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Abstract
Lithium is a critical and technologically important element that has widespread use, particularly in batteries for 
hybrid cars and portable electronic devices. Global demand for lithium has been on the rise since the mid‐1900s 
and is projected to continue to increase. Lithium is found in three main deposit types: (1) pegmatites, (2) con-
tinental brines, and (3) hydrothermally altered clays. Continental brines provide approximately three‐fourths of 
the world’s Li production due to their relatively low production cost. The Li‐rich brine systems addressed here 
share six common characteristics that provide clues to deposit genesis while also serving as exploration guide-
lines. These are as follows: (1) arid climate; (2) closed basin containing a salar (salt crust), a salt lake, or both; (3) 
associated igneous and/or geothermal activity; (4) tectonically driven subsidence; (5) suitable lithium sources; 
and (6) sufficient time to concentrate brine. Two detailed case studies of Li‐rich brines are presented; one on 
the longest produced lithium brine at Clayton Valley, Nevada, and the other on the world’s largest producing 
lithium brine at the Salar de Atacama, Chile.

Introduction
Lithium is a critical and technologically important element 
used in ceramics, glass, lubricants, light‐weight alloys, medi-
cine, and batteries. The use of Li ion batteries in electric cars 
and electronic devices has increased the global demand for 
lithium, a trend that is likely to continue. Lithium‐rich brines 
are the most economically recoverable Li source on the 
planet. Therefore, it is important to understand the genesis 
of these deposits in order to develop exploration models for 
continued discovery of new deposits.

Lithium is found in three main types of deposits: (1) peg-
matites, (2) continental brines, and (3) hydrothermally altered 
clays. Lithium is a lithophile element because it has a low den-
sity of 0.53 g/cm3, an ionic charge of +1, and an ionic radius 
of 0.79. For comparison Na+ has an ionic charge of +1 but 
a larger ionic radius of 0.99, and Mg2+ has an ionic charge 
of +2 and an ionic radius of 0.72. The lithophilic characteris-
tics of Li and the fact that it is a trace element explain why it 
concentrates in the late phases of both hydrothermal and low-
temperature fluids. This generally explains its association and 
geochemical behavior in the three deposit types. In particu-
lar, for continental brines there is evidence that both evapora-
tive concentration and hydrothermal inputs have a significant 
impact on concentrating Li in brines. These concentrating 
processes are effective for Li because it is relatively incom-
patible and geochemically conservative, both in magmatic 
systems and low-temperature solutions. From a Li brine pro-
duction standpoint the Mg/Li ratio of the starting and final 
processed brines is important because Mg causes chemical 

interferences in the brine purification process. Ultimately, the 
initial brine composition determines the production process.

Lithium‐rich brine deposits account for about three‐fourths 
of the world’s lithium production (U.S. Geological Survey, 
2011). These Li‐rich continental (nonmarine) brines are the 
focus of this paper. Economically viable Li‐rich brines contain 
varying amounts of the major cations and anions (Na, K, Mg, 
Ca, Cl, SO4, and CO3), which can form a range of ionic salts 
(Warren, 2010). The composition of the source rocks, inflow 
waters, and the resulting brine composition dictate how the 
brine will evolve once it undergoes evaporation and mineral 
precipitation (Eugster, 1980). These brines can also contain 
appreciable Li, B, Ba, Sr, Br, I, and F, and in the case where 
Li is concentrated on the order of 100s of mg/L these deposits 
can be classified as having potential economic viability with 
respect to Li extraction.

It is known that Li can also accumulate in deep oilfield 
brines, such as those associated with the Smackover Forma-
tion in the Gulf Coast of the United States (Collins, 1976) or 
the Devonian strata of the Appalachian Plateau of Pennsylva-
nia (Dresel and Rose, 2010). Some brines are reported to con-
tain 100s of mg/L but typically they have low concentrations of 
Li and are usually greater than 1 km deep, preventing devel-
opment (Gruber et al., 2011). There are also occurrences of 
closed basins with abundant saline ground and surface waters 
which are not enriched in Li. One example is the ephemeral 
lakes of southwestern Australia, many of which may have 
occupied closed basins since the Eocene and are hosted by 
diverse and highly weathered igneous and metamorphic rocks 
of the Archean Yilgarn craton (Benison and Bowen, 2006). 
These unusual waters have salinities that in all but a few cases 
are 5 to 10 times greater than seawater (Bowen and Benison, 
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2009). These studies further demonstrate that the fluids are 
Na‐Cl and Na‐Mg‐Cl‐SO4 brines, the majority of which have 
a pH <4. Although extreme weathering and evaporation have 
played critical roles in the development of these brines, their 
Li content is quite low. Only a single brine sample exceeds 
1 mg/L Li, and the vast majority of brines contain less than 
0.5 mg/L (B. Bowen, pers. commun.) The climate and hydrol-
ogy of these systems is favorable for enrichment of Li, but 
clearly a sufficient Li source and/or concentrating mechanism 
is absent. 

Studies of continental Li-rich brines are most extensive for 
those in the Central Andes of Bolivia and northern Chile as 
reported in Risacher and Fritz (2009) and references therein. 
Hundreds of geochemical analyses for brines from this region 
are published by Moraga et al. (1974), Rettig et al. (1980), Risa-
cher and Fritz (1991), and Risacher et al. (1999, 2003). The 
focus of most of this work was to examine the origin of the salts 
in the salars. Risacher and Fritz (2009) also provided a general 
classification for these brines (alkaline, sulfate‐rich, and cal-
cium‐rich), and noted that alkaline salars are absent in Chile 
due to the presence of high‐sulfur volcanic rocks that release 
hydrogen ions during weathering. The origin of solutes to sal-
ars in the Central Andes has been addressed by the major and 
trace element and isotopic investigations of Alpers and Whit-
more (1990), Spiro and Chong (1996), Carmona et al. (2000), 
and Boschetti et al. (2007). However, none of these studies spe-
cifically addressed the origin and accumulation of Li. At Clay-
ton Valley, Nevada, Kunasz (1974), Davis et al. (1986), Price 
et al. (2000), and Zampirro (2004) have explored the sources 
and concentrating processes of Li in the Clayton Valley brines. 
More recent work by Jochens and Munk (2011) and Munk et al. 
(2011) and current work by the authors of this paper on the Li‐
rich brines in Clayton Valley and the Salar de Atacama, Chile, is 
focused primarily on understanding the sources, transport, and 
accumulation of Li, and the age of the brines.

Bradley et al. (2013) identified common characteristics 
of Li‐rich continental brines as the basis for an ore deposit 
model. In this paper, we elaborate on these common char-
acteristics and focus on how they can be used as general 
exploration guidelines for locating future Li brine deposits 
on a global scale. We also include a discussion of the general 
geology, hydrogeochemistry, and climate of Li‐rich brine sys-
tems followed by detailed discussion in the form of two case 
studies from the Salar de Atacama, Chile, and Clayton Valley, 
Nevada, which are currently two of the most well‐studied Li‐
rich brine systems.

Six Characteristics Common to  
Continental Lithium Brines

The Li‐rich brine systems in our compilation (Table 1) share six 
common (global) characteristics that provide clues to deposit 
genesis while also serving as exploration guidelines. These 
include: (1) arid climate; (2) closed basin containing a salar 
(salt crust), a salt lake, or both; (3) associated igneous and/or 
hydrothermal activity; (4) tectonically driven subsidence; (5) 
suitable Li sources; and (6) sufficient time to concentrate Li 
in the brine. Table 1 summarizes information related to the six 
common characteristics of continental Li‐rich brines.

Climate is the first characteristic and is perhaps the 
most important, as it is linked to all the others because it 

(1) contributes to the formation of the salars in a closed‐basin 
setting, (2) is a factor in the concentration of Li in brines over 
time, and (3) is essential for the concentration of Li in evap-
oration ponds for economic purposes. Table 1 indicates the 
classification of the climate for each Li‐rich brine location in 
terms of hyperarid, arid, or semiarid. 

The second characteristic, shared by all continental Li‐rich 
brines, is a closed basin with a salar(s) or salt lake(s). This 
characteristic is controlled primarily by climate and tectonic 
setting. Salars or salt crusts are common where brines exist 
in shallow subsurface aquifers. The aquifers may be com-
posed of halite and other interbedded salts—commonly gyp-
sum, as well as volcanic ash or ignimbrites, alluvial gravels 
and sands, and tufa (commonly evidence of modern or past 
hydrothermal activity). Most of the locations in Table 1 are 
classified as salars. Salt lakes may also contain enrichments 
of Li, although these are typically in the lower range of the 
concentration spectrum and there are only a few (Table 1) 
considered here. Most salt lakes do not produce Li because of 
low concentrations. 

The third characteristic is evidence of hydrothermal activ-
ity. This likely plays a significant role in the formation of 
Li‐rich brines for several reasons: (1) it provides a hot water 
source for enhanced leaching of Li from source rocks; (2) it is 
also likely a direct source of Li from shallow magmatic brines 
and/or magmatic activity; (3) it may play a role in the con-
centration of Li through distillation or “steaming” of thermal 
waters in the shallow subsurface; (4) thermally driven circula-
tion may be an effective means for advecting Li from source 
areas to regions of brine accumulation; and (5) it can result in 
the formation of the Li‐rich clay mineral hectorite, which can 
in turn be a potential source of Li to brines if leaching and 
transport occur from the clay source. 

A fourth characteristic of all Li‐rich brine deposits is that 
they occur in basins that are undergoing tectonically driven 
subsidence. The basins listed in Table 1 have a number of dif-
ferent tectonic drivers, including extension, transtension, and 
orogenic loading. In contrast, significant Li brine accumula-
tions have not been reported from intracratonic basins in arid 
regions, such as the shallow sabhkas that rest on Precambrian 
basement of Australia or North Africa. 

The fifth characteristic or requirement for the formation 
of Li‐rich brines is a viable source(s) of Li. Lithium sources 
in various basins appear to include magmatic fluids, high‐
silica vitric volcanic rocks, hectorite, and ancient salt depos-
its. These along with the “time factor,” discussed below, are 
probably the least well understood of the six characteristics. 
Despite the observation that multiple potential sources of Li 
exist they are yet to be definitively identified and quantified. 

The sixth characteristic or requirement for the formation of 
Li‐rich brines is time. The time it takes to leach, transport, and 
concentrate Li in continental brines is not well understood. 
However, it appears that most Li brines of economic interest 
are geologically young (Neogene). Currently we are working 
on dating the brines at Clayton Valley, Nevada, United States, 
and the Salar de Atacama, Chile, as well as developing hydro-
geologic models for these environments to understand the 
transport and accumulation of Li in the closed basins. These 
studies will be the first to address the time factor for Li brines 
using a quantitative approach.
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General geology of Li brines  
(basins, tectonics, and stratigraphy)

Figure 1 shows the global distribution of the locations of Li 
brines or salt lakes detailed in Table 1. We include the best 
known brines from North America, South America (Argen-
tina, Bolivia, and Chile), and Asia (China) that are enriched in 
Li, irrespective of whether the brines are in production or not. 
Other well-known brines that contain Li include those with 
relatively lower Li concentration in lakes such as Great Salt 
Lake, Searles Lake, and the Dead Sea (Table 1), as well as oil 
field brines such as that from the Smackover Formation (Gulf 
Coast, United States) or the Devonian strata of the northeast-
ern United States.

The majority of important Li‐rich brines are located in the 
Altiplano‐Puna region of the Central Andes of South America. 
Houston et al. (2011) classified the salars in the Altiplano‐Puna 
region of the Central Andes in terms of two end members, 
“immature clastic” or “mature halite,” primarily using (1) the 
relative amount of clastic versus evaporite sediment; (2) cli-
matic and tectonic influences, as related to altitude and lat-
itude; and (3) basin hydrology, which controls the influx of 
fresh water. The immature classification refers to basins that 
generally occur at higher (wetter) elevations, contain alternat-
ing clastic and evaporite sedimentary sequences dominated 
by gypsum, have recycled salts, and a general low abundance 
of halite. Mature refers to salars in arid to hyperarid climates, 
which occur in the lower elevations of the region, reach halite 
saturation, and have intercalated clay and silt and/or volcanic 
deposits. An important point made by Houston et al. (2011) is 
the relative significance of aquifer permeability which is con-
trolled by the geological and geochemical composition of the 
aquifers. For example, immature salars may contain large vol-
umes of easily extractable Li‐rich brines simply because they 
are comprised of a mixture of clastic and evaporite aquifer 
materials that have higher porosity and permeability.

Our conceptual model for Li brines is shown in Figure 
2. The model seeks to account for the sources, sinks, and 
processes that mobilize, sequester, and concentrate Li. This 
model is developed primarily from the information we have 
gathered over the past few years on the brines at Clayton 
Valley, Nevada, United States, and Salar de Atacama, Chile, 
which are further described in the following sections. The 
concepts of Houston et al. (2011) are specific to the range 
of salars observed in the Altiplano‐Puna region of the Cen-
tral Andes and are not necessarily transferable, in a global 
sense, to other Li‐rich brines. Our conceptual model cap-
tures the framework of Houston et al. (2011), albeit with 
less specificity. We also recognize the earlier summaries by 
Asher‐Bolander (1982, 1991), which describe a model for 
the formation of Li‐rich clays and provide a brief description 
of factors contributing to the formation of Li‐rich brines, 
in particular emphasizing the importance of hydrothermal 
activity in concentrating Li. 

