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ABSTRACT

Evaporites in a 700-m-long core (KM-3)  
from Searles Lake, California, preserve 
a record of the chemical evolution of in-
flow waters. Chemical analyses of fluid 
inclusions in halite and evaporite min-
erals show that the major ion composi-
tion of inflow waters to Searles Lake was 
changed by distant hydrothermal activity 
associated with magmatism at Long Val-
ley caldera between 1.27 and 1.0 m.y. ago. 
Below core depths of 291 m, the evaporites 
consist of Ca-bearing sulfates (anhydrite, 
glauberite) and halite; fluid inclusions in 
the halite show that parent waters were 
Na+-Cl–-SO4

2–-rich waters. Above 291 m, 
the evaporites include sodium carbonates 
(pirssonite, trona) and halite, and fluid 
inclusion brines are Na+-K+-HCO3

–-CO3
2–-

-Cl–-SO4
2–-rich. These fluctuations in min-

eralogy and brine chemistry document an 
alkalinity spike beginning between 1.27 
and 1.0 Ma, when inflow waters to Searles 
Lake crossed the CaCO3 chemical divide 
and began to produce alkaline brines that 
precipitated trona upon evaporation.

The Owens River is a modern chemical 
analog for inflow water into Searles Lake 
beginning between 1.27 Ma and 1.0 Ma. A 
major contributor of solutes to the Owens 
River is Hot Creek in Long Valley caldera, 
which is fed by hydrothermal springs with 
high alkalinity from magmatically derived 
CO2. The timing of magmatism in Owens 
Valley and the appearance of sodium carbon-
ate minerals in core km-3 suggest a causal 
relationship. Volcanism and hydrothermal 
activity provided CO2 and elevated alkalin-
ity to Searles Lake inflow waters 0.5–0.2 m.y. 
before the eruptions that formed the Bishop 
Tuff and Long Valley caldera.

INTRODUCTION

Successions of evaporites and associated 
sediments deposited in closed basins preserve 
information about the chemical composition 
of inflow waters and how they evolved through 
time. Searles Lake is a closed basin in eastern 
California with a modern ephemeral alkaline 
saline lake and thick deposits of evaporites, 
including trona and halite (Fig. 1; Table 1; 
Smith, 1979; Smith et al., 1983). During wet 
periods of the Pleistocene, Searles Lake was the 
third in a chain of five lakes fed by the Owens 
River (Smith et al., 1983). During dry intervals, 
inflow to Searles Lake from the Owens River 
via Owens Lake and China Lake was reduced or 
eliminated, and evaporites accumulated.

Presently, solutes in the Owens River drain-
age basin come from low-temperature chemi-
cal weathering of Mesozoic granitic rocks and 
lesser Paleozoic and Precambrian metasedimen-
tary rocks on the east side of the Sierra Nevada 
mountain range (Pretti and Stewart, 2002). 
A second important source of solutes to the 
Owens River drainage is inflow from streams 
in the Long Valley caldera region, located at the 
headwaters of the Owens River (Fig. 1). This 
magmatic area yields thermal surface waters 
with relatively high total dissolved solids, chlo-
ride, and especially high alkalinity from mag-
matically derived CO

2
 (Sorey et al., 1978, 1991; 

Sorey, 1985; Farrar et al., 1987, 1999; Pretti and 
Stewart, 2002). Earman et al. (2005) suggested 
that such magmatically derived CO

2
 is essential 

in the formation of sodium carbonate evaporite 
minerals such as trona.

Core km-3, retrieved from Searles Lake 
in 1968, contains a 700-m-thick succession 
of bedded evaporites and muds that preserve 
a 3.2 m.y. record of paleoenvironments and 
inflow water chemistry (Fig. 2; Smith et al., 
1983). Here, we show, through analyses of 

major ion chemistry of fluid inclusions in halite 
and evaporite mineralogy, that the chemical 
composition of inflow waters to Searles Lake 
was changed by distant hydrothermal activity 
associated with magmatism in the northern 
Owens Valley, where rhyolites erupted at Glass 
Mountain from 2.89 to 0.79 Ma (Fig. 1; Metz 
and Mahood, 1985; Bailey, 1989; Hildreth, 
2004; Sarna Wojcicki et al., 2005). This pre-
caldera phase ended at 766.6 ka with the erup-
tion of large volumes of rhyolitic magma that 
formed the Bishop Tuff and Long Valley caldera 
(Bailey, 1989, 2004; Chamberlain et al., 2014). 
A major change in fluid inclusion composition 
and evaporite mineralogy occurs in core km-3 
at a depth of 291 m (1.27 Ma). Below this 
depth, the evaporite minerals include anhydrite, 
glauberite, and halite (Smith et al., 1983), and 
fluid inclusions preserved in the halite show the 
parent waters to be Na+-Cl–-SO

4
2– rich. Above 

291 m, the evaporite minerals are pirssonite, 
gaylussite, trona, and halite, and the fluid inclu-
sion brines are Na+-K+-HCO

3
–-CO

3
2–-Cl–-SO

4
2– 

rich, which reflect the influence of magmatic 
CO

2
 and hydrothermal activity on the chemistry 

of brines at Searles Lake.

GEOLOGIC BACKGROUND

Searles Lake is a closed-basin, dry lake in east-
ern California. Arid conditions there are created 
by the orographic effect of the Sierra Nevada 
mountain range. During the Pleistocene, Searles 
Lake was part of a chain of five lakes that over-
flowed and spilled into one another (Fig. 1). The 
first lake of the chain, Owens Lake, spilled into 
China Lake and then into Searles Lake. At times 
of particularly high lake levels, China Lake and 
Searles Lake combined to form one larger lake 
that spilled into Panamint Lake and ultimately 
into Lake Manly in Death Valley (Smith, 1979; 
Smith et al., 1983).
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Figure 1. Map of the Owens Valley and surroundings (Smith et al., 1983) including modern lakes and playas in black; 
Owens River, and tributaries (Pretti and Stewart, 2002). Pleistocene rivers (light gray) connected the Pleistocene 
lake chain (line pattern). Volcanic areas: Long Valley caldera, Glass Mountain, Mammoth Mountain, and Big Pine 
volcanic field (dark gray; Hildreth, 2004). Long Valley caldera spring and wells (diamonds): 44–16, Little Hot Creek, 
and Casa Diablo (Farrar et al., 1987; Goff et al., 1991). Na+-HCO3

–-SO4
2–-rich, Cl–-SO4

2–-rich, and Ca2+-Cl–-rich  
surface waters in the Owens Valley are differentiated.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/128/9-10/1555/3414342/1555.pdf
by GREGG WILKERSON 
on 20 September 2022



Influence of magmatic-hydrothermal activity on brine evolution, Searles Lake

 Geological Society of America Bulletin, v. 128, no. 9/10 1557

Age of Core km-3

Core km-3, retrieved from the center of Sear-
les Lake, has been dated using radiocarbon, 
uranium series, and 36Cl methods, and magneto-
stratigraphy (Fig. 2). At shallow depths (37.9 m 
to 5.8 m), 14C dating of wood, disseminated 
organic carbon, and carbonate yielded dates 
between 32 ka and 6 ka (Stuiver and Smith, 
1979). Uranium-series dating of salt beds 
from Searles Lake, from depths of 83.5 m to 
35.8 m, gave ages between 231.5 ka and 35.3 ka 
(Bischoff et al., 1985). The 36Cl dating of pure 
halite crystals in core km-3 using tandem accel-
erator mass spectroscopy, between depths of 
399.3 m and 3 m, yielded ages of >1.5 Ma to 
<10 ka (Phillips et al., 1983; Jannik et al., 1991). 
The Lava Creek B ash (610 ka) was identified in 
core km-3 at a depth of 168.6 m (Hay and Guld-
man, 1987; Jannik et al., 1991). Paleomagnetic 
reversals between 3.15 Ma and 730 ka were 
used to date those portions of the core below 
185 m (Liddicoat et al., 1980).

