bishop Tuff within the stratigraphy of the
Durmid Hills constrains the ages of these young sedimentary rocks from a few hundred to over 766 thousand years old (Babcock, 1974;
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Merriam and Bischoff, 1975; Sarna-Wojcicki et al., 1984; Mark et al., 2017). Over the course of the past 2000 years, Lake Cahuilla has
had at least 7 cycles of flooding and evaporation, with the most recent filling of Lake Cahuilla taking place ~300 years ago (Rockwell et
al., 2022). At its highstand, the surface of Lake Cahuilla was ~13 m above sea level, or 83 m above the present-day surface of the Salton
Sea (Rockwell et al., 2022). At this elevation, Lake Cahuilla would have fully submerged the rhyolitic domes, which have a maximum
height of 40 meters below sea level (Robinson et al., 1976; Wright et al., 2015). Presently, the Durmid Hills rocks in this study are located
~40 m below sea level (the same maximum elevation of the rhyolitic domes). Since Lake Cahuilla has filled to above the elevation that
the surface samples in this study were obtained, it is likely that all surface samples in this study were once submerged beneath the surface
of Lake Cahuilla and thus have been altered post-emplacement. However, since the hy persaline brines beneath the Salton Sea are partially
derived from water from previous and older Lake Cahuilla fill cycles, any alteration to these surface samples from the time of eruption
and deposition until present represent a possible stage of alteration from contact with Colorado River flood waters that all rocks in this
study have likely undergone (e.g., Sturz, 1989). This alteration process also likely did not leach Li from the volcanic glasses as Li loss
from rhyolitic glass takes place at higher temperatures than ambient temperatures (~30°C; Ellis et al., 2022).

All but one of the rocks measured in this study have §'Li concentrations that fall within the range of +1.5 - +10.3%o (the outlier has 5’Li
=-9.1%o0). The one outlier will be remeasured for replicability but at this time we have no simple explanation for this measurement. The
SSGF brines in this study (8"Li=+3.7 - +4.5%o) fall within the same range of lithium isotope compositions as the rocks but are substantially
less variable in isotopic composition than the rock hosts of the brines. This is consistent with O and H isotopic data implying that the brine
reservoir is convecting and well-mixed (Williams and M cKibben, 1989). The §’Li compositions of both rocks and brines in this study
overlap with a wide variety of geologic settings that include but are not limited to those of upper continental crust (8'Liave = 0.6%o;
Penniston-Dorland et al., 2017 and references therein), river waters (8'Li =+1 - +44%o; e.g., Penniston-Dorland et al., 2017 and references
therein; Zhang et al., 2022 and references therein), and Mid-Ocean Ridge Basalt (8'Liavg = 3.4%o; Penniston-Dorland et al., 2017 and
references therein). The wide range in geologic settings that overlap with the isotopic composition of Salton Sea rocks and brines
necessitates careful quantitative modeling of isotopic fractionation between the brines and the rocks that they are in contact with to identify
the source(s) of the Li in Salton Sea brines.