Effects of geochemistry, climate, and hydrogeology on  
evolution of the Li brine resource

Geochemical characteristics: The minimum, maximum and 
average Li concentrations for the brines and lakes in this 
study are listed in Table 1. These values are compiled from 

various sources detailed in Appendix 1. Because some of the 
basins do not have minimum and maximum Li concentration 
data reported in the literature we use the average Li concen-
trations to compare basins. The lowest average Li concentra-
tion is 10 mg/L in Searles Lake, California, and the highest 
average Li concentration is 1,400 mg/L for the brine in Salar 
de Atacama, Chile. Average seawater contains 0.2 mg/L Li. 

The potentially important sources of Li to brines include 
high‐silica volcanic rocks, preexisting evaporites and brines, 
hydrotherm clays, and hydrothermal fluids. The relative role 
of Li leaching from source rocks by low- and high-tempera-
ture fluids versus Li sourced in magmatic fluids themselves 
is not known and studies addressing this topic are scant. A 
study by Price et al. (2000) suggests that Li in the Clayton 
Valley, Nevada, brine is leached by groundwater from vol-
canic tuffs and that process alone can account for all the Li 
in the brines. However, experimental weathering studies by 
Jochens and Munk (2011) have shown that less than 10 µg/L 
Li are released from these volcanic rocks when exposed to 
water at ambient conditions. Godfrey et al. (2013) reported 
similar findings from low-temperature leaching of Li from 
volcanic rocks near Salar del Hombre Muerto, Argentina. 
Risacher and Fritz (2009) concluded that Li and B in Andean 
salars are derived from the weathering of ignimbrites. Yu 
et al. (2013) demonstrated that playas in the Qaidam basin 
receive Li transported by streams that is ultimately sourced 
from upstream hydrothermal inputs. They also hypothesized 
that source(s) of Li are from alteration of volcanic rocks by 
hydrothermal fluids and/or from direct connection to differ-
entiated magmatic sources. Hofstra et al. (2013) reported that 
fluid inclusions in quartz phenocrysts from high‐silica volcanic 
rocks in the Great Basin region of the United States contain 
elevated Li concentrations relative to their host vitric matri-
ces, suggesting that volcanic glass is a significant and readily 
available source of Li released to the environment via weath-
ering processes and that fluid inclusions in erupted volcanic 
rocks may ultimately be an important Li source.

The predictive sequence of evaporite formation in closed‐
basin salt lakes was established by Hardie and Eugster (1970) 
and Eugster and Hardie (1978). Their model indicates that 
there are three major fluid pathways or “chemical divides” 
that result during evaporation, which are dictated by the ini-
tial ionic composition of the fluid. Here we summarize the 
essence of their models in order to set a context for Li‐enriched 
brines, but the reader is referred to Eugster (1980), Eugster 
and Hardie (1978), and Hardie and Eugster (1970) for more 
details. Path 1 occurs when there is an excess of bicarbon-
ate compared to the alkaline earth elements (referred to as 
“soft water”), which produces the typical precipitation path 
from calcite to trona with no gypsum because the parent 
water is low in Ca and Mg. Examples from Eugster (1980) 
include Alkali Valley, Oregon, and Lake Magadi, Kenya. The 
Wilkins Peak member of the Eocene Green River Forma-
tion in southwestern Wyoming contains 25 major trona beds 
and is an example of a large volume geologic trona deposit. 
Path 2 occurs when there is an excess of alkaline earth ele-
ments compared to bicarbonate (referred to as “hard water”) 
and in this case gypsum is precipitated after calcite and the 
path divides into a sulfate‐rich system such as Saline Valley, 
California, or sulfate‐poor system such as Bristol Dry Lake, 
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California (Eugster, 1980). Path 3 is considered intermediate 
and describes waters with neither a dominance of bicarbonate 
nor the alkaline earth elements, which result in the formation 
of alkaline earth carbonates. In this case Mg is concentrated 
over Ca in the water and high Mg calcite or dolomite can form. 
At some point either the alkaline earth elements or bicarbon-
ate are exhausted and the brine composition moves toward 
the alkaline earth path or forms gypsum, respectively. The 
gypsum path may follow either a sulfate‐rich or -poor pathway 
(Eugster, 1980). These pathways control major element brine 
evolution through mineral precipitation, depending on the 

starting composition of the fluids. These three pathways can 
account for the majority of brine compositions indicating that 
closed basin brine composition is, on a first order, controlled 
by the composition of input waters. After precipitation of the 
alkaline earth elements, the brines are enriched in the alkali 
metals with a mixture of anions. Eugster (1980) noted that if 
the alkalis (Na and K) are treated separately, minor constitu-
ents and Si are included and the sulfide‐sulfate equilibriums 
are considered, then other mechanisms in addition to mineral 
precipitation are required to account for the observed differ-
ences between inflow and brine waters. This led Eugster and 

Table 1.  Summary of Lithium                                          Brine Basins and Characteristics1

							       Li nearby	 Total Li	 Mean
				    Min Li	 Max Li	 Avg Li	 hot springs	 resource	 annual	 Precip.
Basin	 Region	 Lat.	 Long.	 (mg/L)	 (mg/L)	 (mg/ L)	 (mg/L)	 (Mt)	 temp (°C)	 (mm/yr)

Clayton Valley	 Nevada	 37.76724	 –117.58481	 100	    300	    160	 40	 0.3	 13	 122 

Searles Lake	 California	 35.73175	 –117.32930	   10	      80	      65	 NA	 NA	 19.5	   85
Salton Sea	 California	 33.25239	 –115.71031	 100	    400	    200	 5–100	 0.316	 22.7	   65 
	 and Mexico
Great Salt Lake	 Utah	 41.25311	 –112.70506	 18 (north)	 43 (north)	      52	 1.8‐6.5	 0.53	 10.5	 186 
				    40 (south)	 64 (south)
Dead Sea	 Israel	 31.15663	 35.43786	 NA	 NA	      10	 very low	 NA	 16.7	   58 

Salar de	 Chile	 –23.50069	 –68.24984	 900	 7,000	 1,400	 40	 6.3	 13.9	   39 
Atacama							       (El Tatio)
Salar de	 Chile	 –26.93605	 –69.06936	 NA	 NA	    920	 NA	 0.22	 6.6	   52 
Maricunga
Salar de Surire	 Chile	 –18.83700	 –69.005	 NA	 NA	    340	 8.3	 NA	 3.8	 247
Salar del	 Argentina	 –25.38555	 –67.13364	 190	    900	    521	 3.2‐5.5	 0.8	 6.7	   91 
Hombre 
Muerto
Salar del	 Argentina	 –24.07478	 –67.08165	 NA	 NA	    400	 1,500	 0.223	 8	   61 
Rincon 

Salar de Olaroz	 Argentina	 –23.45187	 –66.68484	 282	 1,207	    650	 NA	 0.9–1.0	 7.2	   90 
and Salar de				    (Olaroz)	 (Olaroz)	 (Olaroz) 
Cauchari				    200	 2,150	    510 
				    (Cauchari)	 (Cauchari)	 (Cauchari)
Salar de	 Argentina	 –24.80602	 –68.29033	 250	    650	    450	 NA	 NA	 7.8	   30 
Llullaillaco 
(Mariana)
Salar de Uyuni	 Bolivia	 –20.15888	 –67.56912	   80	 1,150	    321	 NA	 10.2	 9.3	   62 

Salar de	 Bolivia	 –19.36163	 –68.16860	 NA	 NA	    243	 NA	 NA	 8.1	 320 
Copaisa
Salar de Pastos	 Bolivia	 –21.64429	 –67.79809	 353	 1,787	 1,062	 5.2 (edge)	 NA	 4.1	   57 
Grandes							       67 (playa)
Taijanier	 Qaidam, 	 37.49260	 93.95323	 NA	 NA	    290	 NA	 2.02	 4.2	 167 
(Taijner) Lake	 China 

Zhabuye Lake	 Tibet, China	 31.34586	 84.04752	 500	 1,000	    680	 NA	 1.53	 0.2	 287 
 

Dangxiongcuo	 Tibet, China	 31.57053	 86.73580	 NA	 NA	 430 (5)	 NA	 0.181	 0.5	 184 
(DXC) 

Notes: APVC = Altiplano‐Puna volcanic complex, NA = not available
1 All references for data in this table are detailed in the Appendix
2 See Appendix for additional details on tectonics and geologic setting
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Jones (1978) to propose five major fractionation mechanisms 
that could account for brine evolution, including mineral 
precipitation, dissolution of efflorescent crusts and sediment 
coatings, sorption, degassing, and redox.

The world’s most enriched Li brines appear to correspond 
to the late-stage fluids in the model of Eugster and Hardie 
(1978). For example, the Li‐rich brine at Salar de Atacama, 
Chile, contains on average 1,400 mg/L Li with a minimum 
of 900 mg/L and a maximum of nearly 7,000 mg/L, and it is 
produced from a halite aquifer with carbonate and sulfate 
flanking the basin. This indicates that carbonate and sulfate 

mineral precipitation may have played a role in producing the 
existing Na‐Cl brine that is enriched in Li.

In addition to evaporative concentration processes as 
described above, the distillation of Li from geothermal heat-
ing of fluids may play a significant role in concentrating Li in 
these brines, and perhaps causes prolonged replenishment of 
brines that are in production. Since many of the Li‐rich brines 
exist over, or in close proximity, to relatively shallow magma 
chambers it may be that through faults and fractures, the late‐
stage magmatic fluids and vapors have pathways to migrate 
into the closed basins.

Table 1.  Summary of Lithium                                          Brine Basins and Characteristics1

							       Li nearby	 Total Li	 Mean
				    Min Li	 Max Li	 Avg Li	 hot springs	 resource	 annual	 Precip.
Basin	 Region	 Lat.	 Long.	 (mg/L)	 (mg/L)	 (mg/ L)	 (mg/L)	 (Mt)	 temp (°C)	 (mm/yr)

Clayton Valley	 Nevada	 37.76724	 –117.58481	 100	    300	    160	 40	 0.3	 13	 122 

Searles Lake	 California	 35.73175	 –117.32930	   10	      80	      65	 NA	 NA	 19.5	   85
Salton Sea	 California	 33.25239	 –115.71031	 100	    400	    200	 5–100	 0.316	 22.7	   65 
	 and Mexico
Great Salt Lake	 Utah	 41.25311	 –112.70506	 18 (north)	 43 (north)	      52	 1.8‐6.5	 0.53	 10.5	 186 
				    40 (south)	 64 (south)
Dead Sea	 Israel	 31.15663	 35.43786	 NA	 NA	      10	 very low	 NA	 16.7	   58 

Salar de	 Chile	 –23.50069	 –68.24984	 900	 7,000	 1,400	 40	 6.3	 13.9	   39 
Atacama							       (El Tatio)
Salar de	 Chile	 –26.93605	 –69.06936	 NA	 NA	    920	 NA	 0.22	 6.6	   52 
Maricunga
Salar de Surire	 Chile	 –18.83700	 –69.005	 NA	 NA	    340	 8.3	 NA	 3.8	 247
Salar del	 Argentina	 –25.38555	 –67.13364	 190	    900	    521	 3.2‐5.5	 0.8	 6.7	   91 
Hombre 
Muerto
Salar del	 Argentina	 –24.07478	 –67.08165	 NA	 NA	    400	 1,500	 0.223	 8	   61 
Rincon 

Salar de Olaroz	 Argentina	 –23.45187	 –66.68484	 282	 1,207	    650	 NA	 0.9–1.0	 7.2	   90 
and Salar de				    (Olaroz)	 (Olaroz)	 (Olaroz) 
Cauchari				    200	 2,150	    510 
				    (Cauchari)	 (Cauchari)	 (Cauchari)
Salar de	 Argentina	 –24.80602	 –68.29033	 250	    650	    450	 NA	 NA	 7.8	   30 
Llullaillaco 
(Mariana)
Salar de Uyuni	 Bolivia	 –20.15888	 –67.56912	   80	 1,150	    321	 NA	 10.2	 9.3	   62 

Salar de	 Bolivia	 –19.36163	 –68.16860	 NA	 NA	    243	 NA	 NA	 8.1	 320 
Copaisa
Salar de Pastos	 Bolivia	 –21.64429	 –67.79809	 353	 1,787	 1,062	 5.2 (edge)	 NA	 4.1	   57 
Grandes							       67 (playa)
Taijanier	 Qaidam, 	 37.49260	 93.95323	 NA	 NA	    290	 NA	 2.02	 4.2	 167 
(Taijner) Lake	 China 

Zhabuye Lake	 Tibet, China	 31.34586	 84.04752	 500	 1,000	    680	 NA	 1.53	 0.2	 287 
 

Dangxiongcuo	 Tibet, China	 31.57053	 86.73580	 NA	 NA	 430 (5)	 NA	 0.181	 0.5	 184 
(DXC) 

Notes: APVC = Altiplano‐Puna volcanic complex, NA = not available
1 All references for data in this table are detailed in the Appendix
2 See Appendix for additional details on tectonics and geologic setting

				    Min	 Max		  Basin	 Basin
	 Evap	 Aridity	 Aridity	 elevation	 elevation	 Relief	 floor area	 area
	 (mm/yr)	 index	 class	 (m)	 (m)	 (m)	 (km2)	 (km2)	 Tectonic setting2

	 1,425	 0.0856	 Arid	 1,297	 2,841	 1,544	 97	 1,437	 Basin and Range extensional province; between  
									             Neogene core complex and its breakway zone
	 1,659	 0.05	 Arid	 482	 1,984	 1,502	 187	 1,891	 Basin and Range extensional province
	 1,842	 0.0336	 Arid	 –71	 3,497	 3,568	 972	 20,051	 Pull‐apart basin along intracontinental portion of  
									             San Andreas transform fault
	 1,156	 0.1428	 Arid	 1,281	 3,959	 2,678	 18,075	 86,896	 Basin and Range extensional province 