Mineralogy and Stratigraphy

The mineralogy and stratigraphy of 
core km-3 and other shallower cores were used 
to interpret the depositional history of Searles 
Lake over the past 2 m.y. (Fig. 2; Smith, 1979; 
Smith et al., 1983). Unit G (425.5 m to 291.1 m; 
2.04–1.27 Ma) consists of interlayered mud 
and salt and was deposited in a perennial lake 
that alternated between deeper stages during 

TABLE 1. CHEMICAL FORMULAS 
OF MINERALS DISCUSSED

Anhydrite CaSO4

Ankerite Ca(Fe,Mg,Mn)(CO3)2

Aphthitalite K3Na(SO4)2

Barite BaSO4

Borax Na2B4O7·10H2O
Burkeite Na6(CO3)(SO4)2

Calcite CaCO3

Celestite SrSO4

Dolomite CaMg(CO3)2

Gaylussite Na2Ca(CO3)2·5H2O
Glauberite Na2Ca(SO4)2

Gypsum CaSO4·2H2O
Halite NaCl
Hanksite Na22K(SO4)9(CO3)2Cl
Magnesite MgCO3

Mirabilite Na2SO4·10H2O
Natron Na2CO3·10H2O
Nahcolite NaHCO3

Northupite Na3Mg(CO3)2Cl
Pirssonite Na2Ca(CO3)2·2H2O
Searlesite NaBSi2O6·H2O
Strontianite SrCO3

Syngenite K2Ca(SO4)2·H2O
Thenardite Na2SO4

Trona Na3(CO3)(HCO3)·2H2O

which muds (with calcite and dolomite) were 
deposited, and shallower, more saline inter-
vals, when evaporites formed (Smith, 1979). 
The evaporites from this unit are dominated 
by halite with minor thenardite, anhydrite, and 
glauberite (Smith et al., 1983). Unit F (291.1 m 
to 227.7 m; 1.27–1.0 Ma) is composed of green 
to olive muds indicating deposition in a peren-
nial lake, at times saline (Smith, 1979; Smith et 
al., 1983). This unit is distinguished from under-
lying unit G by the appearance of pirssonite at 
290 m (ca. 1.27 Ma), and minor searlesite and 
northupite (Fig. 2; Smith et al., 1983). Units D + 
E (227.7 m to 166.4 m; 1.0 Ma–570 ka) contain 
thick muds, deposited in perennial saline lakes, 
and minor evaporites diagnostic of deposition in 
shallower, more saline lakes (Smith et al., 1983). 
The salt layers in units D + E are composed of 
halite with smaller amounts of trona and the-
nardite; mud layers contain dolomite, pirssonite, 
and northupite (Smith et al., 1983). A layer of 
volcanic ash at ~168.6 m (610 ka), located near 
the top of unit D + E, is interpreted as the Lava 
Creek B ash (Fig. 2; Smith et al., 1983; Hay and 
Guldman, 1987). Unit C (166.4 m to 114 m; 
570–286 ka) is dominated by evaporites formed 
in saline lake and salt pan environments. The 
evaporites are mostly halite, with lesser amounts 
of thenardite and trona (Smith et al., 1983). 
Units A + B (114 m to 69 m; 286–130 ka) con-
tain interlayered evaporites and mud. Salt layers 
contain abundant trona and minor halite. Other 
minerals found in this unit are thenardite, nah-
colite, gaylussite, and northupite (Smith et al., 
1983). For the last 130 k.y., fluctuating water 
depths at Searles Lake have led to deposition 
of the Bottom Mud, Lower Salt, Parting Mud, 
Upper Salt, and Overburden Mud (Smith et al., 
1983). Searles Lake is currently a dry salt pan 
where trona, halite, hanksite, borax, gaylussite, 
and pirssonite precipitate (Table 1; Smith, 1979; 
Smith et al., 1983).

Brine Evolution and Chemical Divides

The evolution of dilute waters into concen-
trated brines in closed basins like Searles Lake 
depends on the initial ion concentrations of the 
inflow waters and the types and amounts of min-
erals that precipitate. The evolution of closed-
basin inflow waters is most simply explained 
using the principle of chemical divides (Fig. 3; 
Hardie and Eugster, 1970). Most natural waters 
at Earth’s surface contain Na+, Ca2+, K+, Mg2+, 
Cl–, HCO

3
–, CO

3
2–, and SO

4
2–. Evaporative con-

centration of such waters typically leads first to 
precipitation of calcite because of its low solu-
bility. During precipitation of calcite, the initial 
concentrations of Ca2+ and CO

3
2–

TOT
, in equiva-

lents, determine which ion is removed from the 

water (CO
3
2–

TOT
 is synonymous with alkalinity, 

the sum of all dissolved species of carbonate; 
Hardie and Eugster, 1970). If Ca2+ equiva-
lents < CO

3
2–

TOT
 equivalents, then the water 

will become depleted in Ca2+ and enriched in 
CO

3
2–

TOT
 after calcite precipitation. This water 

will evolve into a Na+-K+-Cl−-HCO
3
–-CO

3
2–-

-SO
4
2– brine and may precipitate Na-carbonate 

(trona), Na-sulfate (i.e., mirabilite-thenardite), 
and halite. If initially Ca2+ > CO

3
2–

TOT
, then the 

water will become enriched in Ca2+ because 
CO

3
2–

TOT
 is used up during calcite precipitation. 

Further evaporative concentration leads to the 
precipitation of Ca-sulfate minerals (gypsum) at 
a second chemical divide. The molar concentra-
tions of Ca2+ and SO

4
2– at the point of gypsum 

precipitation dictate how the water will evolve. 
If Ca2+ > SO

4
2–, then after gypsum precipita-

tion, the water will become enriched in Ca2+ 
and depleted in SO

4
2–, producing a Na+-Ca2+-K+-

Mg2+-Cl– brine that precipitates halite and, later, 
K-Mg-Ca-chlorides. If Ca2+ < SO

4
2–, then Ca2+ 

will be consumed during gypsum precipitation, 
and the resulting brines will become enriched 
in Na+-K+-Mg2+-Cl–-SO

4
2– and precipitate Na-

sulfates (mirabilite-thenardite) and halite.

Modern Inflow

The majority of the inflow into the Owens 
Valley is runoff from the Sierra Nevada moun-
tain range (Fig. 1). The Sierra Nevada bedrock 
is composed predominantly of Mesozoic gran-
itoids containing plagioclase feldspar, quartz, 
K-feldspar, biotite, and hornblende that intruded 
into Paleozoic metasedimentary rocks (Pretti 
and Stewart, 2002). A major source of solutes 
to the surface waters of the Owens Valley is the 
low-temperature weathering of plagioclase feld-
spar and other minerals from the granitoids and 
calcite in the metasedimentary rocks (Pretti and 
Stewart, 2002).

A second important source of solutes to 
Owens Valley surface waters is from spring dis-
charge of hydrothermal water in Long Valley 
caldera, located at the headwaters of the Owens 
River (Fig. 1). The influence of these hydrother-
mal springs can be seen by the relatively high 
total dissolved solids (TDS; 375 mg/L), Cl– 
(941 µmol/L), bicarbonate (2720 µmol/L), and 
SiO

2
 (958 µmol/L) observed in streams that run 

through Long Valley caldera, for example, Hot 
Creek (Pretti and Stewart, 2002). Hydrothermal 
inflow from Long Valley caldera is significant 
because Hot Creek has the second highest dis-
charge of all the Owens River tributaries (Fig. 4; 
Pretti and Stewart, 2002).