As one of the lightest elements on the periodic table, lithium has a large relative difference in the mass between its two stable isotopes,
®Li and "Li (~17%), which leads to large fractionations at low temperatures (<250°C; Chan et al., 1994; Penniston-Dorland et al., 2017
and references therein). The fractionation processes relevant to this study include low temperature precipitation of minerals from fluids,
low to moderate temperature fluid-rock interactions, and diffusion of Li through a mineral. Generally, the fractionation of Li isotopes
during the formation of secondary minerals during fluid-rock interactions occurs because of preferential incorporation of ’Li into lower
coordination environments, such as in an aqueous fluid when compared to clay and oxide/hydroxide minerals forming during water-rock
interactions (e.g, Penniston-Dorland et al., 2017 and references therein). The extent of this fractionation is inversely proportional to
temperature (Chan et al., 1994; Millot et al., 2010) such that as the temperature of the fluid decreases, the difference between 8’Li of the
host fluid and the secondary minerals forming from that same fluid increases. A consequence of this low temperature weathering is the
increase in the 8'Li of river water (8 Liave = 23%o), lake water (8 Liave = 0.6%o), and seawater (8 'Liave = 31%o) compared to both the
rocks being weathered (e.g, compare the average river water, 8 Liave = 23%o, to theaverage value of the upper continental crust, 8 Liaye
= 0.6%o) and the minerals forming due to weathering (e.g., compare seawater, 8 Liae = 31%o to that of global average seafloor sediment
or GLOSS-II, 8"Liave = 0.2%o; Penniston-Dorland et al., 2017 and references therein). At higher temperatures (such as those of the
hypersaline brines in the SSGF, >250°C), the isotopic fractionation of Li between the fluid and associated minerals is minimized (Chan
et al., 1994; Millot et al., 2010; Penniston-Dorland et al., 2017 and references therein). The effects of Li diffusion on the fractionation of
Li are complex and the timescales involved are dependent on the identity of the crystallographic site in which Li has been incorporated
into a mineral (e.g, Penniston-Dorland et al., 2017 and references therein). For example, in aqueous fluids and silicate melts, °Li has been
documented to diffuse up to 3% faster than "Li (Penniston-Dorland et al., 2017 and references therein). While evaporation is a process
that effects the bulk Li concentration of brine ponds by increasing Li concentrations of residual brine liquids, because Li is not volatile
and thus does not leave the liquid reservoir, it does not fractionate the Li isotopic composition of the residual brine liquids (Godfrey et al.,
2013) and thus is not likely one of the processes that would affect the composition of Li isotopes in the SSGF.

The sources and processes that contribute to the Li concentrations and isotopic compositions of the SSGF brines are complex, owing to
the variety of rocks present beneath the Salton Sea (fig. 2). On geological timescales, thebrine is originally emplaced through the flooding
of the Salton Trough periodically with Colorado River water to create ancient Lake Cahuilla (see Geologic Setting, above). These ancient
lakes would evaporate, causing an increase in Li concentrations in the remaining water (and ultimately generating the brine-nature of the
SSGF brines) but result in little change to the §’Li composition of these fluids (Godfrey et al., 2013). Then these brines were buried as the
pore fluids in sediments with each successive cycle of Lake Cahuilla filling and evaporating, Elevated heat flow related to the bimodal
basaltic-rhyolitic volcanism and deeper heat circulation associated with the tectonic setting would allow for water-rock interactions at
moderate temperatures (>250°C). It is also possible that some Li from these volcanic systems enters the SSGF brines at any time from
ongoing episodes of volcanism in the region (see Geologic Setting, above). Fluid-rock interactions drove the recrystallization of clay
minerals in reacting with the hot brines at depth (e.g., Helgeson, 1968; M uffler and White, 1969), which in isolation should lead to minerals
with lighter 87Li compositions than the brine, which would become progressively heavier as the minerals forming in reaction with the
brine preferentially incorporate °Li into their crystal structure. M inerals forming as a consequence of interaction with these progressively
heavier brines in 8’Li would have heavier 5’Li than minerals formed at earlier stages of this process. The increased heat from these
hydrothermal reactions may release more Li into the brine from the buried sediments and volcanic rocks (Coffey et al., 2021; Ellis et al.,
2022). These processes will be quantitatively handled in a future contribution.
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Epidote + Groundmass: 83.4 + 1.7 ppm
Chlorite: 472.3 + 6.3 ppm
Groundmass: 100.2 + 1.2 ppm
Groundmass: 150.3 + 1.8 ppm

Chlorite: 476.2 + 3.9 ppm

Pyrite: 0.9 + 0 ppm

Figure 3: Back Scatter Electron map of metasedimentary anhydrite and mudstone. Relatively aluminum rich regions are
represented by magenta, relatively sulfur regions are represented by cyan, and relatively magnesium rich regions are
represented by yellow. Anhydrite is the dark cyan mineral that is unlabeled on the sample. Relatively large authigenic
chlorite surrounds pyrite.