	 1,467	 0.0343	 Arid	 –415	 2,805	 3,220	 1,111	 43,272	 Pull‐apart basin along intracontinental portion of  
									             Dead Sea transform fault
	 1,440	 0.0326	 Arid	 2,302	 6,208	 3,906	 2,115	 15,659	 Volcanic arc, plateau margin basin, active  
									             subsidence, ~6 km of Cenozoic strata
	    950	 0.0554	 Arid	 3,748	 6,695	 2,947	 136	 2,421	 Volcanic arc, high-elevation plateau margin basin 

	 1,100	 0.2276	 Semiarid	 4,260	 5,783	 1,523	 106	 586	 Volcanic arc, high-elevation plateau margin basin
	 1,106	 0.0696	 Arid	 3,963	 5,835	 1,872	 581	 3,888	 Tectonic basin bound by crustal fault blocks,  
									             adjacent large silicic volcanic caldera, and  
									             resurgent dome dominate hydrographic basin
	 1,233	 0.0568	 Arid	 3,718	 5,590	 1,872	 421	 2,811	 Typical Puna, contractional basin and range,  
									             bound by crustal fault blocks and also by alluvium  
									             and volcanic edifices
	 1,246	 0.0707	 Arid	 3,886	 6,136	 2,250	 480	 5,699	 Typical Puna, contractional basin and range,  
									             bound by crustal fault blocks and also by alluvium  
									             and volcanic edifices 

	 1,148	 0.0261	 Hyperarid	 5,755	 6,648	    893	 128	 1,234	 Volcanic arc, intra‐arc basin 
 

	 1,318	 0.0541	 Arid	 3,653	 6,136	 2,483	 13,768	 47,351	 Altiplano, low relief, minor volcanism, APVC to the  
									             south and thin skinned fold‐thrust belt to the east
	 1,316	 0.2402	 Semiarid	 3,661	 6,549	 2,888	 3,055	 145,279	 Altiplano, low relief, minor volcanism, APVC to the  
									             south and thin skinned fold‐thrust belt to the east
	 1,094	 0.0521	 Arid	 4,430	 5,817	 1,387	 142	 634	 Altiplano plateau, occupies an ~5.2 Ma caldera in  
									             the northern APVC
	    989	 0.0313	 Arid	 2,686	 6,824	 4,138	 210	 34,148	 Growth syncline within intracontintal foreland basin  
									             in the far field of the Himalayan‐Tibet collisional  
									             orogen
	 750	 0.3333	 Semiarid	 4,424	 6,580	 2,156	 3,055	 16,768	 Neogene rift oriented at a high angle to the orogenic  
									             grain in the upper plate of the Himalayan Tibet  
									             collisional orogen
	 783	 0.2868	 Semiarid	 4,464	 6,308	 1,844	 54	 906	 Neogene rift oriented at a high angle to the orogenic  
									             grain in the upper plate of the Himalayan Tibet  
									             collisional orogen
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Climatic factors in the generation of Li brines: Certain cli-
matic characteristics are shared by all basins hosting Li‐rich 
brines. Typically these basins are in subtropical and midlati-
tudes where arid climates are expected (Fig. 1). An arid cli-
mate is imperative for evaporative concentration of surface 
and shallow subsurface brines. Indeed, all of the basins inves-
tigated herein have evaporation far exceeding precipitation 
(Table 1; aridity index). As a first assessment, arid climate and 
a low precipitation/evaporation ratio are very favorable for the 
development of Li‐rich brines. However, what is critical for 
generating economical brines is a large flux of water to the 
basin—seemingly at odds with the importance of arid climates 
in generating Li‐rich brines. For example, on the Salar de Ata-
cama evaporation greatly exceeds precipitation , irrespective 
of whether precipitation estimates are 10 mm/a (Jordan et al., 
2002a), 25 mm/a (Houston et al., 2011), 39 mm/a (Table 1), 
or anything <50 cm/a (e.g., Bookhagen and Strecker, 2008). 
Under any scenario there is a net water deficit on the Salar 
de Atacama and evaporative concentration of inflow waters 
is possible, but without significant inflow water it would be 
impossible to generate the enormous volume of highly con-
centrated brine present there.

The magnitude of water flux through an Li‐rich brine-gen-
erating basin that is necessary for economical brines is depen-
dent, in turn, on the Li content of the average inflow waters. 
Economical Li brines contain a minimum of 100 mg/L Li, and 
more commonly 500 to 5,000 mg/L Li, whereas the inflow 
waters may only contain Li in the range of 1–10 mg/L or 
less. Therefore, at an absolute minimum, inflow waters must 
be concentrated by one full order of magnitude. Given that 
most Li brine-generating basins have many inflows that are 
not enriched in Li, it is assumed that the average Li content 
of inflow waters is less than 1 mg/L Li. Thus, the combined 
effects of evaporation and precipitation of evaporite minerals 
must concentrate inflow waters by many orders of magnitude 
and the time-integrated flux of water through the basin must 
be sufficient to create a Li brine deposit that contains enough 
total Li to be economical, irrespective of Li concentration.

There are a number of ways in which large influxes of water 
can be combined with high evaporation rates to create favor-
able conditions for generation of Li‐rich brines. One example 
is that of a seasonal climate where wet seasons alternate with 
hot and dry conditions. To generate both sufficient inflow 
and evaporation with seasonal climatic variation, each year 

lithium sequestered 
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groundwater
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around hot springs
in clays
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older rocks
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MECHANISMS FOR CONCENTRATING LITHIUM IN BRINES:
 1. Evaporation
 2. Interactions between hydrothermal fluids and host aquifer

MECHANISMS FOR REMOVING LITHIUM:
 1. Brine spills out of basin
 2. Brine leaks out from bottom of basin
 3. Li minerals crystallize from saturated brine
 4. Li clays crystallize from hydrothermal fluids
 5. Li brines trapped in fluid inclusions in halite    

POTENTIAL SOURCES OF LITHIUM IN BRINE    
 1. Older bedrock
 2. Primary magmatic-hydrothermal fluids
 3. Volcanic ash
 4. Dust 
 5. Exhumed basin deposits (recycled Li)
 6. Regional ground water flow

SALAR WITH
LITHIUM BRINE

Proximal alluvial fan

Neogene volcano

Salar

Other modern basin fill

Older basin fill, now exhumed

Bedrock, undifferentiated

at depth:

magma or

advected hot ro
cks

Fig. 2.  Summary diagram of the geologic, geochemical, and hydrogeologic features of lithium brines emphasizing the sources, 
transport, and fate of lithium (adapted from Bradley et al., 2013).
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must be split between one of these two functions. Essentially 
the recharge area (precipitation) and the concentration area 
(evaporation) are identical, but they must each serve these 
functions for only a part of the year; thereby increasing the 
amount of time required to generate a brine of given Li con-
centration. Similarly, alternating between wet and dry cli-
mates on longer (climatic) timescales is a possible mechanism 
for evaporative concentration of large volumes of water in a 
closed basin. Again, time is the limiting factor in this scenario 
as the same land surface must serve both functions. Climatic 
cycles likely played an important role in the generation of 
the Li‐rich brine in Salars de Copaisa and Uyuni, where at 
least 130 ka of climatically driven lake-level cycles have been 
documented on the Bolivian Altiplano (Placzek et al., 2011). 
Alternatively, recharge and evaporative concentration can 
operate simultaneously in different areas of the hydrographic 
basin. As for the Salar de Atacama, precipitation elsewhere 
in the drainage basin can serve as the Li influx while the low-
elevation salar surface can serve to concentrate the inflow 
waters. Likewise, the nearly 5,900-m-high resurgent dome of 
the Cerro Galán caldera may be an important recharge area 
for the Salar del Hombre Muerto at ~4,000-m elevation.

In addition to elevation differences, the size of a drainage 
basin relative to the salar/playa surface is an important consid-
eration (Table 1). Importantly, the size of the drainage basin 
is not limited to surface drainage. Regional groundwater flow 
below topographic divides is one additional factor that can 
contribute significant amounts of water to a closed basin. For 
example, at Clayton Valley, Nevada, a large regional ground-
water flow system contributes the majority of the water flux to 
the basin (Rush, 1968; Belcher, 2004). Subsurface flow paths 
provide ample water to aid in mobilization and evaporative 
enrichment of Li within a closed basin and may also provide 
significant additional sources of Li.

The climatic condition requisite for generation of Li 
brines is a net water deficit at the basin floor. A wide range 
of localities satisfy this condition; however, water cannot be 
evaporated and Li cannot be concentrated unless there is a 
sufficient influx of both. For this reason, localities favorable to 
generation of Li‐rich brines juxtapose wetter conditions with 
the hot, dry conditions characteristic of basin floors. This can 
be accomplished many ways, including seasonality, climatic 
cycles, and climatic variation within the surface and/or sub-
surface drainage basins. Therefore, the role of climate can be 
complicated by other factors and these must be assessed for 
each basin.

Hydrogeology. As discussed above most known Li brine 
deposits occur in the shallow subsurface of tectonically active, 
closed basins in arid regions (Fig. 1). In these settings, basin 
hydrology and hydrogeology are inextricably linked through 
depositional and tectonic processes and have important 
impacts on the geometry and nature of subsurface flow paths. 
Host aquifers in these systems range from clastic sedimen-
tary units associated with alluvial fans and playa sediments 
(including volcanic deposits) to halite and other salts. Fresh 
water enters the system either on the flanks through perme-
able alluvial sediments and is confined to the more permeable 
facies (fan gravels, sands), or through subsurface paths from 
upgradient basins. Fresh water mixes and floats on the denser 
basin brines and is ultimately driven upward by a moisture 

gradient which is maintained by sufficiently arid conditions. 
This results in significant loss of water through evaporation 
and concentration of dissolved constituents.

Lithium can enter a basin from leaching of rocks and allu-
vial fans and hydrothermal fluids associated with magma at 
shallow depths. Many closed basins are actually connected 
via subsurface flow paths and can act as sinks for regional 
transport of ground water. Large fault systems can often 
act as preferential flow paths allowing Li to be delivered via 
magmatic‐derived fluids from depth. Because brines have 
extremely high total dissolved solids, they are denser than 
fresh water, which affects the movement of these fluids in the 
subsurface. Often there are strong feedbacks between the dis-
solution of halite, moving ground water, and density changes 
resulting in complex flow paths that act to mix subsurface flu-
ids. Through a combination of evaporation and hydrothermal 
distillation brines can reach Li concentrations on the order of 
1,000s of mg/L.

The permeability of the host aquifer for the brine plays an 
important role in the development of and exploitation of the 
resource. Immature salars, those with significant clastic sedi-
ments (Houston et al., 2011) have porosity and permeability 
dominated by primary depositional processes. Coarse‐grained 
sediments tend to accumulate at the margins of the basin 
and commonly fine upward and basinward. These sediments 
have high permeability and well‐connected porosity. Clastic 
sediments at the center of the basin, such as lacustrine facies, 
commonly have high porosity but low permeability. These 
sediments often have intercalated evaporite deposits that 
act as confining units to brines deeper in the basin. Mature 
salars are dominated by evaporite deposits that have little 
connected primary porosity. Brines in these environments 
tend to be transported and hosted in fractures and dissolu-
tion features that vary in occurrence in both time and space. 
The spacing of these features is small (<1 m) such that the 
shallow evaporite aquifers can be treated as a well‐connected 
porous medium at the km scale. These aquifers often exhibit 
strong depth dependence in hydrologic characteristics, where 
the higher porosity and permeability are located closer to the 
land surface.

Lithium Brine Case Studies

Case study 1: Clayton Valley, Nevada

Clayton Valley is located in Esmeralda County, Nevada, 
United States, approximately 160 km north of Death Val-
ley, California (Fig. 3) and is the location of the only Li‐rich 
brine deposit in production in North America. Clayton Val-
ley is a closed basin with an area of 1,342 km2 and a playa 
surface of 72 km2. The basin lies in the eastern rain shadow 
of the Sierra Nevada Mountains and is arid with an annual 
average precipitation of about 12 cm, average evaporation 
rates of 142 cm/yr, and an average temperature of 13°C. The 
elevation of the valley floor is 1,298 m, lower than any of the 
adjacent basins. 

The basement consists of late Neoproterozoic to Ordovi-
cian carbonate and clastic rocks that were deposited along the 
ancient western passive margin of North America. During 
late Paleozoic and Mesozoic orogenies, the region was short-
ened and subjected to low‐grade metamorphism (Oldow et 
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al., 1989). Granitoids were emplaced at ca. 155 and 85 Ma. 
Extension commenced at ca. 16 Ma and has continued to 
the present, with changes in structural style. A metamorphic 
core complex just west of Clayton Valley was exhumed from 
midcrustal depths during Neogene extension. The basin is 

bounded to the east by a steep normal fault system toward 
which basin strata thicken. Late Miocene to Pliocene tuffa-
ceous lacustrine facies (Esmeralda Formation of older usage 
from Albers and Stewart, 1972) contains up to 1,300 ppm Li 
and an average of 100 ppm Li (Kunasz, 1974; Davis and Vine, 
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1979). Miocene silicic tuffs and rhyolites along the basin’s 
eastern flank have Li concentrations as high as 228 ppm (Price 
et al., 2000). Multiple wetting and drying periods during the 
Pleistocene resulted in the formation of lacustrine deposits, 
salt beds, and Li‐rich brines. Hectorite in the surface playa 
sediments contains from 350 to 1,171 ppm Li (Kunasz, 
1974). Prior to development of the brine resource, a salt flat 
and brine pool existed in the northern part of the basin, but 
groundwater pumping has eliminated the surface brine pool. 