These two solute sources (low-temperature 
mineral weathering and hydrothermal waters) 
produce different types of surface waters in 
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Figure 2. Stratigraphic column of core km-3, Searles Lake, showing depths of seven halite samples analyzed in this study (star 
symbols, far left), and stratigraphic units and inferred paleoenvironments from Smith (1979) and Smith et al. (1983). Dates of 
core km-3 are from Stuiver and Smith (1979), Liddicoat et al. (1980), Phillips et al. (1983), Bischoff et al. (1985), and Jannik et 
al. (1991). Mineralogy is from this study and Smith (1979) and Smith et al. (1983). Lava Creek B ash was correlated and dated 
by Hay and Guldman (1987).
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Figure 3. Chemical divides diagram for 
major ions in natural waters, adapted from 
Hardie and Eugster (1970).

Owens Valley, which form brines that evolve 
along different chemical pathways (Figs. 1 
and 4). Many surface waters produced by 
low-temperature weathering of granitoid and 
metasedimentary rocks initially have Ca2+ > 
CO

3
2–

TOT
 and so form waters with low alkalin-

ity after calcite precipitation (Fig. 4; Cl-SO
4
 

field). After calcite precipitation, those waters 
have SO

4
2– > Ca2+ and, upon further evapo-

ration, will precipitate gypsum until Ca2+ is 
consumed (Figs. 3 and 4). Further evapora-
tion of these waters results in formation of 
Na+-K+-Mg2+-Cl–-SO

4
2–-rich brines that next 

precipitate halite and then K-Mg-Na-sulfates 
and chlorides.

Hydrothermal inflow waters from the Long 
Valley caldera region are Na+-Cl–-HCO

3
–-

-rich (Figs. 1 and 4). Na+-Cl–-HCO
3
–-rich sur-

face waters, for example, Hot Creek, have  
CO

3
2–

TOT
 > Ca2+, which create waters depleted 

in Ca2+ and enriched in alkalinity after pre-
cipitation of calcite (Figs. 3 and 4). Following 

evaporative concentration and precipitation of 
calcite, no Ca2+ is left in the waters to precipi-
tate Ca-sulfate minerals, so the resulting brines 
are Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2– rich (the 

Na-HCO
3
-SO

4
 field of Fig. 4) and precipitate 

Na-carbonate (trona), Na-sulfate (mirabilite, 
thenardite), and halite.

METHODS

Mineralogy

Petrographic observations were made on 
hand samples and thin sections from core km-3 
(Fig. 2). Samples from seven depths (323.4 m, 
322.9 m, 322.6 m, 318.5 m, 165.2 m, 32.1 m, 
and 12.9 m) were selected for X-ray diffraction 
(XRD) analysis with a Phillips Xpert PW3040-
MPD diffractometer, operated at 40 kV and 
20 mA using Cu-Kα radiation fitted with a 
diffracted-beam graphite monochromator. Pow-
ders were run in a continuous scan from 5.00° 

Figure 4. Ca-SO4-CO3
2–

TOT diagram showing Owens Valley surface streams (locations on Fig. 1; Pretti and 
Stewart, 2002). Spring (Little Hot Creek [LHC]) and well [Casa Diablo (CD]) are from Long Valley caldera 
(LVC; Farrar et al., 1987). Fluid inclusions in halite from Searles Lake core km-3 are divided between those 
above 291 m and below 291 m. Also plotted is the evaporation path (gray dashed lines) for Hot Creek, Owens 
River, Shepherd Creek, and McGee Creek.
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to 70.00° 2θ with step sizes of 0.030° at 0.80 s 
per step. In addition, 11 hand samples were ana-
lyzed using an environmental scanning electron 
microscope (ESEM FEI Quanta 200) coupled 
with an energy-dispersive X-ray microanalyzer 
(EDAX-Genesis) to determine mineralogy.

Chemical Analysis of Fluid Inclusions

Seven halite samples were chosen from 
core km-3 at depths ranging from 386.8 m to 
16.45 m (Fig. 2). These samples exhibited pri-
mary growth fabrics, including chevron band-
ing, which indicated that syndepositional sur-
face brines were trapped in fluid inclusions 
(Fig. 5; Hardie et al., 1983; Lowenstein and 
Hardie, 1985). Rare halites in mud-rich unit F 
(291.1 m to 227.7 m; 1.27–1.0 Ma) and units 
D + E (227.7 m to 166.4 m; 1.0 Ma–570 ka) 
showed no primary growth textures or fluid 
inclusions in bands suitable for chemical analy-
sis (Fig. 2).

The major-ion chemistry of fluid inclu-
sions was determined by the Cryo-SEM-EDS 
method (Ayora et al., 1994; Timofeeff et al., 
2000) and recently improved by García-Veigas 
et al. (2011). Analyses were carried out using a 
JEOL-6510 SEM with an Oxford-INCA EDS 
and a Gatan Alto 1000 cryostage. Cleavage frag-
ments of halite, ~1 cm2 and ~1 mm thick, were 
immersed in liquid N

2
 and introduced under vac-

uum conditions to the cryostage at -170 °C. The 
halite was then cleaved inside the cryochamber, 
exposing pristine frozen fluid inclusions (Fig. 6). 
The sample surface was then coated with Au-Pd 
to prevent electrical charging. The holder was 
transferred into the SEM under high-vacuum 
conditions (10−4 torr, –190 °C). EDS analyses 
were carried out under an accelerating voltage 
of 15 kV, a beam current intensity of 1.5 nA, and 
a counting time of 200 s. Quantitative analysis 
for Na, Mg, K, Ca, S (SO

4
), and Cl was based on 

the linear regression of the peak-to-background 
ratio of the X-rays (EDS) emitted for each ele-
ment in frozen fluid inclusions compared to the 
same ratios obtained from standard solutions. In 
order to avoid matrix corrections, standard solu-
tions were prepared with a composition similar 
to that of the fluid inclusions. The precision 
error, always lower than 10%, was calculated as 
the relative standard deviation percentage of the 
peak-to-background signal in the frozen stan-
dard solutions. This method has detection limits 
of 0.20 (Na), 0.05 (Mg), 0.01 (K), 0.05 (S), and 
0.01 (Ca) in mol/kg H

2
O.

Laser Raman Spectroscopy

Carbonate species cannot be analyzed 
by the Cryo-SEM-EDS technique, so laser 

Figure 5. (A) Thin section image (dark background) from core km-3, 386.6 m, showing 
alternating layers of mud (dark) and halite. Halite layer contains preserved primary verti-
cal growth structures. Cloudy opaque portions of halite indicate high density of primary 
fluid inclusions. Halite layer also contains vertical pipes (arrows) filled in with clear halite 
cement. (B) Microscope image of primary fluid inclusion banding in halite from a depth of 
386.8 m.

Figure 6. Images of frozen fluid inclusions in halite from core km-3, 386.8 m, used for 
cryo-SEM-EDS analysis after being cleaved in the cryochamber. Scale bars are 20 µm. 
 SEM-EDS—scanning electron microscope–energy dispersive system.

Raman spectroscopy was used to confirm 
HCO

3
– and CO

3
2– in fluid inclusions in halite. 