The highest Li concentrations are measured in chlorites from the calcite-chlorite metamorphic zone (McDowell and Elders, 1980).
Chlorite-rich groundmasses in these same metasedimentary rocks are also elevated relative to non-chlorite bearing groundmass
measurements. In the calcite-chlorite zone, chlorites are observed surrounding larger clasts of epidote, pyrite, and anhydrite. The largest
chlorites are found around anhedral, poikiloblastic pyrite clasts. The spatial relationship between pyrite and chlorite indicates that chlorite
is forming as the pyrite is broken down (fig. 3). The chloritization of pyrite is not the only way in which chlorite is formed in the calcite-
chlorite zone. Previous studies on rocks in the Salton Trough have noted the appearance of chlorite coincides with the disappearance of
kaolinite, ankerite, dolomite, calcite, and quartz (Cho et al., 1988; Muffler and White, 1969) and that chlorite has been observed as
replacing plagioclase in thin sections (M cDowell and Elders, 1980). The high Li concentration of chlorite in these rocks (269-581 ppm)
along with overlapping 8’Li values of these rocks (87Li = +2.0 - +4.3%o) with the SSGF brines (8'Li = +3.7 - +4.7%o) suggest that chlorite
is incorporating Li from the brine into its crystal structure because of the small degree of Li isotopic fractionation expected at temp eratures
>250°C (Chan et al., 1994; Penniston-Dorland et al., 2017 and references therein). Chlorites from the biotite metamorphic zone contain
less Li than their calcite-chlorite zone counterparts (up to 104 ppm) but their host rocks also overlap with 8’Li values of the SSGF brine
(87Li = +4.3 - +5.1%o in the host rock). Not all metasedimentary rocks in the SSGF overlap with the 8’Li values of the SSGF brine.
Epidotized mudstone from the biotite metamorphic zone has a range in 8’Li values from 6.2-7.9%o. This indicates that either only rocks
that incorporate large amounts of Li through metamorphic reactions reflect the brine composition with respect to Li isotopes, the
partitioning of Li between the epidotized mudstone and the brine favors heavier lithium over lighter lithium (possibly as a consequence
of release of adsorbed — lighter — Li from the minerals of these rocks at higher temperatures; e.g., Coffey et al., 2021), or that brine
chemistry has a minimal effect on the lithium isotopes recorded by the metasedimentary rocks and any overlap between the brine values
and the rock values is circumstantial. Future work will quantitatively investigate these possibilities. We conclude broadly that because
chlorite is a metamorphic mineral, incorporates relatively large amounts of Li in it, and the host rocks for the chlorite overlap in §'Li
values with the SSGF brine, it is likely that the §’Li composition of the host rock and brine reflects hy drothermal interactions between the
two at depth.

6. CONCLUSIONS

All the rocks in this study have been in contact with brines from the SSGF, from the surface rocks that were in contact with the surface
brine as Lake Cahuilla evaporated or the geothermal brine at depth; however, since Lake Cahuilla would have had surface temperature
waters and most buried rocks would have been in contact with Lake Cahuilla waters prior to burial, the surface rocks are still a good
analog for the Li concentrations and Li isotopic compositions prior to burial. The overlap in 3'Li values between Salton Sea brines and
rocks with various Li sources, including other brines, indicates that contact with sedimentary, metasedimentary, and igneous rocks within
the Salton Trough have likely all contributed to the chemical characteristics ofthe current brine. Quantitative handling of the isotopic data
will be used in a future contribution to demonstrate the exact source(s) of Li in the SSGF brines and reservoir rocks. As for what happens
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to the Li at depth, chlorite in the calcite-chlorite zone likely incorporates Li from the SSGF brine waters, acting as a Li sink, as it forms
due to hydrothermal metamorphic reactions. Coupled process geochemical modeling is being conducted to evaluate likely fluid-mineral
interactions, and to predict whether the lithium-bearing mineral phases in the geothermal reservoir may recharge lithium to the brine as
lithium is recovered from the geothermal brines at the surface and lithium-poor brines are reinjected back into the reservoir. This may
help guide future reinjection strategies to help sustain lithium production and maximize lithium recovery from this resource.
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