At Clayton Valley, brines are pumped from six aquifer 
units (Zampirro, 2004). Volcanic glass in the main ash aqui-
fer shares strong compositional affinities with the ~760-ka 
Bishop Tuff. However, this ash bed could also be correlated 
with some of the 0.8 to 1.2 Ma tuffs of Glass Mountain (Sarna‐
Wojcicki et al., 2005). In Clayton Valley, this aquifer system 
ranges between 5 to 20 m thick. Other aquifers (and their 
thicknesses) include the salt aquifer system comprised of 
thick-bedded halite deposits interbedded with silt (30–100 
m); the tufa aquifer system, an aquifer of consolidated traver-
tine in the uppermost strata localized in the northeastern part 
of the basin (6–20 m); the lower ash system, an extensive zone 
of thin volcanic ash deposits, interbedded with silt and sand 
(10–90 m), also exposed in outcrop in the basin; the marginal 
gravel aquifer, a localized aquifer of mixed gravel, sand, and 
silt along the eastern margin of the basin (10–70 m); and the 
lower gravel aquifer, a poorly sorted deposit of coarse to fine 
gravel, sand, and silt at ~1-km depth (50–100 m).

The Li content of the waters in Clayton Valley ranges from 
less than 1 µg/L in snow up to 407 mg/L in groundwater 
from one of the aquifers composed of volcanic ash. The cold 
springs surrounding Clayton Valley have Li concentrations 
of less than 1 mg/L. One hot spring in the area located east 
of Clayton Valley near Alkali, Nevada, contains 1.6 mg/L Li. 

Lithium content of the groundwater from a freshwater well in 
an alluvial fan located near Silver Peak, Nevada, is less than 
1 mg/L. Two groundwaters, one located just north of the town 
of Silver Peak and the other on the far northeast part of the 
basin, contain about 40 mg/L Li.

Davis et al. (1986) proposed that the Li at Clayton Valley, 
Nevada was concentrated by the same processes as Cl and 
therefore must have been trapped as an Li‐rich fluid when 
the halite formed. They also hypothesized that in the last 
10,000 years meteoric water entered the basin and dissolved 
the halite to form brines with evaporative signatures. Munk 
et al. (2011) indicated that other sources and processes were 
likely involved in the formation of the brines in the system 
because nonhalite aquifers produce brine with higher Li con-
centrations than the halite aquifer. It may be that a combina-
tion of hydrothermal activity and leaching from volcanic ash 
and clays are major sources of Li in the aquifers in Clayton 
Valley, Nevada. We have found that one of the aquifers com-
posed predominantly of pumice ash has nearly identical major 
and trace element glass composition to the Bishop tuff; how-
ever, the Li content in glass from this aquifer is approximately 
12 ppm higher (72 ppm) than the Bishop tuff from a number 
of other localities. This may be an indication that the volcanic 
glass in this aquifer exchanges Li over time.

Figure 4 indicates that snow, hot and cold springs, and cold 
groundwater in Clayton Valley are more dilute (have lower Na 
concentrations) than the hot groundwater and brines. Addi-
tionally, the cold springs have enriched δD values compared 
to the hot groundwater, most likely caused by evaporation at 
the surface. It appears that there are two mixing pathways that 
can account for the composition of waters in the basin (Fig. 
4). We interpret these mixing lines as dilute inflow waters 
interacting and leaching chemical constituents from the rocks 

10�1

101

103

105

Halite aquifer

evaporation

Fig. 4.  Log Na vs. δDVSMOW for waters in the Clayton Valley, Nevada, basin. Cold shallow groundwaters and springs exhibit 
dilute concentrations and an evaporation trend as a function of increasing δDVSMOW. Hypothetical mixing/evaporation curves 
are represented by dashed arrows from the meteoric water (snow) to brine in the halite aquifer.
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in the basin with the possibility of hydrothermal inputs con-
tributing water with higher total dissolved solids (TDS) to the 
brines. These processes could then be followed by mixing 
with other brines, concentration through evaporation, and/or 
halite precipitation to form the various brine compositions in 
the basin.

Case study 2: Salar de Atacama, Chile

The Salar de Atacama is a large closed basin which lies on the 
Tropic of Capricorn in the Atacama Desert approximately 200 
km east of the Pacific Ocean and immediately to the west of 
the Altiplano‐Puna plateau (Fig. 5). The basin coincides with a 
sharp bend in the modern Andean volcanic arc which retreats 
60 km east from its regional north‐south trend. The salar has 
a surface area of 3,000 km2 and a drainage basin flanked on 
all sides by substantial topography; the Andean volcanic arc 
dominates recharge to the salar. The salar surface is 2,300 m 
above sea level and is ~2,000 m lower than the volcanic arc 
on the western plateau margin. As in the rest of the Atacama 
Desert, precipitation on the salar surface is rare. The adja-
cent Andean highlands receive precipitation more often but 
are still arid to hyperarid (Strecker et al., 2007). Evaporation 
at the elevation of the salar varies between 0 to 2.8 mm/d, 
depending on the surface characteristics (Kampf et al., 2005); 
relative to an estimated mean annual precipitation of 39 mm, 
the P/E ratio (aridity index) is ~0.033. Interestingly, no evapo-
ration was measured by Kampf et al. (2005) from the rough 
halite nucleus of Salar de Atacama that comprises approxi-
mately half of the surface area and hosts the Li‐rich brine at 
30-m depth.

Water in the Salar de Atacama basin and the adjacent 
Andean arc varies in Li concentration from approximately 0.05 
to 5 mg/L in the Andean inflow waters, 5 to 100 mg/L in shallow 
groundwaters in the southern and eastern flanks of the basin, 
and up to 5,000 mg/L in brines. This indicates that the brines 
in the basin can be significantly more concentrated, by up to 
five orders of magnitude, compared to water entering the basin.

The geologic history of the Salar de Atacama basin can be 
summarized as follows. Sedimentary, volcanic, and plutonic 
rocks indicate its position during the Paleozoic along the 
western margin of Gondwana. During the Jurassic and Early 
Cretaceous this region was an extensional backarc basin, with 
inversion and basin-scale tectonic subsidence initiating in the 
Late Cretaceous. This continental backarc setting persisted 
through the Paleogene, transitioning to a forearc basin in the 
Neogene. Uplift and predominantly clastic deposition have 
been ongoing since the Cretaceous, and during the Plio‐
Pleistocene thick halite deposits have accumulated in the 
center of the basin.

Details of the Cenozoic geologic history highlight sev-
eral relevant observations in the Salar de Atacama (addi-
tional details on the older geologic history can be found in 
the Appendix). There was first a foreland basin originating 
in mid‐Cretaceous, with thrusting and coeval sedimentation 
occurring during the Cretaceous and Paleogene (Arriagada et 
al., 2006). During the Oligocene‐early Miocene normal fault-
ing, perhaps in a transtensional environment, controlled the 
western margin of the basin and accommodated thousands of 
meters of strata (Jordan et al., 2007). Much of this sedimenta-
tion was accommodated by a normal fault along the western 

basin margin with as much as 6 km of vertical displacement 
(Pananont et al., 2004). From ~12 Ma onward the volcanic arc 
was established east of the Salar de Atacama and shortening 
resumed, uplifting the intrabasinal Cordillera de la Sal and 
later resulting in development of blind thrust faults within the 
basin (Jordan et al., 2007). Interpretation of seismic data by 
Pananont et al. (2004) suggest that the Cordillera de la Sal, 
a prominent N‐S-trending anticlinal feature that separates 
the Salar de Atacama from the Cordillera Domeyko, results 
from diapiric flow of Oligocene to middle Miocene strata ini-
tiated in the Miocene and is associated with a deep reverse 
fault. Following initiation of diapiric flow in the western Salar 
de Atacama basin, uplift of the Altiplano‐Puna plateau is 
accommodated by monoclinal folding which is expressed in 
the geomorphology and westward tilted strata at the plateau 
margin (Jordan et al., 2010). A number of late Miocene and 
Pliocene ignimbrites derived from calderas on the plateau 
can be traced westward into the subsurface of the Atacama 
basin. These ingimbrites interfinger with halite deposits that 
are typically 1 km thick, and establish the age of these strata as 
Plio‐Pleistocene with a lower age limit likely to be sometime 
in the late Miocene. In the southern portion of the salar these 
deposits are offset by the Salar fault system, which exhibits 
close to a kilometer of down‐to‐the‐east offset on a reverse 
fault during this interval (Jordan et al., 2002b). The Salar fault 
system can be followed to the south-southwest into the Tilo-
monte (Tilocalar) Valley as moderate‐ to high‐angle reverse 
faults which offset a Pliocene ignimbrite and Paleozoic rocks 
of the eastern Cordón de Lila. Some of the features of this 
fault system as exposed in the Tilocalar (Tilomonte) Valley 
suggest the influence of major pre‐Andean basement struc-
tures (Kuhn, 2002). 

Several aspects of this geologic history are relevant to the 
generation of Li‐rich brine in Salar de Atacama. There are a 
number of fault systems with kilometers of offset, which may 
be crustal scale features and preferential flow paths for fluids. 
During the Miocene and Pliocene several voluminous ignim-
brite pulses related to development of the large Altiplano‐
Puna volcanic complex indicate major magmatic activity to 
the east on the plateau (Salisbury et al., 2011). It is possible 
that this volcanism is intimately related to late Miocene uplift 
of the plateau via lower crustal delamination (cf. Hoke and 
Garzione, 2008). If large-scale tectonic factors play a role in 
the generation of Li brines these processes might be relevant 
to generation of the Li‐enriched brine in Salar de Atacama, 
particularly if the mantle is considered to be the ultimate 
source of Li to brines. Crustal scale faults within the Atacama 
basin itself are not necessarily good candidates for communi-
cation between the mantle and brine aquifers in light of the 
fact that the lithosphere below the Atacama basin is widely 
believed to be a cold, rigid block on the basis of seismological 
data (Schurr and Rietbrock, 2004).

However, numerous faults exist between the salar and the 
magmatic arc in the southern half of the Atacama basin and 
these are more attractive fluid conduits. As their coincidence 
with young lavas and recent volcanic edifices document, mag-
matic fluids have exploited these faults as conduits. Further, 
these faults do not express themselves in the northern half of 
the basin and instead are confined to the portion of the basin 
that is known to exhibit the highest concentration Li brines 
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(Ide and Kunasz, 1989). We have observed high dissolved 3He 
concentrations in shallow groundwater and brine in the south-
eastern part of the Atacama basin. These high 3He concen-
trations have not been observed in water and brine sampled 
from the western half of the Atacama basin, and we interpret 
the 3He as an indicator of the influence of mantle-derived 
gases in the southeastern sector of the basin.

The interaction of groundwater and magmatic systems in the 
Andean arc and on the Altiplano‐Puna plateau is another poten-
tial mechanism for transporting Li, ultimately mantle derived, 
from volcanic systems to the Salar de Atacama. The huge vol-
canic centers of the Altiplano‐Puna volcanic complex contain 
large volumes of highly evolved and low-temperature magma 
at shallow crustal levels; melt inclusion data demonstrate that 
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magmatic Li contents of 100 to 1,000 ppm are common in this 
region (Lindsay et al., 2001; Schmitt, 2001). Whether and how 
these magmatic systems are connected to the Salar de Atac-
ama by thermal waters and the regional groundwater system 
remains a major question. Crustal-scale and smaller faults may 
serve either as conduits for or barriers to fluid flow (cf. Caine 
et al., 1996). Multiple ignimbrites exist at depth within the 
northern half of the basin. These interfinger with halite and 
are likely to be permeable enough to transport fluids, espe-
cially under the large topographic gradient along the western 
plateau margin. It seems conceivable to connect the giant 
magmatic systems of the Altiplano‐Puna volcanic complex as a 
Li source to Salar de Atacama brines, but understanding of the 
regional groundwater systems at the plateau margin is limited. 
Jordan et al. (2002a, b) have proposed that the accumulation of 
halite in the Atacama basin is coincident with monoclinal fold-
ing, and uplift of the Altiplano‐Puna plateau immediately to 
the east. Indeed, deep groundwater flow driven by the eleva-
tion contrast across the western plateau margin may be a con-
sequence of plateau uplift and result in initiation of the thick 
halite sequence in the Atacama basin, but in order to evalu-
ate this possibility much work characterizing the modern deep 
groundwater system is needed.

Certainly, Andean magmatic systems have a large role to play 
as Li sources either directly or indirectly via surface and subsur-
face weathering of silicic volcanic rocks. It is important to note 
that the rock units which comprise the Atacama basin and its 
strata control to a large degree the evolution and ultimate com-
position of brines. Bedrock and basinal strata of Salar de Ata-
cama are essentially devoid of limestone, with the exception of 
Jurassic strata exposed in the Cordillera Domyeko (Flint et al., 
1993) and minor Maastrictian(?) marine carbonates (Mpodozis 
et al., 2005). As described in previous sections, catchment 
lithologies control the chemical composition of inflow waters, 
volcanic sulfide results in sulfate‐rich brines, and the dearth of 
limestone results in brines that are Ca‐poor relative to sulfate. 
For this reason, the evaporite mineral sequence in the Atac-
ama brines is prone to precipitate Mg and Li sulfate salts in 
the absence of Ca (Boschetti et al., 2007). This chemical divide 
(cf. Eugster and Hardie, 1978) has implications, not only for 
the evolution of brine chemistry but also for the logistics and 
economics of processing brines for Li.