Laser Raman spectroscopic analysis of fluid 
inclusions in halite was done on a doubly 
polished thin section from core km-3, depth 
of 163.4 m. The spectrometer used was a 
JY Horiba LabRam high-resolution Raman 
microprobe connected to an Olympus BXFM 
microscope. The microprobe was outfitted 
with a laser that had an excitation wavelength 
of 514.5 nm (600 mm–1 grating). Spectra 
were obtained with LabSpec software over 
the wavenumber range 900–1200 cm–1, with 
a spectral resolution of 1.99 cm–1, and laser 
power of 5 mW. Raman data were obtained 
from fluid inclusions in halite with the use of 
a 100× objective.

Computer Modeling

The computer program EQL/EVP (Risacher 
and Clement, 2001) was used to simulate evapo-
ration of select modern streams that flow in the 
Owens Valley. All simulations were run at cur-
rent atmospheric pCO

2
 (10–3.4 atm) and water 

temperatures of 25 °C. EQL/EVP calculates 
the molality of all major ions (Mg2+, Ca2+, K+, 
Na+, SO

4
2–, Cl–, and alkalinity) and the num-

ber of moles of minerals precipitated at each 
evaporation step. The goal of these simulations 
was to determine the chemical composition of 
modern inflow waters in the Owens Valley that 
could produce, when evaporated, the observed 
brine chemistries and salts found in modern and 
ancient Searles Lake.
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RESULTS

Mineralogy

Minerals identified in core km-3 using XRD 
and ESEM-EDS are summarized in Table 2 and 
illustrated in Figure 7. There is a mineralogical 
change from Ca-sulfate minerals in the bottom 
portion of the core (gypsum and anhydrite, unit 
G; Table 2; Fig. 2) to Na-carbonate minerals at 
shallower depths (trona, pirssonite, northupite 
from unit C and above; Table 2; Fig. 2). Ten 
samples in unit G from 386.8 m to 318.5 m con-
tain gypsum and anhydrite, as well as celestite, 
strontianite, ankerite, and halite. None of these 
samples below the 291 m “chemical divide” 
contains any Na-carbonate minerals. Above the 
291 m chemical divide, seven samples from 
165.2 m to 12.9 m (Unit C to Upper Salt) con-
tain trona, pirssonite, and northupite, as well as 
Na-sulfate minerals such as aphthitalite and the-
nardite, and halite (Fig. 7). These mineralogical 
findings are in agreement with those of Smith 
(1979) and Smith et al. (1983).

Fluid Inclusion Chemistry

The major-ion chemistry of basin-center 
brines at Searles Lake was determined for the 
last 1.8 m.y. from analysis of 26 fluid inclusions 
in halite at seven depths in core km-3, ranging 
from 386.8 m (1.8 Ma) to 16.5 m (14 ka) (Fig. 2; 
Table 3). The Na+ and Cl– concentrations in 
all the fluid inclusions were elevated because 
the brines were in contact with the halite host 
crystal and were thus at halite saturation. Mg2+ 
was everywhere below the detection limit of  
0.05 mol/kg H

2
O. From depths of 386.8 m 

Figure 7. Minerals in core km-3. (A–C) Thin section photomicrographs, from depths above 
the chemical divide at 291 m. (D) Environmental scanning electron microscope (ESEM)–X-
ray–energy dispersive system (EDS) image, below the chemical divide at 291 m. (A) Trona 
(Tr), aphthitalite (Ap), and halite (Ha), depth of 16.5 m. (B) Trona, halite, and northupite 
(No), depth of 107.2 m. (C) Trona, halite, and pirssonite (Pr), depth of 165.2 m. (D) Halite, 
gypsum (Gy), and celestite (Ce), depth of 386.6 m.

TABLE 2. MINERALS IDENTIFIED IN CORE KM-3*
Depth
(m)

Stratigraphic 
unit

Tr Pr No Do Ca Ma Ank St Ap Th Ba An Gy Ce Ha Analysis method†

12.9 Upper Salt X X XRD
16.5 Upper Salt X X X X ESEM-EDS
32.1 Lower Salt X X XRD
107.3 A+B X X X X ESEM-EDS
163.4 C X X X X ESEM-EDS
164.6 C X X X X ESEM-EDS
165.2 C X X X X XRD/ESEM-EDS
318.5 G X X XRD
321.5 G X X X X ESEM-EDS
322.6 G X X X XRD
322.9 G X X XRD
323.1 G X X X X ESEM-EDS
323.4 G X X X XRD
349.3 G X X X ESEM-EDS
386.5 G X X X ESEM-EDS
386.6 G X X X X X ESEM-EDS
386.8 G X X X X ESEM-EDS

*Mineral abbreviations: Tr—trona; Pr—pirssonite; No—northupite; Do—dolomite; Ca—calcite; Ma—magnesite; Ank—ankerite; St—strontianite; Ap—aphthitalite; Th—
thenardite; Ba—barite; An—anhydrite; Gy—gypsum; Ce—celestite; Ha—halite.

†Method abbreviations: XRD—X-ray diffraction; ESEM-EDS—environmental scanning electron microscope–X-ray– energy-dispersive system.
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(1.8 Ma) to 321.5 m (1.36 Ma), fluid inclu-
sions were rich in Na+-Cl–-SO

4
2–, with minor 

K+ and no alkalinity. This is in agreement 
with the Ca-bearing sulfate minerals (gypsum, 
anhydrite, and glauberite) found below 291 m 

(Fig. 7; Table 2). Inflow waters had Ca2+ > 
CO

3
2–

TOT
 at the calcite chemical divide (loss of 

CO
3
2– from the water) and SO

4
2– > Ca2+ at the 

gypsum chemical divide (loss of Ca2+ from the 
water; Fig. 3).

TABLE 3. MAJOR-ION CONCENTRATIONS OF FLUID INCLUSIONS IN HALITE, CORE KM-3*

Depth
(m)

Age† Na SO4 Cl K Alk§

9.1 6950 545 5213 569 618
Interstital brine#

16.5 14 ka 6470 630 5260 1050 1000
Upper Salt 6430 620 5240 1070 1020

6510 630 5310 1030 970
6480 590 5310 1100 1090

38.1 8014 438 4424 587 1368
Interstitial brine
163.4 480 ka 6760 520 5520 930 1130
Unit C 6820 570 5620 980 1040

6710 550 5500 940 1050
165.2 490 ka 6560 720 5780 1150 490
Unit C 6480 700 5810 1120 390

6610 740 5850 1120 400
6580 720 5780 1150 510

321.5 1.36 Ma 6380 90 6270 30 0
Unit G 6420 70 6310 30 0

6400 90 6290 30 0
349.3 1.54 Ma 6620 130 6430 50 0
Unit G 6650 120 6510 30 0

6640 130 6510 50 0
6610 90 6420 50 0
6640 90 6470 30 0

386.6 1.78 Ma 6520 110 6250 0 0
Unit G 6470 100 6310 0 0

6590 110 6280 0 0
6540 100 6220 0 0
6540 110 6310 0 0

386.8 1.8 Ma 6480 80 6310 0 0
Unit G 6520 100 6340 0 0

*All concentrations in mmol/kg H2O.
†Ages are interpolated from dates shown on Figure 2.    
§Alkalinity (Alk) is the sum of all dissolved carbonate species, calculated by charge balance, in 

mmol/kg H2O.
#Interstitial brine, core KM-3, depths of 9.1 m and 38.1 m, from Smith (1979).