Finally, the hydrographic history of the Salar de Atacama 
basin has implications for the origin and evolution of the Li‐
rich brine. It is possible that the basin has been closed con-
tinuously since the uplift of the Cordillera Domeyko in the 
Cretaceous, and almost certain that the basin has been hydro-
graphically closed with respect to surface waters since the late 
Miocene. Jordan et al. (2007) suggested that the western mar-
gin of the modern basin was established by a major down‐to‐
the‐east normal fault during an Oligocene period of extension 
or transtension. Irrespective of the exact timing, any of these 
scenarios for hydrographic closure of the basin permit accu-
mulation and concentration of brines on the timescale of 1 to 
10 m.y. at a minimum.

Lithium Uses, Demand, and  
Global Li Brine Resources

Lithium was not discovered until the early 1800s and was 
little more than a scientific curiosity at first. After many 

decades at low levels, Li production has increased expo-
nentially since the 1950s (Mohr et al., 2010; Fig. 6), with 
more growth expected. Lithium is alloyed with other ele-
ments such as aluminum, cadmium, manganese, and copper 
to produce high strength‐to‐weight metals. It is used as a 
coolant in nuclear breeder reactors. Compounds of Li are 
used as heat‐resistant glass, ceramics, and lubricants. It is 
the key ingredient of drugs used to treat bipolar disease. 
But the most important modern use of Li is in recharge-
able Li ion batteries for cell phones, laptops, and hybrid 
and electric cars (Garrett, 2004). Lithium ion batteries are 
superior because they are lightweight and can be efficiently 
recharged. Lithium’s use in cars is what gives it a key role in 
global efforts to reduce greenhouse gas emissions and mini-
mize global warming.

Projections by Gruber et al. (2011) and Kesler et al. (2012) 
indicate that demand for Li will increase through the year 
2100, with nonbattery, portable electronic batteries, and vehi-
cle batteries each contributing to this demand. Depending on 
the global economic growth scenario adopted, and account-
ing for 90% recycling, they concluded that between 12 and 
20 million metric tons (Mt) of Li will be needed. Global Li 
resources have recently been estimated by several authors. 
Gruber et al. (2011) estimated 39 Mt of Li metal; Tahil (2008) 
estimated 19.2 Mt; U.S. Geological Survey (2011) estimated 
33 Mt; Evans (2010) estimated 34.5 Mt; and Yaksic and Tilton 
(2009) estimated 64 Mt. Barring major new uses for Li, global 
demand is unlikely to exceed supply in the next century.

Exploration for lithium‐rich brine deposits

Identification of prospective basins: All of the Li‐rich brine 
basins in Table 1 are closed basins, and they are all marked by 
a saline lake or a salar (i.e., a salt flat or salt‐encrusted depres-
sion). Closed basins form because of tectonics but they are 
maintained only where, over longer time‐spans, evaporation 
exceeds precipitation. If the long‐term rate of precipitation in 
a basin increases sufficiently, eventually lake water will over-
top some point along the drainage divide and drain, carry-
ing the dissolved Li away. Evidently, the aridity classification 
must be semiarid or drier, but the numerical aridity index for 
the basins in Table 1 ranges through an order of magnitude, 
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from 0.03 to 0.33. Judging from the present‐day distribution 
of basins, the favorable zones lie between about 19° and 37° 
north or south (Fig. 1). Rain‐shadow effects probably stretch 
the north‐south span of favorable latitudes. Mean annual tem-
perature does not appear to be a critical factor, with values 
ranging through two orders of magnitude from 0.2° to 22.7°C.

All of the world’s Li‐rich brine basins cataloged in Table 
1 are tectonically active, subsiding basins as evidenced by 
thick accumulations of Quaternary to recent sediment, and 
in most cases, also evidenced by faults with Quaternary to 
recent displacements. In contrast, shallow, internally drained 
depressions on the stable cratons (e.g., Australia: Benison and 
Bowen, 2006; Algeria: Hacini et al., 2008) do not appear to 
be prospective. Lithium‐brine resources are found in a range 
of tectonic settings from extensional to strike‐slip to contrac-
tional (Table 1, Appendix). The overall tectonic setting where 
Li-rich brines occur appears to vary and may not be the pri-
mary factor in determining favorability for Li-rich brines, 
although at the local scale, tectonics control basin geometry. 
Most of the Li‐rich brine basins in Table 1 show evidence for 
elevated heat flow. The most obvious evidence includes young 
volcanoes, hot springs, and geothermal resources. Only one 
basin in our compilation, Lake Zabuye, appears to have none 
of these.

Evidence of older hydrothermal activity is seen in several 
instances and should be regarded as a favorable characteris-
tic. For example, at Clayton Valley, Nevada, some Miocene 
to Pliocene basinal deposits were hydrothermally enriched in 
the Li‐rich clay hectorite; this took place a few million years 
ago, before these altered strata were uplifted and exposed. 
Hectorite concentration halos have been reported from 
several basins that lack Li‐rich brines in the U.S. Basin and 
Range province (Vine, 1980). In such cases, a hectorite halo 
may be all that remains of a former brine system that has since 
leaked away. Borate deposits appear to be hybrids involving 
both hydrothermal and evaporative processes; their presence 
is also a favorable indicator for Li brines. At Salar del Rincón, 
hot‐spring deposits which appear inactive contain residual 
water with up to 1,500 mg/L Li (Toledo et al., 2009).

Source rocks such as felsic, vitric tuffs that have abundant 
and readily leached Li are favorable (Price et al., 2000) but 
perhaps not the sole source of Li as it is present in most 
crustal rocks at tens of parts per million. There are extensive 
ignimbrite deposits flanking the east side of the Salar de Ata-
cama basin that can contain up to nearly 700 ppm Li in quartz 
melt inclusions (Lindsay et al., 2001). Similarly, in the western 
United States quartz inclusions from large silicic eruptions 
contain appreciable Li. Hofstra et al. (2013) have suggested 
that Li in melt inclusions is the best estimate of preeruptive 
magmatic concentrations and that subsequent loss of Li dur-
ing eruption, lithification, and weathering of a moderate vol-
ume eruption is sufficient to generate an economical brine 
deposit if it can be efficiently mobilized and concentrated. If 
there are hydrothermal inputs of Li to the brines that are asso-
ciated with silicic magmatic systems we would argue that this 
type of source has the potential to bring high concentrations 
of Li to the brine. It then becomes a question of how to get 
the Li‐rich fluids from the hydrothermal source to the brine; 
this may occur along faults and fractures in the case of the 
Salar de Atacama system.

Physiographic aspects of Li‐rich brine basins do not appear 
to be that important to the existence or size of the resource. 
Of the basins in Table 1, basin‐floor areas range from 54 to 
18,075 km2, catchment areas range from 634 to 145,279 km2, 
and basin‐floor elevations range from –415 to +4,464 m. A 
special situation exists at Clayton Valley, Nevada, which may 
be partly responsible for the size of the resource. Clayton Val-
ley is one of five adjacent closed basins. Although they are 
hydrologically unconnected at the surface, groundwater ulti-
mately flows into Clayton Valley, the lowest elevation of the 
five (Zampirro, 2004). In fact Clayton Valley may be the end 
of very long regional groundwater flow paths in the western 
Basin and Range (Belcher, 2004, plate l).

Basin‐scale exploration: Within a closed basin that is pro-
spective for Li‐rich brines based on the above criteria, the 
most convenient exploration tool is surface sampling of waters 
and/or sediments. Because many Li brines are located within 
1 m of the surface salt crust, water sampling is relatively easy 
to use as a general exploration tool. However, for deeper 
brines it may be useful to perform geophysical surveys to 
identify high conductivity anomalies that could then be drilled 
for sampling.

Another exploration strategy is surface sampling of sedi-
ment. This approach, however, has produced mixed results. 
During reconnaissance exploration for Li resources by the 
U.S. Geological Survey in the 1970s, surface samples were 
analyzed from 41 closed basins in the U.S. Basin and Range 
Province. Whereas four basins were identified as having 
anomalous Li concentrations (defined as >300 ppm; Vine, 
1980), neither Great Salt Lake Desert nor Searles Valley were 
found to be prospective by this measure, despite the known 
occurrence of Li brines at depth.

Geologic reconnaissance: Several important observations 
related to the youthfulness of a prospective basin and it’s 
tectonic, sedimentary, and heat-flow characteristics can be 
assessed with a boots‐on‐the‐ground approach. Basins likely to 
host Li‐rich brines should include young high‐silica volcanic 
rocks, evidence for Quaternary faulting, thick accumulations 
of clastic and/or evaporite strata, and hot‐springs or hot‐spring 
deposits. Given the observations of Hofstra et al. (2013) on 
the Li content of quartz melt inclusions versus host rocks, 
it is clear that whole-rock geochemistry of vitric rocks may 
be of limited value for exploration purposes. Rather, if much 
of this Li has already been mobilized an analysis of quartz-
hosted melt inclusions in potential source rocks may be a bet-
ter measure of whether the rocks are (were) a potential Li 
source. In addition heat flow can be assessed by estimating 
the temperatures of formation for hot‐spring carbonates or 
by application of chemical thermometers to hot‐spring water. 
A critical determination to be made is whether the water 
temperature can be explained by deep circulation of mete-
oric water with reasonable geothermal gradients or whether 
a temperature anomaly (e.g., a magma body) might be pres-
ent at shallow depths. An assessment of tectonics and heat 
flow over longer periods can be provided by low-temperature 
thermochronology of bedrock in fault bounded mountain 
blocks. Granitic lithologies are ideal for this approach, though 
any rocks containing apatite and zircon are potential targets. 
Bedrock which has cooled very rapidly and/or recently would 
be indicative of tectonically active basins and by analysis of 
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apatite‐zircon pairs it may be possible to understand the tim-
ing of changes in exhumation rate or the geothermal gradient. 
These approaches would be most fruitfully targeted to bed-
rock at the lowest elevations possible. A similar approach can 
be applied to basinal strata that are exhumed. Cooling ages 
which are significantly younger than depositional ages can 
constrain depth of burial and/or geothermal gradients within 
sedimentary basins.

Mining and production of lithium-rich brines

As noted above, the arid climate that is necessary for the gene-
sis of Li‐rich brines in closed basins is also a key to production, 
because the first step in the extraction of Li is solar evapora-
tion. Brines that are pumped to the surface typically carry 200 
to 1,400 ppm Li and ideally have a low Mg/Li ratio (<10) as 
the geochemical behavior of Mg ions can be similar to Li ions 
in low-temperature aqueous solution and interfere with the 
Li purification process. Brines are evaporated in a succession 
of artificial ponds; in the case of Clayton Valley, Nevada, there 
are nine ponds with a total area of 16 km2 (Garrett, 2004). In 
each pond in the chain, brine enters at one end, loses some of 
its water during the ensuing weeks or months, and is transmit-
ted from the other end into the next pond. Multiple ponds are 
used in order to separate the various evaporite minerals that 
crystallize out in sequence, and to compensate for the fact 
that evaporation rate decreases as TDS increases. The evapo-
rite species depend on the initial brine chemistry: at Clayton 
Valley, calcite, gypsum, halite, sylvite, and glaserite precipitate 
out, and at one stage, calcium hydroxide is added to induce 
precipitation of magnesium, as hydroxide (Garrett, 2004). 
Depending on climate, it takes a few months to two years to 
achieve a concentrate that is both enriched in Li (to 5,000 
ppm at Clayton Valley) and depleted in other cations. This 
concentrate is pumped from the last pond to a chemical plant 
where various end products such as Li carbonate, Li hydrox-
ide, and Li metal are produced. Garrett (2004) described the 
processes at Clayton Valley and Salar de Atacama in consider-
able detail.

In most instances, Li‐enriched oilfield and geothermal 
brines do not owe their very existence to present‐day climate. 
Extraction of Li from these brines by solar evaporation is 
therefore not always an option. In the Salton trough geother-
mal field, fluids that are pumped to the surface to exploit their 
heat content also contain elevated Li, Mn, and Zn, which are 
recovered in a proprietary process not involving solar evapora-
tion (Simbol Materials, 2013). This is also a newly prospective 
approach for pressurized brines beneath the Rock Springs 
anticline, Greater Green River basin, Wyoming (University of 
Wyoming, 2013).

Summary
Because of the extensive use of Li in industrial and tech-
nological applications the demand for this critical element 
will continue to increase. Continental brines enriched in Li 
are the most economically recoverable form of Li deposits 
and account for the source of 75% of current Li production. 
Therefore, it is imperative to develop an understanding of 
the genesis of these deposits. We have identified and out-
lined the six common characteristics of the environments for 
18 different basins and their respective brines or salt lakes 

ranging in Li concentration from 10 to 7000 mg/L. These 
characteristics are (1) arid climate, (2) closed basin contain-
ing a salar (salt crust) or saline lake, (3) associated igneous 
or geothermal activity (4) tectonically driven subsidence, 
(5) suitable Li source(s), and (6) ample time to concentrate 
brine. The relative importance of each of these characteris-
tics has not yet been quantified but these characteristics lay 
the framework for future studies and exploration for conti-
nental Li‐rich brines.
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Summary
This Appendix provides detailed information on the geology 
and tectonics of each basin listed in Table 1 of the main paper. 
References for other information included in Table 1 are 
also detailed here. Table S1 at the end of this Appendix con-
tains various geochemical data for hot springs, thermal water, 
and nonthermal water in some Li-rich brine-bearing basins. 
This data, collected by the authors, augment Table 1 and the 
Appendix text.

Middle East
The Dead Sea is the only saline water considered from the 
Middle East. Importantly, this saline water has developed 
in extremely arid conditions. It is surrounded by the eastern 
Mediterranean, the Horn of Africa, and the Arabian Penin-
sula—three of the most arid regions on the planet.