From depths of 165.2 m (490 ka) to 16.45 m 
(14 ka), fluid inclusions were rich in Na+-K+-Cl–-

-HCO
3
–-CO

3
2–-SO

4
2–. Alkalinity was calculated 

by charge balance and verified using laser Raman 
spectroscopy (Fig. 8). A fluid inclusion in halite 
from 163.4 m showed a Raman shift at 986 cm–1 
and 1066 cm–1, which correspond to the n

1
 stretch-

ing vibrations of SO
4
2– and CO

3
2–, respectively 

(Martinez et al., 2004), and this demonstrates the 
presence of these ions in solution. No Raman shift 
was observed at 1017 cm–1, the C-OH stretch-
ing mode (ν

5
) of HCO

3
– (Martinez et al., 2004), 

because carbonate, not bicarbonate, is the domi-
nant species at extremely high pH values. The 
Na-rich alkaline fluid inclusion chemistries at 
depths of 165.2 m, 163.4 m, and 16.45 m agree 
with the abundance of Na-bearing carbonate min-
erals (trona, pirssonite, gaylussite, northupite) 
found above 291 m in core km-3 (Fig. 7; Table 2). 
Inflow waters had Ca2+ < CO

3
2–

TOT
 at the calcite 

chemical divide (loss of Ca2+ from water), and 
thus no Ca2+ was left in the brine to form gypsum 
after calcite precipitation concluded (Fig. 3). The 
major change in fluid inclusion brine chemistry 
below and above depths of 291 m in core km-3 
is illustrated on the ternary diagram (Fig. 4). Fluid 
inclusions from the bottom of core km-3 plot at 
the SO

4
 apex (Na+-Cl–-SO

4
2–-rich), whereas fluid 

inclusions from the top of km-3 plot along the 
alkalinity-SO

4
2– join (Na+-K+-Cl–-HCO

3
–-CO

3
2–-

-SO
4
2–-rich), which indicates that the two types of 

fluid inclusion chemistries resulted from waters 
with different initial Ca2+, SO

4
2–, and carbonate 

ion concentrations.

Brine Evolution with  
EQL/EVP Simulations

Evaporation of Owens River (trunk stream) 
and Hot Creek (tributary) water, the two most 
important surface waters in Owens Valley in 
terms of contributed solutes (Fig. 4; Table 4), was 
simulated using the computer program EQL/EVP 
(Risacher and Clement, 2001). Evaporation simu-
lations, along with fluid inclusion compositions 
(Table 3) and interstitial brine chemistries from 
two depths at Searles Lake (9.1 m and 38.1 m; 
Smith, 1979), are plotted on Figure 9. The con-
centrations of Na+, alkalinity, K+, and SO

4
2–, plot-

ted against Cl–, display the brine evolution and the 
sequence of minerals precipitated.

Owens River and Hot Creek lie in the Na+-
HCO

3
–-SO

4
2– compositional field of Figure 4 

and are thus representative of Searles Lake 
inflow waters beginning between 1.27 Ma and 
1.0 Ma. Upon evaporation, these inflow waters 
evolved into Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2–-

rich brines, with no Ca2+ or Mg2+, which match 
the chemical compositions of fluid inclusions in 
halite from above 291 m in core km-3 (Fig. 9). 

Figure 8. Laser Raman spectrum of fluid inclusion in halite, 
core km-3, unit C, depth of 163.4 m. SO4

2– and CO3
2– peaks indi-

cate sulfate and carbonate species occur in the fluid inclusion.
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Owens River water, when evaporated, first pre-
cipitates calcite,  and then magnesite. Calcite 
then back-reacts with the evolving brine to form 
the Na-Ca-carbonate pirssonite (Fig. 9). Further 
evaporation leads to precipitation of trona, the-
nardite, burkeite, aphthitalite, and halite. Evapo-
ration of Hot Creek water produces similar 
Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2–-rich brines and 

the same mineral sequence as the Owens River. 
All of the minerals that precipitate from Owens 
River and Hot Creek waters during simulated 
evaporation are observed in core km-3, at depths 
above 291 m (Smith et al., 1983; Figs. 2 and 7; 
Table 2). Evaporation of hydrothermal springs 
(Little Hot Creek) and Casa Diablo well water 
(Fig. 4), both located in Long Valley caldera and 

TABLE 4.CHEMICAL COMPOSITION OF WATERS USED FOR EQL/EVP SIMULATIONS*
Sample Na Ca K Mg Cl Alkalinity SO4

Owens River† 1.39 0.54 0.1 0.16 0.37 1.66 0.24
Hot Creek§ 2.83 0.34 0.2 0.28 0.94 2.72 0.22
Shepherd Creek§ 0.1 0.28 0.03 0.04 0.03 0.5 0.08
McGee Creek§ 0.12 0.61 0.03 0.03 0.03 0.9 0.18

*Major- ion chemistry in mmol/kg H2O.
†Hollett et al. (1991).
§Pretti and Stewart (2002).

both with high alkalinity, was also simulated 
with EQL/EVP at a temperature of 25 °C (Far-
rar et al., 1987). Little Hot Creek, Casa Diablo 
well water, Hot Creek, and the Owens River all 
precipitate trona during evaporative concentra-
tion, which links trona formation to the Na+- and 
HCO

3
–-enriched waters of Long Valley caldera.

In summary, fluid inclusion chemistries from 
samples above 291 m (165.2 m, 163.4 m, and 
16.5 m), as well as the compositions of inter-
stitial brines at Searles Lake (Smith, 1979), fall 
along the evaporation paths of Owens River 
and Hot Creek waters (Fig. 9). The similari-
ties among evaporated Owens River–Hot Creek 
water, the mineralogy in core km-3, and fluid 
inclusion chemistries show that Owens River–
Hot Creek water is a good analog for the inflow 
waters to Searles Lake for the last 1.27 Ma.

Figure 9. EQL/EVP simulations (Risacher and Clement, 2001) of evaporation of Owens River and Hot Creek waters, brine chemistry of 
fluid inclusions in halite from the top 291 m (squares enclosed in dashed circle) and bottom of core km-3 (triangles enclosed in solid circle), 
and subsurface brines from Searles Lake (Smith, 1979) at 9.1 and 38.1 m (circles). Mineral precipitation sequence for evaporation of Owens 
River water is shown at the top. All concentrations are in mmol/kg H2O.
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The Na+-Cl–-SO
4
2–-rich fluid inclusions in 

halite from the bottom of core km-3 (below 
291 m) indicate that prior to 1.27 Ma, inflow 
to Searles Lake had a different chemical com-
position than today (Figs. 9 and 10). Surface 
waters that plot in the Cl–-SO

4
2– field of Fig-

ure 4 will, when evaporated, produce brines that 
match the chemistries of fluid inclusions from 
below 291 m in core km-3. Such surface waters 
are found today in the Owens Valley in areas 
removed from hydrothermal influence, such 
as Shepherd Creek and McGee Creek (Figs. 1 
and 4). Those inflow waters are interpreted to 
receive solutes from low-temperature weather-
ing of Sierra Nevada granitoids and metasedi-
mentary rocks (Pretti and Stewart, 2002).

The mineral sequence produced during the 
evaporation of Shepherd Creek water, for exam-
ple, is calcite, then magnesite, followed by gyp-
sum, syngenite, mirabilite, glauberite, and halite 

(Fig. 10). The resulting brine is Na+-K+-Cl–-

-SO
4
2–-rich brine, which is similar to the com-

position of fluid inclusions in core km-3 from 
below 291 m (386.8 m, 386.6 m, 349.3 m, and 
321.5 m). One ion, K+, is predicted to reach high 
concentrations during evaporation of Shepherd 
Creek water, but its concentration in fluid inclu-
sions was always low (Fig. 10C). The minerals 
predicted to precipitate from evaporation of 
Shepherd Creek waters, such as Ca- bearing sul-
fates (gypsum and glauberite), Na-sulfate (mira-
bilite), and halite, match the minerals found 
in core km-3 below 291 m (Figs. 2, 7, and 10; 
Table 2). Anhydrite and thenardite in core km-3 
are interpreted to have formed by dewatering of 
gypsum and mirabilite, respectively.

McGee Creek has a similar mineral precipi-
tation sequence as Shepherd Creek: The first 
mineral to precipitate is calcite, followed by 
gypsum, magnesite, mirabilite, syngenite, and 

halite. The resulting brine is Na+-K+-Cl–-SO
4
2– 

rich, like Shepherd Creek and, aside from K+, the 
fluid inclusions from below 291 m in core km-3. 
Other Cl–-SO

4
2–-rich surface waters (i.e., Pine, 

Goodale, Sawmill, and Ash; Fig. 1) also evolve 
into Na+-K+-Cl–-SO

4
2–-rich brines and precipi-

tate calcite, Ca-bearing sulfates such as gypsum 
and glauberite, Na-sulfate, and halite.

In summary, fluid inclusion chemistries from 
halite below 291 m fall along the evaporation 
path of Shepherd and McGee Creek waters 
(Fig. 10). The similarity between evaporated 
Shepherd–McGee Creek waters and the min-
eralogy and fluid inclusion chemistries at Sear-
les Lake core km-3 below 291 m shows that 
 Shepherd–McGee Creek, and other tributar-
ies that receive solutes from low-temperature 
weathering processes, and are located away 
from magmatic and hydrothermal influence, are 
good analogs for inflow waters to Searles Lake 

Figure 10. EVP/EQL simulations (Risacher and Clement, 2001) of evaporation of McGee and Shepherd Creek waters plotted with brine 
chemistry in fluid inclusions in halite from the bottom of core km-3 (triangles, depths of 321.5 m to 386.8 0.8 m). Mineral precipitation 
sequence for Shepherd Creek is shown at top. All concentrations are in mmol/kg H2O.
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prior to 1.27 Ma. The relatively high K+ in mod-
ern Owens Valley surface waters (Fig. 10C) may 
be due to weathering of volcanic tuffs and other 
igneous rocks from the various volcanic events 
(i.e., Glass Mountain and Long Valley caldera) 
that occurred there over the past >1.0 m.y. The 
relatively lower K+ in fluid inclusions from 
below 291 m indicates fewer sources of K+ 
from surface weathering in the Owens Valley 
before 1.27 Ma.

DISCUSSION

Chemical analyses of fluid inclusions in halite 
and evaporite mineralogy in core km-3, together 
with the simulated evaporation of select surface 
waters in the Owens Valley, allow interpreta-
tion of the major inflow waters to Searles Lake 
for the past 2 m.y. At depths above 291 m in 
core km-3, fluid inclusions in halite are rich in 
Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2–, and the evapo-

rite minerals include trona, northupite, pirsso-
nite, aphthitalite, gaylussite, and halite. Modern 
Owens River, with hydrothermally influenced 
Hot Creek as a main contributor, yields Na+-K+-
Cl–-HCO

3
–-CO

3
2–-SO

4
2–-rich brine when evapo-

rated and precipitates calcite, magnesite, pirsso-
nite, trona, thenardite, burkeite, aphthitalite, and 
halite. Inflow waters to Searles Lake for the past 
1.27 Ma were chemically similar to the modern 
Owens River.

Below 291 m (1.27 Ma) in core km-3, fluid 
inclusions in halite are rich in Na+-Cl–-SO

4
2– 

with minor K+, and the evaporite minerals 
include gypsum, anhydrite, glauberite, and 
halite. Surface waters that receive solutes from 
low-temperature weathering of Sierra Nevada 
bedrock, specifically Shepherd and McGee 
Creeks, precipitate calcite, magnesite, gypsum, 
syngenite, mirabilite, glauberite, and halite upon 
evaporation, and evolve into Na+-K+-Cl–-SO

4
2–-

-rich brines. These were the dominant types 
of inflow waters to the Owens Valley prior to 
1.27 Ma. In order for Searles Lake inflow waters 
to cross the chemical divide from low-alkalinity, 
Cl–-SO

4
2–-rich to Na+-HCO

3
–-SO

4
2–-rich waters, 

a source of alkalinity, similar to the magmatic-
hydrothermal waters of modern Hot Creek and 
Long Valley caldera must have appeared some-
time between 1.27 and 1.0 Ma.

Formation of Trona

Searles Lake brines now precipitate the rela-
tively rare mineral trona from waters high in Na+, 
HCO

3
–, and CO

3
2–, and with Ca2+ equivalents < 

CO
3
2–

TOT
 equivalents. The generally accepted 

model for generation of the alkaline Na+-HCO
3
–-

-CO
3
2–-rich waters needed to form trona is by 

low-temperature silicate hydrolysis of volcanic 

rocks or sediments in a closed basin dominated 
by volcanic rocks (Jones et al., 1977; Jones and 
Deocampo, 2003). If the only prerequisite for 
the formation of trona were low- temperature 
chemical weathering of volcanic rocks, then 
trona would be abundant, but this is not the case. 
It has been hypothesized that excess CO

2
 is 

essential for the formation of trona, either from 
magmatic sources or by decay of organic mat-
ter (Earman et al., 2005). Earman et al. (2005) 
postulated that magmatic, mantle-derived CO

2
 

can produce the necessary high concentrations 
of HCO

3
– and CO

3
2– to precipitate trona. Sear-

les Lake has been precipitating trona for the last 
1.0 m.y. (depth of 227.7 m; Smith et al., 1983), 
which indicates that a magmatic/hydrothermal 
source of CO

2
 influenced inflow water chemis-

try to Searles Lake at that time.
The San Bernardino Basin in southeastern 

Arizona has distinct groundwater chemistry 
that is different from surrounding basins, i.e., 
relatively rich in Na+ and HCO

3
– (Earman et al., 

2005). This Na+-HCO
3
–-rich chemistry is inter-

preted to be due to mantle outgassing of CO
2
 

associated with magmatic activity (Earman et 
al., 2005). Cenozoic magmatism in the San Ber-
nardino Basin has produced CO

2
 that is injected 

into groundwaters at the basin center. Mantle-
derived igneous rocks (basalt) dominate the 
valley fill in the San Bernardino Basin. These 
basalts erupted between 4.7 Ma and 260 ka. 
San Bernardino groundwaters have high R/R

a
 

ratios, close to 4, where R is the 3He/4He ratio 
of the groundwater, and R

a
 is the 3He/4He ratio 

of the atmosphere, which suggests that helium 
and associated CO

2
 are mantle derived. Out-

gassing of CO
2
 in the basin center has created 

Na+-HCO
3
–-rich water that would form trona if 

evaporated (Earman et al., 2005). The computer 
program SNORM predicts that the San Ber-
nardino Basin is the only basin in the area that 
contains water with Na+ and HCO

3
– concentra-

tions high enough to form trona (Earman et al., 
2005). Surrounding basins (Douglas, Willcox, 
San Simon, and Animas Basins) have experi-
enced less volcanism, and their waters are pre-
dicted to precipitate calcite, gypsum, and halite, 
upon evaporation (Earman et al., 2005).