Dead Sea

The Dead Sea is not part of the world ocean but rather is a ter-
minal salt lake. The lake is the most saline in the world (>30% 
dissolved solids; Garfunkel and Ben-Avraham, 1996), and 
the basin contains the topographically lowest dry land. The 
Dead Sea occupies an intracontinental pull-apart basin along 
the sinistral transform boundary between the Arabian and 
African plates (Garfunkel and Ben-Avraham, 1996). Recent 
drawdown of the Dead Sea, which is due to agricultural over-
use of surface water from the River Jordan, has resulted in 
the separation of lake water into northern and southern lakes. 
The southern lake is largely divided into evaporating ponds 
where potash and bromide are produced (Garrett, 2004). The 
end liquor reportedly has subeconomic Li concentrations of 
30 mg/L (Garrett, 2004). The shores of the southern lake are 
dotted with hot springs. In a synthesis of evidence for active 
faulting in along this plate boundary zone, Garfunkel et al. 
(1981) noted that a late Pliocene to early Pleistocene basaltic 
unit (cover basalt) is widely distributed.

Notes for Table 1: Average Li concentration from Garrett 
(2004). Garrett (2004) also estimated 2 Mt of Li resource in 
the Dead Sea, although it is not identified as a major source of 
Li to date because the concentration of Li is quite low.

North American Basins Containing Li Brines

Salton trough, California

The Salton trough is a strike-slip basin located at a releasing 
bend along an intracontinental segment of the San Andreas 
transform fault (Axen and Fletcher, 1998). Looking to the 
south, the San Andreas fault is seen to be the northernmost 
of a series of transforms that connect short ridge segments 
across which the Gulf of California has opened by seafloor 
spreading in the past few million years. The Salton trough, 
then, is akin to one of the ridge segments, a key difference 
being that extension has not yet reached the stage of seafloor 
spreading. The lithium-enriched brines in the Salton trough 
are geothermal fluids at 100° to 300°C (Garrett, 2004, p. 37) 
that are produced from young basin-fill strata in the trans-
tensional basin. The Colorado River was probably a major 
sediment source (Winker and Kidwell, 1986). Robinson et al. 

(1976) reported that sediments of the Colorado River delta are 
intruded by Quaternary rhyolite domes. The lithium resource 
has been known for decades but only recently did production 
start, by Simbol, Inc., as a byproduct of geothermal energy 
production(http://www.simbolmaterials.com/breakthrough_
technology.htm).

Notes for Table 1: All reported Li values from Garrett 
(2004). Total Li resource from Gruber et al. (2011).

Searles Lake, California

Searles Valley is a Neogene basin within the broad intersec-
tion between the E-striking, sinistral Garlock fault system and 
the eastern California shear zone of Dokka and Travis (1990), 
a N-striking zone of diffuse dextral shear. Extension appears 
to be the main driver of subsidence. A normal fault system 
marked by a pronounced surface graben follows the basin’s 
eastern edge at the foot of the Slate Range (Smith, 2009). The 
Garlock fault, near the southern limit of the basin, is active, 
as revealed by a Quaternary sinistral offset of about 90 m 
(McGill and Sieh, 1993). During relatively wet intervals in the 
past few million years, Searles Lake was the third in a chain 
of five lakes on the east side of the Sierra Nevada Mountains, 
the lowest and final one being Death Valley (Smith, 2009). 
The spillways, through which each of the first four paleolakes 
drained to the next one, are now far above the present lake or 
playa surfaces. Searles Valley does not appear to be prospec-
tive for geothermal resources; however, the Coso geothermal 
field lies within the next basin upstream (China Lake; Smith, 
1976). Quaternary tufa pinnacles of lacustrine origin are 
inferred to line up along buried faults (Smith, 2009). Mafic 
lavas as young as 1.75 Ma crop out nearby. The Lava Creek 
ash (0.64 Ma) has been identified in the basin fill (Izett and 
Wilcox, 1982). Curiously, some brines and muds in Searles 
Valley are enriched in tungsten (Ririe, 1989).

Notes for Table 1: Minimum, maximum, and average Li 
concentrations from Garrett (2004), the average is from the 
middle part of the lake.

Great Salt Lake, Utah

The geology of Great Salt Lake is dominated by Paleozoic 
marine strata exposed in horsts of the Basin and Range exten-
sional province. Great Salt Lake is bordered on the east by the 
Wasatch Mountains, the largest and most continuous fault-
bounded mountain block in the eastern Basin and Range. 
The Wasatch Mountains define the edge of Basin and Range 
extension in northern Utah, and by virtue of their abundant 
snowpack they provide a major source of water to Great Salt 
Lake. However, the three major freshwater sources for Great 
Salt Lake, the Provo/Jordan River system, the Weber River, 
and the Bear River, all drain the quartzite-dominated Neopro-
terozoic Uinta Mountain Group in the western Uinta Moun-
tains before traversing the Wasatch Mountains. The Wasatch 
and adjacent Oquirrh Mountains are intruded by granodiorite 
and quartz monzonite intrusions, which precede and coincide 
with an Oligocene and early Miocene ignimbrite flareup in 
the Basin and Range (Best et al., 2013). This ignimbrite fla-
reup has drawn comparison with the Mio-Pliocene Central 
Andean flareup, and it is likely that crustal thickness in the 
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Basin and Range at this time was similar to the present-day 
Andean Plateau (Best et al., 2009). The 36 to 18 Ma flareup 
is related to a variety of metal deposits of economic impor-
tance, including Marysvale volcanic field in central Utah. In 
the Oquirrh Mountains, immediately south of Great Salt Lake 
the Bingham Canyon mine exploits a large porphyry copper 
deposit related to this event. During paleoclimatic intervals 
where lake levels were higher, the Great Salt Lake subbasin 
has also been connected to the Sevier subbasin, which con-
tains younger volcanic rocks. These young volcanic rocks are 
much more interesting from a Li source perspective. They 
contain basaltic flows and tuff cones (Pushkar and Condie, 
1973)—some of which were subaqueous eruptions in Lake 
Bonneville (White, 1996), and topaz rhyolites that contain 
extraordinary enrichments in Rb, Cs, Li, and Be (Congdon 
and Nash, 1988) and host the important volcanogenic beryl-
lium deposit at Spor Mountain, Utah (Foley et al., 2010).

Great Salt Lake is the remnant of the glacial Lake Bonnev-
ille, whose climatically driven lake-level record is well known 
for the last 30 ka (Oviatt, 1997). The late Quaternary Bonnev-
ille highstand (pre 17.5 ka) was contemporaneous with maxi-
mum glaciation in the Wasatch Mountains, which began its 
retreat at ~16 ka (Laabs et al., 2011). A longer term history 
of lake-level fluctuations in the Bonneville basin is known 
to extend back at least 750 ka and is broadly correlated with 
extensive Northern Hemisphere glactiation (Oviatt et al., 
1999). It is believed that rapid desiccation of deep freshwater 
lakes led to deposition of thick evaporite units (Balch et al., 
2005).

Two important aspects of the late Quaternary and mod-
ern hydrology of the Bonneville basin and Great Salt Lake 
are salient to sources of Li and concentration of Li in Great 
Salt Lake and Sevier Lake (in the Sevier subbasin). The first 
(paleo)hydrologic point of interest is the geomorphic thresh-
old that separates the two subbasins at the Old River Bed, near 
Table Mountain, Utah. At ~14,500 ka Lake Bonneville fell 
below the threshold that separates the Sevier subbasin from 
the Great Salt Lake subbasin; from this point until ~11,500 ka 
Lake Gunnison occupied the Sevier subbasin and overflowed 
into the Great Salt Lake subbasin (Oviatt et al., 2003). Lake 
Gunnison was fed by the Beaver and Sevier Rivers originat-
ing in the Tushar Mountains (Marysvale volcanic field); this 
drainage is assumed to be the same as modern and freshwater 
inputs dominated by the Sevier River. Since ~11,500 ka the 
Sevier River has been the major source of freshwater to Sevier 
Lake, though in recent times irrigation has effectively reduced 
this input to zero. A subsurface brine exists within a meter of 
the land surface underneath Sevier Lake playa. This Na-Cl 
brine contains ~30 mg/L lithium and appears to be perched in 
the upper 10 m of Sevier Lake above fresher water (Whelan, 
1969). Almost nothing is known about groundwater flux to the 
basin, but presumably the Sevier Lake brine is perched on 
lacustrine clays related to Lake Bonneville and Lake Gunni-
son. Consequently, it can be assumed that the lithium in this 
brine has been concentrated over the Holocene. A number 
of interesting thermal springs exist in the region, including 
Baker Hot Springs ~60 km north of Sevier Lake, but within 
the drainage basin, and the Roosevelt Known Geothermal 
Resource Area (KGRA) at the southeastern margin of the 
drainage basin. However, the Sevier River likely provided the 

vast majority of the influx over this period and may be the 
major source of Li to the Sevier Lake basin.

The second (paleo)hydrologic point of interest is the poten-
tial Quaternary diversions of the Bear River into and out of 
the Great Salt Lake subbasin. At present the Bear River is 
one of the three major sources of freshwater to Great Salt 
Lake, though at different points in the late Quaternary it may 
have been diverted into and out of the Bonneville (Great Salt 
Lake) basin repeatedly (Bouchard et al., 1998). The input 
of the Bear River is important from the perspective of the 
Sr isotope hydrology and paleohydrology of Great Salt Lake 
(Jones and Faure, 1972; Hart et al., 2004). In fact, the Bear 
River dominates the Sr isotope hydrology not only because of 
its high discharge, but also because of its high Sr concentra-
tions owing to contributions from Crystal Hot Springs. Influx 
from Crystal Hot Springs changes the composition of the Bear 
River, and adds substantial Li. Our samples from hot and cold 
springs in this region contain 1.8 to 6.5 mg/L Li (cf. Table 
S1) and presumably this is the major Li source for Great Salt 
Lake. Analyses from the 1960s (Handy, 1967; Whelan, 1969) 
converge on Li concentrations in the range of 40 to 70 mg/L, 
though more recent analyses report Li concentrations <30 
mg/L (Jones et al., 2009).

Although Li is not economical to extract from Great Salt 
Lake, the minerals industry is very active in Great Salt Lake—
as of 2005, six mining companies extracted dissolved and solid 
components from the lake, including common salts, potas-
sium sulfate, magnesium chloride, magnesium (metal), chlo-
ride (gas), sodium sulfate, and calcium sulfate (http://www.
deq.utah.gov/workgroups/gsl_wqsc/docs/2005/Mar/GSLChe-
mistry.pdf).

Notes for Table 1: Minimum, maximum, average Li con-
centration and total Li resource from Garrett (2004). Li con-
centration of nearby hot springs and associated surface water 
from S. Hynek (this paper).

Clayton Valley, Nevada

A good overview of the geology and physiography of Clay-
ton Valley can be found in Kunasz (1974). Clayton Valley is 
an extensional basin with a valley floor occupied by a 20-km2 
playa (Kunasz, 1974). It is located in the Basin and Range 
province, the world’s widest hyperextended terrain. Exten-
sion in the Basin and Range province, in turn, has taken place 
above an asthenospheric slab window along a former conver-
gent margin, the extension being the consequence of complex 
ridge-trench-transform interactions (Dickinson and Snyder,  
1979). Deformation in this part of the Basin and Range prov-
ince is relatively young (mid-Miocene to Pliocene) and related 
to transtension within the broad structure known as Walker 
Lane (Oldow et al., 2009). In detail, Clayton Valley is hosted in 
an extensional half-graben system between a young metamor-
phic core complex to the west (Mineral Ridge Core Complex: 
Oldow et al., 2009) and its breakaway zone to the east (Monte-
zuma Range). Low-angle extension has pulled the rocks of the 
core complex up from their original position at depth; this pro-
cess has juxtaposed the basin fill against hot rocks. Before the 
groundwater system was disrupted by lithium brine produc-
tion, hot springs were located at the eastern and western basin 
margins (Davis and Vine, 1979). The basin is being evaluated 
for geothermal resources (Anonymous, 2012). A well-formed 
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basaltic cinder cone is located within a few kilometers of the 
brine field; this volcano is undated but probably Quaternary in 
age. The basin fill sequence includes many horizons of glassy, 
felsic tuff from a variety of local and distant Neogene eruptive 
centers, including the Bishop tuff (Sarna-Wojcicki et al., 2000) 
that blanketed much of the Basin and Range and which con-
stitutes an important Li-rich brine aquifer in the Clayton Val-
ley brine field (Zampirro, 2004). Price et al. (2000) reported 
Li concentrations as high as 228 ppm in silicic tuffs within the 
Clayton Valley drainage area.

Notes for Table 1: Average Li concentration is from Har-
ben and Edwards (1998) and the minimum and maximum Li 
concentrations are from Garrett (2004). Lithium in nearby 
hotsprings from Davis et al. (1986). Lithium resource esti-
mate from Gruber et al. (2011).

Evaporite Basins (Salars) of the Central Andes
The Central Andes of South America host the largest and 
most numerous Li brine deposits in the world. Two impor-
tant physiographic features if the Central Andes figure 
prominently in the generation of Li brines; the Central 
Andean plateau and the Atacama Desert. In these environ-
ments, the combination of volcanism, hydrothermal activ-
ity, closed basins, and hyperarid climate has led to extensive 
deposition of evaporite deposits since ~15 Ma (Alonso et 
al., 1991). The extreme size and longevity of these closed 
basins is very favorable for generation of Li brines, particu-
larly where thick evaporite deposits (halite, gypsum, and less 
commonly borates) have removed ions from solution, fur-
ther concentrating Li. A general overview of the geology and 
mineral resources of Central Andean salars can be found in 
Ericksen et al. (1990).