Lake Magadi is a saline pan in the East Afri-
can Rift Valley of Kenya that contains Holocene 
trona deposits up to 40 m thick (Eugster, 1986). 
The bedrock there is dominantly Pleistocene 
trachyte lavas. Surface brines at Lake Magadi 
are alkaline with pH reaching 10.55, HCO

3
– 

concentrations up to 16,000 ppm, and CO
3
2– 

concentrations up to 101,000 ppm (Jones et al., 
1977) that produce trona upon evaporation. The 
Magadi Basin is fed by ephemeral stream runoff 
and alkaline springs (Eugster, 1986). Springs at 
Lake Magadi, which are major solute contribu-

tors to the lake, contain up to 14,800 ppm HCO
3
– 

and 9850 ppm CO
3
2– (Jones et al., 1977). Rifting 

and magmatic activity in the Magadi Basin have 
created alkaline hydrothermal springs that yield 
trona, producing Na+-HCO

3
–-rich surface brines.

Modern Magmatic Influence in  
the Owens Valley

Springs (i.e., Little Hot Creek, Hot Creek) 
and wells (i.e., Casa Diablo, 44–16) in the Long 
Valley caldera region (Fig. 1) have elevated 
temperatures, up to 94 °C and 214 °C respec-
tively, high total dissolved solids (reaching  
1270 mg/L), and elevated alkalinity, Cl–, B, SiO

2
, 

Na+, and Li+, typical of hydrothermal waters 
(Fig. 4; Farrar et al., 1987; Sorey et al., 1978, 
1991; Sorey, 1985; Goff et al., 1991; White and 
Peterson, 1991). These thermal waters reflect 
current magmatic and hydrothermal activity.

CO
2
 gas emitted from soils in the Long Valley 

caldera region, in concentrations of up to 95% by 
volume, has caused widespread tree kills (Farrar 
et al., 1995, 1999; Gerlach et al., 2001; Bergfeld 
et al., 2006). CO

2
 emissions at Long Valley cal-

dera have reached 1274 g/m2 per 24 h (Bergfeld 
et al., 2006). Mammoth Mountain, on the south-
west rim of Long Valley caldera (Fig. 1), has soil 
CO

2
 emissions as high as 30,000 g/m2 per 24 

h, compared to background concentrations of  
<25 g/m2 per 24 h (Farrar et al., 1999). 3He/4He 
ratios are much higher than those found in the 
atmosphere, which indicates that the soil gases 
from tree-kill areas are magmatic in origin 
(Sorey et al., 1998). Hot spring and fumarole 
gases from Long Valley caldera are also domi-
nated by CO

2
; their 3He/4He ratios likewise indi-

cate magmatic sources (Hilton, 1996).
Modern hydrothermal activity is focused in 

the western part of Long Valley caldera (Sorey 
et al., 1991). Reservoir temperatures there are 
estimated to be up to 248 °C (Sorey et al., 
1991) or 280 °C (Goff et al., 1991). Hydro-
thermal waters flow laterally in the subsurface, 
from west to east, across the southern portion 
of Long Valley caldera, where they mix with 
cool meteoric groundwaters and ultimately dis-
charge as thermal springs such as Hot Creek 
Gorge (Sorey et al., 1991; Goff et al., 1991). 
Fluid-rock interactions occur during hydrother-
mal circulation through Paleozoic metasedi-
mentary rocks, Mesozoic granodiorites, the 
Bishop Tuff, and Pleistocene rhyolites. These 
interactions with reservoir rocks enrich the 
thermal waters from Long Valley caldera in 
Na+, K+, Li+, alkalinity, Cl–, F–, SO

4
2–, SiO

2
, and 

B (White and Peterson, 1991). Most impor-
tantly, hydrothermal spring waters, such as Hot 
Creek Gorge spring, are particularly enriched 
in Na+ and HCO

3
–, the most abundant cation 
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and anion, respectively (Figs. 1 and 4; Farrar et 
al., 1987; Sorey, 1985).

Magmatic CO
2
 and hydrothermal activi-

ties have thus greatly influenced the chemi-
cal composition of surface waters that flow 
through Long Valley caldera. Mammoth, Hot, 
and Deadman Creeks have high alkalinities, 
plot within the Na+-HCO

3
–-SO

4
2– compositional 

field, and precipitate Na-carbonate minerals 
upon evaporation (Fig. 4). Deadman Creek has 
low discharge (0.069 m3/s), so it is not a large 
contributor of solutes (Pretti and Stewart, 2002). 
Hot Creek, a continuation of Mammoth Creek, 
however, is a large contributor of solutes with 
its discharge of 2.1 m3/s (Fig. 4; Pretti and 
Stewart, 2002). The alkalinity of Hot Creek is 
elevated (138 mg/L) because of the high alka-
linity of feeder springs such as Little Hot Creek 
spring (583 mg/L) and Hot Creek Gorge spring  
(500 mg/L; Sorey, 1985; Farrar et al., 1987; 
Pretti and Stewart, 2002). In comparison, Shep-
herd Creek (Fig. 1), which flows in an area not 
influenced by hydrothermal activity, has an alka-
linity of 25.2 mg/L (Pretti and Stewart, 2002).

Pirssonite and the First Occurrence of 
Alkaline Waters in Searles Lake

Fluid inclusions in halite from unit C (depth 
of 165.2 m) provide direct evidence for the 
appearance of alkaline, Na+-HCO

3
–-CO

3
2–-rich 

waters in Searles Lake by 490 ka. Because fluid 
inclusions suitable for Cryo-SEM-EDS analysis 
do not occur in halite between depths of 291 m 
(1.27 Ma) and 165.2 m (490 ka), saline min-
eral assemblages were used to mark the onset 
of alkaline conditions at Searles Lake. Pirsso-
nite, a sodium carbonate mineral formed from 
alkaline brines, first appears in unit F at a depth 
of 291 m (1.27 Ma; Fig. 2; Smith et al., 1983). 
Pirssonite, however, has been interpreted as a 
diagenetic mineral formed by reaction of Na+-
rich brines with CaCO

3
 (calcite or aragonite; 

Smith, 1979; Smith et al., 1983) or gaylussite 
(Jagniecki et al., 2013). Although the exact tim-
ing of pirssonite formation in the subsurface of 
Searles Lake is not known, Smith (1979) sug-
gested that crystals grew after associated muds 
underwent compaction. That observation led 
to the interpretation that pirssonite formed by 
reaction of CaCO

3
 with brines that migrated 

down into unit F after burial (Smith, 1979; 
Smith et al., 1983). If so, then this mineral can-
not be used to document the initial development 
of alkaline surface waters in Searles Lake. On 
the other hand, bedded primary trona occurs at 
227.7 m in core km-3, the base of units D + E, 
which unequivocally establishes that alkaline 
Na+-HCO

3
–-CO

3
2–-rich surface brines existed in 

Searles Lake by 1.0 Ma.