The Central Andean plateau is the world’s second larg-
est and highest orogenic plateau; only the Tibetan plateau 
is higher or more extensive (Allmendinger et al., 1997; 
Strecker et al., 2007). This high-altitude plateau is a hydro-
graphically closed topographic feature in the back arc of the 
Neogene Andes. A series of closed basins at tropical and 
subtropical southern latitudes comprise the Central Andean 
plateau. Although the full extent of the plateau includes 
Bolivia, northwestern Argentina, and portions of Chile and 
Peru, the salars of interest belong to three main groups; 
those of the Bolivian Altiplano, those of the Argentine Puna, 
and those of the Chilean Atacama Desert at the western 
margin of the plateau. The Altiplano of Bolivia has more 
subdued reflief and is dominated by the extremely large 
Salar de Uyuni and its satellite salar, Copaisa. Additionally, 
Salar de Pastos Grandes is a smaller closed basin within the 
Uyuni hydrographic basin, which sits at a higher elevation 
(~4,450 m) than Uyuni and Copaisa (~3,650 m). The salars 
in the Argentine portion of the plateau share more charac-
teristics with the Bolivian Salar de Pastos Grandes (not to 
be confused with the Argentine Salar de Pastos Grandes) 
than they do with the giant Uyuni/Copaisa system. These 
salars on the Argentine Puna plateau have much smaller sur-
face areas and typically their hydrographic boundaries are 
defined by some combination of volcanic edifices, crystalline 
mountain blocks, and alluvial deposits. The Chilean salars 
discussed span the latitudinal range of the Atacama Desert 
(18°–27° S); at the northern and southern ends, the Salars de 

Surire and Maricunga, respectively, lie at the western mar-
gin of the Puna-Altiplano plateau with elevations exceeding 
4,000 m. In the central Atacama, the giant Salar de Atacama 
lies on the Tropic of Capricorn at 2,300-m elevation.

Salars of the Altiplano plateau

Salars on the Altiplano plateau discussed herein are (from 
north to south) Copaisa, Uyuni, and Pastos Grandes. These 
salars occupy the same hydrographic basin and contain a rich 
record of climatically driven lake-level history. The Andean 
volcanic arc defines the western margin of the Altiplano. The 
topography on the Altiplano is generally subdued relative 
to the southern portion of the Central Andean plateau and 
recent volcanic activity is also less abundant. The Li resources 
in the Bolivian Altiplano are substantial, but the Mg/Li ratio 
of these brines is not favorable for Li production using current 
technology.

Salar de Copaisa: This is a satellite lake to Uyuni; they were 
connected during periods of higher lake level. This connec-
tion occurred as recently as the latest Quaternary or early 
Holocene. A thorough discussion of lake-level histories and 
the connections between basins can be found in Plazcek et 
al. (2006, 2011). Modern Salar de Copaisa is fed by drainages 
from the north.

Notes for Table 1: Average Li concentration from Garrett 
(2004).

Salar de Uyuni: Salar de Uyuni is the remnant of a large 
glacial lake, and the world’s largest salt flat. The climatic his-
tory of the region from ~120 ka to present is documented by 
paleolake shores in the Uyuni, and adjacent Poopo and Coi-
pasa basins (Plazcek et al., 2006). Modern Salar de Uyuni is 
fed by the Río Grande de Lipez from the south; this drainage 
area includes young rhyolites.

Notes for Table 1: Lithium concentrations from Garrett 
(2004) and total Li resource from Gruber et al. (2011).

Salar de Pastos Grandes: Altiplano plateau, southeastern 
Bolivia. The Salar de Pastos Grandes occupies a small por-
tion of the ~60- × 35-km oval collapse caldera first identified 
by Baker (1981), using satellite imagery. This caldera pre-
sumably formed during eruption of the 5.45 Ma Chuhuilla 
Ignimbrite and was last active during eruption of the 2.89 Ma 
Pastos Grandes Ignimbrite which erupted ~1,500 km3 of 
Dense Rock Equivalent (DRE) material (Salisbury et al., 
2011). The Pastos Grandes caldera is the northernmost cal-
dera in the Altiplano-Puna volcanic complex, and the Pastos 
Grandes Ignimbrite formed during the youngest documented 
supereruption in the complex. Currently, the Salar de Pastos 
Grandes is bordered to the south and the west by resurgent 
lava domes; whereas the northern and eastern boundaries of 
the salar are the caldera scarp. With respect to generation 
of the lithium brine at Pastos Grandes, de Silva and Francis 
(1991) made two relevant observations: (1) in addition to Pas-
tos Grandes, several other lakes “may be remnants of a much 
more extensive lake which once occupied much of the moat 
of Pastos Grandes caldera,” and (2) “Of several hot springs 
associated with the caldera, the largest is in the Laguna Pastos 
Grandes. These provide evidence for continuing geothermal 
activity within the underlying plutonic system.”

Notes for Table 1: Lithium concentrations from Lando 
(2010).
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Salars of the Puna plateau

The Puna plateau is the southern portion of the high eleva-
tion internally drained Central Andean plateau. The Puna is 
distinct from the northern portion (Altiplano) of the Central 
Andean plateau in that it has more youthful topography char-
acterized by basins and ranges; these are often composed of 
Ordovician bedrock and also exposed Tertiary sediments. Vol-
canism on the Puna consists of the Andean arc at its west-
ern margin and bimodal volcanism in the back arc. Young 
back-arc mafic rocks are widely distributed throughout the 
plateau (Kay et al., 1994). Both large and small silicic calde-
ras are also present (de Silva and Francis, 1991; Siebel et al., 
2001). Trumbull et al. (2006) conducted a thorough review of 
the spatiotemporal dynamics of volcanism in both the frontal 
magmatic arc and the back-arc plateau. More recent work has 
improved understanding of geochronology and geochemistry 
of both mafic (Risse et al., 2008) and silicic (Kay et al., 2010) 
volcanic centers. There are several large, potentially crustal-
scale, lineaments or faults that play an important role in the 
magmatism and fluid flow of the region. These NW-SE-trend-
ing lineaments are closely associated with many of the Li-rich 
salars in the region and have had dynamic interactions with 
volcanism and individual volcanic centers (Ramelow et al., 
2006; Petrinovic et al., 2010). In fact, these lineaments can 
be considered an important first-order feature in ore deposit 
models and exploration geology (Chernicoff et al., 2002). 
The surficial geology of the Puna is dominated by the crustal 
blocks that constitute the ranges, late Cenozoic sediments and 
volcanoes, Quaternary alluvium and salar surfaces. The basins 
commonly contain volcanic, clastic, and evaporite deposits 3 to 
5 km thick (Alonso et al., 1991). Internally drained, evaporite 
depositional centers have existed in the region since ~15 Ma 
(Vandervoort et al., 1995). Presently, salars are estimated to 
occupy ~5% of the surface of the Puna plateau, a ~5,000 km2 
area (Toledo et al., 2009).

Salar de Olaroz/Cauchari, Puna plateau, northwestern 
Argentina: The Salars de Olaroz and Cauchari are in the same 
tectonic basin but are separated by alluvial deposits related 
to the Ola River, which flows into the northern Salar de Cau-
chari. The southern portion of Salar de Cauchari is fed by the 
Río Tocomar, originating at the Tocomar volcanic center (see 
the Salar del Rincón section for further information). Salar de 
Olaroz is fed from the north by Río El Rosario (also Río El 
Toro). Little information can be found about springs or ther-
mal waters in the basin, but a study of opaline silica nodules 
in alluvial fans on the margin of Salar Olaroz concluded that 
these nodules were indicative of high-silica thermal waters 
(Bustillo and Alonso, 1989). 

There is a history of borate mining in the basin by several 
companies, and currently two lithium exploration/production 
companies are active in the basin. It is from their publically 
available information that most of the data regarding Li con-
centrations and reserves are derived. A resource evaluation 
presented for Lithium Americas Corporation in 2010 provides 
significant data on both Olaroz and Cauchari (http://www.lith-
iumamericas.com/downloads/Inferred-Resource-Estimate-
May_6_2010.pdf; last accessed August 27, 2013). This report 
details the Li concentrations in surface and subsurface brines, 
in addition to developing an initial hydrostratigraphic model. 

A total of 55 surface brines sampled from hand-dug pits 
mostly yielded brines containing between 200 and 1,000 mg/L 
Li. Lithium concentrations in surface brines reached a mini-
mum (<200 mg/L) at the south end of Cauchari and in the 
boundary zone between Olaroz and Cauchari, and they 
reached a maximum (>1,000 mg/L) in the central zone of 
Cauchari. Subsurface brines were evaluated by sampling nine 
boreholes at 1-m-depth increments; a total of 760 brine sam-
ples yielded Li concentrations similar to the mean surface brine 
value. Three holes in Olaroz yielded average Li concentrations 
of 347, 456, and 552 mg/L. The weighted mean of all brines 
sampled from six boreholes in Cauchari is 681 mg/L Li and 
one of these boreholes yielded an average of 869 mg/L Li (n 
= 114). These Li concentration data, combined with lithologi-
cal and hydrological characterization of the basins, were used 
to arrive at an estimated Li reserve of 0.93 Mt. A subsequent 
report provides information on additional drilling, geophysi-
cal surveys, and hydrologic modeling, but the details of brine 
volume and lithium concentration changed very little (http://
www.lithiumamericas.com/downloads/LAC_NI_43-101_
Updated_12062010.pdf; last accessed August 27, 2013). Li 
reserve estimates of Lithium Americas Corporation combined 
with estimates (~0.27 Mt Li) put forth by Orocobre Limited for 
its property on Olaroz (http://www.orocobre.com.au/Projects_
Olaroz.htm; last accessed August 27, 2013) put the estimated 
lithium in this system well over 1 Mt. As of November 2012, 
Orocobre was developing this property with the aim of produc-
ing battery-grade lithium carbonate late in the spring of 2014.

Notes for Table 1: Lithium concentrations in Table 1 from 
Mohr et al. (2010) and references within and are similar to the 
values reported by Lithium Americas above. Total Li resource 
taken from the above estimates.

Salar del Rincón, Puna plateau, northwestern Argentina: 
The Salar del Rincón is a typical Puna basin, delimited by 
a combination of fault-bounded mountain blocks, stratovol-
canoes, and coarse alluvial deposits. To the north, the basin 
is bound by alluvium and to the east by Sierra de Guayaos, 
which are composed of Ordovician sedimentary rocks and 
exposed Tertiary strata. Along its western and southern mar-
gins, Salar del Rincón is bound by volcanoes. Less than 50 km 
west of Salar de Rincón is the Tocomar volcanic center, which 
is known to have volcanic eruptions within the last 1 Ma and 
has associated springs and geothermal features associated 
with the NW-SE-trending,regional-scale Calama-Olacapato-
El Toro fault (Petrinovic and Piñol, 2006). The older three 
volcanic edifices separate this basin from Salar de Pocitos to 
the south (Cerro Tul-Tul, Cerro del Medio, and Cerro Poci-
tos) and are also associated with the Calama-Olacapato-El 
Toro fault zone (Petrinovic et al., 2006). Within the basin, 
paleohot-spring deposits are identified, and residual water 
within these deposits was observed to contain as much as 
1,500 mg/L of Li (Toledo et al., 2009). Toledo et al. (2009) 
also presented an assessment of the Li resources in the salar, 
based upon a drilling program that targeted both solids and 
brines. They observe an average Li content of 400 mg/L in 
the brines and present information on the hydrologic char-
acteristics and stratigraphic architecture of the basin. A zone 
of effective porosity in excess of 30% is identified as well as a 
zone of lower effective porosity (<10%), together these zones 
host Li reserves estimated at ~0.2 Mt.
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Notes for Table 1: Lithium concentrations in Table 1 from 
Toledo et al. (2009), as described above.

Salar de Llullaillaco, Puna plateau, northwestern Argentina: 
The Salar de Llullaillaco is located adjacent to a volcano of 
the same name, which is the world’s highest historically active 
volcano. This lies just outside of the Salar de Atacama surface 
drainage and due west of the Salar de Arizaro. The Salar de 
Arizaro, the largest basin preserved within the Puna, contains 
~5 km of strata, more than 3 km of them being Miocene lacus-
trine and eolian deposits (Boyd, 2010). It has been speculated 
that this basin records delamination of lower crustal material 
(DeCelles et al., 2011). The potential of lithospheric removal 
has implications for the generation of lithium-rich brines, as 
reduced crustal thickness and an influx of hot asthenospheric 
mantle may play important roles in lithium transport. The 
potential for lithospheric delamination in an overthickened 
orogen is supported by geophysical observations, which indi-
cate that the crust is on the order of 42 km thick in this region 
(Yuan et al., 2002), substantially less thick than predicted 
based upon the elevation of this region.

Notes for Table 1: Maximum and minimum Li concentra-
tions from Mohr et al. (2010) and references within. Average 
Li concentration reported in Table 1 is the midpoint of the 
maximum and minimum.

Salar del Hombre Muerto, Puna plateau, northwestern 
Argentina: Geology in the region of Salar del Muerto is typical 
of the Puna: Ordovician rocks compose most ranges, basins 
are filled with late Cenozoic clastic sediments and volcanic 
rocks, and magmatism is associated with faults in the region 
(Aceñolaza et al., 1976). The basin containing the Salar del 
Hombre Muerto is delimited and dissected by faults. Accom-
modation space within the sedimentary basin was created by 
Plio-Pleistocene strike-slip deformation (Jordan et al., 1999). 
Hombre Muerto can be divided into two subbasins and sev-
eral important differences exist between the two subbasins. 
Bedrock along the eastern sector of Salar del Hombre Muerto 
contains metamorphic rocks, which may be some of the old-
est rocks in the region (Quenardelle, 1990). The eastern basin 
also contains borates and has low chloride content, whereas 
the western basin contains nearly 1 km of halite and almost no 
borates (Vinante and Alonso, 2006). This is probably related 
to the surface hydrology of the basin, which is dominated by 
inflow to the eastern subbasin. These waters drain predomi-
nantly young silicic volcanic rocks (Quenardelle, 1987).

In fact, the surface waters that enter the eastern subbasin 
also drain the interior of one of the world’s largest silicic cal-
deras, Cerro Galán. This caldera is an important feature of the 
southern Puna plateau that was first recognized with space-
craft imagery (Francis et al., 1978, 1983, 1989). An accurate 
geochronology of the most recent explosive silicic volcanism at 
Cerro Galan is just emerging (Kay et al., 2011). Based on this 
data, it is clear that caldera-forming eruptions clustered in a 
<100-ka interval, the youngest of which is very precisely dated 
at 2.060 ± 0.004 Ma (Hynek et al., 2011), in close agreement 
with early Rb-Sr ages (2.03 ± 0.07 Ma; Sparks et al., 1985). 
These silicic ignimbrites and intracaldera rocks have 87Sr/86Sr 
ratios >0.710 (Sparks et al., 1985; Kay et al., 2011). Thermal 
water in the region has been observed to have more radiogenic 
Sr isotope ratios than these ignimbrites (Jordan et al., 1999). 
This has been interpreted to indicate interaction between 

thermal waters and radiogenic basement rocks. These data 
and interpretations are in accord with data we have collected 
from hot-spring and surface water in the Río Aguas Calientes 
drainage, which drains the Cerro Galan caldera and feeds the 
eastern subbasin of the Salar del Hombre Muerto (Table S1). 
These samples indicate this drainage may be a significant Li 
source to the salar. A hill slope hot spring discharging into Río 
Aguas Calientes has an Li content of 5.5 mg/L, and the river 
into which it flows (Río Aguas Calientes) has an Li content of 
3.2 mg/L. Both this hot spring and the river have radiogenic 
87Sr/86Sr ratios (0.71584 and 0.71763, respectively), consider-
ing that these are draining a large silicic volcanic caldera filled 
with a young rhyodacite ignimbrite.

If the Río Aguas Calientes drainage is the dominant source 
of Li over the last 2 Ma, its predicted that Li influx must agree 
with other constraints. Typically it is assumed that halite has 
been accumulating in the Salar del Hombre Muerto at a rate 
of ~500 m/Ma for the last 2 Ma (Jordan et al., 1999). This 
gives a minimum time for generation of the Li brine, which 
prior to production had between 234 and 1,100 mg/L of Li, 
with the majority of brines samples containing between 700 
to 800 mg/L Li (Nicolli et al., 1982). The climatic history over 
this interval is less certain, but some constraints do exist. Sedi-
ment cores from the Salar del Hombre Muerto indicate that 
shallow saline lakes have existed in the past, but the region 
has become progressively drier since ~45 ka (Godfrey et al., 
2003).

Notes for Table 1: Maximum, minimum, and average Li 
concentrations from Garrett (2004). Lithium concentrations 
of nearby hotsprings from S. Hynek (this paper) and total Li 
resource from Gruber et al. (2011).

Salars of the Atacama Desert

The Atacama Desert lies in the rain shadow of the hyper-arid 
Central Andean Plateau. Although the salars of the Atacama 
are at lower elevations than those of the adjacent plateau, 
they share many characteristics. Most importantly, salars of 
the Atacama Desert are intimately associated with volcanism 
and hydrothermal activity of the Andean magmatic arc. The 
lacustrine basins of interest all fall between the Cordillera 
Domeyko and the Altiplano-Puna plateau, a late Quaternary 
history for many of these basins is provided by Valero-Garcés 
et al. (2000).

Salar de Surire, northern Atacama Desert, Chile: The Salar 
de Surire is an interesting feature at a high elevation, close to 
the Altiplano, Volcan Parinacota, and Arica, Chile. Salar de 
Surire is close to the Uyuni and Coipasa hydrologic basins in 
Bolivia but is well isolated topographically from them. Geo-
logic studies in a hydrographically closed basin immediately 
to the north of Salar de Surire provide a relevant tectonic 
and sedimentary context. The Lauca basin appears to have 
initiated in the late Miocene and since then has accumulated 
lacustrine sediments. Plio-Plesitocene evaporite deposits exist 
and little deformation has occurred since ~6 Ma (Kött et al., 
1995).

Notes for Table 1: Average Li concentration and Li concen-
tration of nearby hot springs from Garrett (2004).

Salar de Atacama, central Atacama Desert, Chile: The 
geology of the Salar de Atacama is discussed at length in the 
text. Here we provide additional information about the older 
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geologic history. The Cordón de Lila, an anticlinal feature 
plunging northward into the southern Salar de Atacama, is 
composed of Paleozoic rocks including marine strata, volcanic 
successions, and plutonic rocks of predominantly Ordovician 
age. This block has recently been interpreted to represent 
a continental magmatic arc at the western margin of Gond-
wana (Zimmerman et al., 2010). Magmatism along the Gond-
wanan margin continued into the Late Permian as recorded 
by volcanic and volcaniclastic strata along the eastern margin 
of the salar (Breitkreuz, 1995). Thick Permo-Triassic volca-
nic and continental strata were deposited in the Domeyko 
basin and are overlain by a Jurassic mixed carbonate/clastic 
sequence (Flint et al., 1993). These units crop out in the Cor-
dillera Domeyko on the western margin of the salar and are 
unconformably overlain by Cretaceous and Cenozoic sedi-
mentary rocks associated with the initial uplift of the Cordil-
lera Domeyko and inception of the Salar de Atacama basin 
(Mpodozis et al., 2005). There was first a foreland basin here, 
starting in the mid-Cretaceous, with thrusting and coeval sed-
imentation occurring during the Cretaceous and Paleogene 
(Arriagada et al., 2006).

Notes for Table 1. Maximum, minimum, and average Li 
concentrations from Garrett (2004). Lithium concentration 
of El Tatio hot spring from L.Munk (this paper). Total Li 
resource estimate from Gruber et al. (2011).

Salar de Maricunga, southern Atacama Desert, Chile: The 
Salar de Maricunga occupies a high elevation intermontane 
basin between the Cordillera Domeyko and the Andean Cor-
dillera. Salar de Maricunga is situated near the southernmost 
portion of the Central Andean plateau and also near the south-
ernmost limit of the Atacama Desert. Latorre et al. (2005) 
remarked that, “With very little rainfall either from tropical 
or extratropical sources, this sector is undisputedly the driest 
portion of the Atacama Desert.”

Notes for Table 1. The average Li concentration is actually 
the average Li grade reported by Yaksic and Tilton (2009) and 
the total Li resource is from Gruber et al. (2011).

Asian Basins Containing Li Brines
These basins all occur within or on the margins of the Tibetan 
plateau, therefore, thick orogenic crust is a commonality.

Lake Zabuye

Lake Zabuye is one of a series of high-altitude, terminal lakes 
in the Shigatse Prefecture of the Tibet Autonomous Region. 
The Tibetan plateau is the upper plate of the Himalayan-
Tibetan collisional orogen, with Tibet comprising the widest 
and topographically highest orogenic hinterland in the world. 
Lake Zabuye lies within a Neogene graben that is oriented at 
high angles to the structural grain of the orogen. The geom-
etry of extension in the basin of Lake Zabuye has not been 
documented, but 50 km to the west in the Lunggar exten-
sional basin, Woodruff et al. (2013) have shown that exten-
sion was asymmetric with the basin having formed above a 
low-angle, E-dipping detachment. The thrust belt appears to 
be extending parallel to its strike. The Lake Zabuye area does 
not appear to have any young volcanic activity or hot springs, 
although the English-language literature is sparse. A map of 
Tibetan geothermal resources (Ji, 2008) shows abundant hot 
springs in many parts of Tibet but none in the Lake Zabuye 

area. Fourteen elevated strand lines show that Zabuye Lake 
was once many times larger than today (Yu, 2001). Lake 
Zabuye has northern and southern arms; the southern one has 
the brine resource. A notable aspect of this lithium resource 
is that Lake Zabuye is the only known evaporite system where 
lithium carbonate precipitates naturally; this is the type 
locality of the mineral zabuyelite. Wikipedia lists a number 
of alternate renditions for the name of the lake: Drangyer, 
Zabayu, Zabuye Caka, Zhabuye, Chabyêr, and Chabyer 
(http://en.wikipedia.org/wiki/Lake_Zabuye).

Notes for Table 1: Minimum and maximum Li concentra-
tions from Garrett (2004).Average Li concentration and total 
Li resource from Gruber et al. (2011).

Dangxiongcuo (DXC) Lake, Tibet

English-language information on this Tibetan basin is limited. 
The most thorough treatment, though far from comprehen-
sive, is from a 2005 vintage industry webpage (essentially, 
a Powerpoint presentation for investors) by Sterling Group 
Ventures http://www.sterlinggroupventures.com/Sterling_-_
Li_Only_presentation_Sep2005.pdf. The geographic setting 
and presumably the tectonic origin are similar to those of 
Lake Zabuye. That is, the lake appears to be in a Neogene gra-
ben that is oriented at high angles to the structural grain of the 
Himalayan-Tibetan collisional orogen. The Sterling Group 
presentation mentioned hot springs. The name is transliter-
ated as Lake Dangqiongcuo in Google Earth. Transliterated 
as Damzung Co by Zheng (1997).

Notes for Table 1: Average Li concentration and total Li 
resource from Gruber et al. (2011).

Taijanier Lake, Qaidam, China

The Qaidam basin is a huge, terminal depocenter in northern 
Tibet that has subsided since the Paleogene (Yin et al., 2008). 
On the broadest scale, it can be viewed as an intracontinental 
foreland basin in the distal, upper-plate hinterland of the 
Himalayan-Tibetan collisional orogen. The Qaidam basin 
is bound on the northeast, and loaded by, the Qilian Shan 
Mountains (Yin et al., 2008). The Qaidam basin is bound by 
the Kunlun transpressional orogen on the southwest and by 
the Altyn Tagh strike-slip orogen to the northwest (Yin et al., 
2008). Taijanier Lake is one of a number of lakes and salt pans 
within the greater Qiadam basin. In a series of basin-scale iso-
pach maps, Quaternary sediments are shown as anomalously 
thick in the area of Taijanier Lake (Yin et al., 2008, fig. 12). 
Indeed, Taijanier Lake appears to be localized in a growth 
syncline above a fault-bend fold like those documented and 
interpreted by Yin et al. (2008) on a nearby basin-scale cross 
section. An intriguing, newly recognized possibility is that the 
growth of live folds in the Qaidam basin has been enhanced 
by wind erosion (Kapp et al., 2011). Boron- and lithium-
enriched hydrothermal waters are reported from the Qaidam 
basin (Zheng M., 1997). A review of the chemistry of lakes in 
this region is presented by Zheng and Liu (2009).

Notes for Table 1: Average Li concentration from Gruber et 
al. (2011) and total Li resource from Yaksic and Tilton (2009).

Table 1: General Information Summary
Topographical and environmental characteristics of the 
lithium basins were determined through the use of the 
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Environmental Systems Research Institute (ESRI®) Geo-
graphic Information System (GIS) software ArcGIS® Ver-
sion 10. Several datasets with global coverage were acquired 
from public sources to provide elevation, drainage, and 
climatic information. The data included 90-m Shuttle 
Radar Topograpy Mission (SRTM) Digital Elevation Mod-
els (DEMs) from Jarvis et al. (2008), drainage basins from 
Lehner et al. (2008), temperature and precipitation from 
Hijmans et al. (2005), and aridity and evapotranspiration 
from Trabucco and Zomer (2009). The resolutions of the cli-
mate datasets were about 1 km.

The outer boundaries and total areas of each closed lithium 
basin were defined by polygons extracted from the drainage 
basins dataset. Each of these polygons defined a zone that 
could be used to extract information from the elevation and 
climate datasets using statistical tools. The latitude and lon-
gitude for a basin were identified by the location of the low-
est elevation point within each basin. The area of the basin 
floor where water could collect was also determined from the 
elevation data. By isolating a range of elevations, from the 
minimum elevation up to a threshold value, a section of the 
topography that matched the maximum extent of the shore-
line as shown in satellite imagery could be extracted and its 
area found. Values for temperature, precipitation, evapo-
transpiration, and aridity were obtained using zonal statistics 
to identify the majority value for each parameter in the basins 
delineated by the drainage polygons.

NOTES

SRTM 90m Digital Elevation Data: http://srtm.csi.cgiar.org/index.asp
Jarvis, A., H.I. Reuter, A. Nelson, E. Guevara, 2008, Hole-filled SRTM for 

the globe Version 4, available from the CGIAR-CSI SRTM 90m Database 
http://srtm.csi.cgiar.org).

Drainage divides: http://hydrosheds.cr.usgs.gov/
Lehner, B., Verdin, K., Jarvis, A. (2008): New global hydrography derived 

from spaceborne elevation data. Eos, Transactions, AGU, 89(10): 93-94.
Aridity and evapotranspiration: http://csi.cgiar.org/Aridity/
Trabucco, A., and Zomer, R.J. 2009. Global Aridity Index (Global-Aridity) 

and Global Potential Evapo-Transpiration (Global-PET) Geospatial Data-
base.CGIAR Consortium for Spatial Information. Published online, avail-
able from the CGIAR-CSI GeoPortal at: http://www.csi.cgiar.org/

Temperature and precipitation: http://www.worldclim.org/bioclim
Hijmans, R.J., S.E. Cameron, J.L. Parra, P.G. Jones and A. Jarvis, 2005. Very 

high resolution interpolated climate surfaces for global land areas. Interna-
tional Journal of Climatology 25: 1965–1978.
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