Volcanic History of Owens Valley

Volcanism in the Long Valley caldera region 
(Fig. 1) began ca. 3.8 Ma (Bailey, 2004) and is 
separated into pre- and postcaldera sequences. 
The precaldera phase ended at ca. 767 ka with 
the eruption of 600 km3 of rhyolitic magma that 
formed the Bishop Tuff and Long Valley caldera 
(Bailey, 1989, 2004; Chamberlain et al., 2014). 
Precaldera volcanism in the Long Valley caldera 
region first involved mafic and dacitic lavas that 
erupted until ca. 2.5 Ma (Bailey, 2004; Hil-
dreth, 2004). At ca. 2.2 Ma, high-silica rhyolitic 
eruptions began at Glass Mountain (Metz and 
Mahood, 1985; Bailey, 2004; Sarna Wojcicki 
et al., 2005). These precaldera high-silica rhyo-
lites are divided into an older (2.1–1.2 Ma) and 
younger sequence (1.1–0.79 Ma; Metz and 
Mahood, 1985). The lavas of the older sequence 
are less voluminous (4.8 km3) than the younger 
sequence (10.5 km3), and they show a wider 
range of compositions at different stages of 
magmatic evolution (Metz and Mahood, 1985; 
Bailey, 1989; Hildreth, 2004). The younger 
eruptive period, beginning at ca. 1.1 Ma and 
ending just before eruption of the Bishop Tuff 
(767 ka), records the integration of isolated 
source bodies into one expanding magma cham-
ber that produced geochemically homogeneous, 
high-silica rhyolite (Metz and Mahood, 1985; 
Hildreth, 2004). The 40Ar/39Ar ages from tephra 
layers in Blind Spring Valley and Chalk Cliffs, 
California (Sarna Wojcicki et al., 2005), confirm 
volcanic activity at Glass Mountain from 2.22 
to 2.14 Ma and from 1.92 to 1.86 Ma (the older 
sequence of Metz and Mahood, 1985) and from 
1.13 to 0.87 Ma (the younger sequence of Metz 
and Mahood, 1985).

Big Pine volcanic field is located in the 
Owens Valley, midway between Long Valley 
caldera and Owens Lake (Fig. 1; Beard and 
Glazner, 1995; Blondes et al., 2008). It consists 
of 500 km2 of alkali basalt flows ranging in age 
from ca. 1.27 to 0.032 Ma (Gillespie et al., 1983; 
Ormerod et al., 1991; Blondes et al., 2008).

Since the eruption of the Bishop Tuff at 
767 ka, volcanism and associated hydrother-
mal activity have continued in the Long Valley 
caldera region. A causal relationship between 
hydrothermal activity at Long Valley caldera and 
mineralogy and brine chemistry at Searles Lake 
was noted by Smith (1976), Sorey et al. (1978), 
Smith et al. (1983), and Sorey (1985). Sodium 
carbonate/sulfate, potassium chloride/sulfate, 
lithium carbonate, sodium borate, phosphoric 
acid, and bromide are now extracted commer-
cially from interstitial brines in the Upper and 
Lower Salts (Smith, 1976). Some components, 
for example, Li, F, and B, are interpreted to have 
been derived from thermal springs in the Hot 

Creek hydrothermal area of Long Valley caldera 
(Smith, 1976). Those components were released 
to the Owens River and entered Searles Lake 
during periods of high surface flow over the last 
32 k.y. (Smith, 1976; Sorey et al., 1978).

The connection between hydrothermal activ-
ity at Long Valley caldera and inflow water 
chemistry and evaporite deposits at Searles 
Lake was later extended to ca. 300 ka to include 
units A and B (Fig. 2; Smith et al., 1983; Sorey, 
1985). That connection has since been verified 
by U-series dating of hot spring deposits in 
Long Valley caldera, including siliceous sinter, 
chert, silica, and carbonate veins, and travertine 
(Sorey et al., 1991). Those dates indicate two 
periods of hydrothermal activity at Long Val-
ley caldera, ca. 300–200 ka and from ca. 40 ka 
to the present, which supports the link between 
unusual components (B, Br, Li) and saline min-
erals (borax, searlesite, hanksite) in Searles 
Lake brines and evaporites from units A and 
B and the Lower and Upper Salt (Sorey, 1985; 
Sorey et al., 1991).

We further extend the influence of 
 magmatic-hydrothermal activity on Searles 
Lake brines and evaporites to 1.27 Ma (first 
appearance of pirssonite) or 1 Ma (first bed-
ded trona in core km-3), which indicate a major 
change in inflow water chemistry. As stated 
already, if pirssonite formed diagenetically dur-
ing burial, then we cannot use its occurrence 
at the bottom of unit F to document the first 
appearance of alkaline waters in Searles Lake. 
Bedded trona at the base of units D + E, how-
ever, unequivocally establishes that alkaline 
brines existed in Searles Lake by 1 Ma.

Here, we explore the timing of magmatism 
in Owens Valley and the appearance of pirsso-
nite and trona in core km-3 at 1.27 and 1.0 Ma, 
respectively. Age dates from the lower parts of 
core km-3 are based on paleomagnetic rever-
sals, including the Jaramillo subchron (ca. 0.97–
0.90 Ma) at depths of 220–205 m and the N3 
zone of positive inclination in the Matuyama 
chron at 288–281 m (Fig. 2; Liddicoat et al., 
1980). The bases of units D + E (228 m) and unit 
F (291 m) are then calculated by interpolation 
from the Jaramillo subchron at 220 m, assuming 
constant sedimentation rates. A 36Cl age of 1.27 
± 0.176 Ma was obtained from halite at 293 m, 
just below the base of unit F (Jannik et al., 
1991). However, halite from a deeper sample in 
unit G at 304 m yielded a 36Cl age of 0.922 ±  
0.113 Ma (Phillips et al., 1983). Given the uncer-
tainties in dating the base of units F and D +  
E and the probable diagenetic origin of pirsso-
nite, we conclude that the first appearance of 
alkaline surface waters in Searles Lake probably 
occurred sometime between 1.27 and 1.0 Ma. 
This age range coincides with the beginning 
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of basaltic volcanism at Big Pine volcanic field 
(ca. 1.27 Ma; Gillespie et al., 1983; Ormerod 
et al., 1991; Blondes et al., 2008). However, 
the lack of modern hydrothermal discharge 
at Big Pine volcanic field, and the absence of 
spring deposits indicating ancient geothermal 
activity suggest that magmatic inflow waters 
to Searles Lake were more likely to have been 
derived from the Long Valley caldera region to 
the north, as they are today (Fig. 1). The initia-
tion of the younger, major eruptive episode at 
Glass Mountain at 1.10 Ma (Metz and Mahood, 
1985) or 1.13 Ma (Sarna Wojcicki et al., 2005) 
and the appearance of Na-carbonate minerals in 
core km-3 at 1.27 (pirssonite) to 1.0 Ma (trona) 
suggest a causal relationship between magma-
tism in Owens Valley and inflow water chem-
istry at Searles Lake (Fig. 2). This magmatic-
hydrothermal influence is significantly earlier 
than previous reports (Smith et al., 1983; Sorey, 
1985) and began 0.5–0.2 m.y. before the erup-
tions that formed the Bishop Tuff and Long Val-
ley caldera.

CONCLUSIONS

The major-ion composition of fluid inclu-
sions in halite from core km-3 documents the 
brine chemistry at Searles Lake, California, 
for the last 1.8 m.y. Fluid inclusions in halite 
from depths of 386.8 m to 321.5 m are Na+-
Cl–-SO

4
2–-rich, with minor K+. Fluid inclu-

sions in halite from 165.2 m to 16.45 m have  
Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2–-rich composi-

tions. Mineralogical changes in core km-3 par-
allel changes in fluid inclusion brine chemistry. 
Gypsum, anhydrite, glauberite, celestite, the-
nardite, and halite occur at depths below 291 m. 
These minerals are compatible with the Na+-Cl–-

-SO
4
2–-rich fluid inclusion brines below 291 m. 

Above 291 m, the evaporite assemblage includes 
pirssonite, trona, gaylussite, northupite, the-
nardite, aphthitalite, and halite, in accord with 
the Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2–-rich brines 

that occur in fluid inclusions above 291 m. The 
36Cl dating and magnetostratigraphy indicate 
that these changes in brine composition and 
mineralogy occurred between ca. 1.27 Ma and 
1.0 Ma, coincident with a major shift in inflow 
water chemistry. Before 1.27 Ma, Searles Lake 
received inflow with CO

3
2–

TOT
 < Ca2+ and solutes 

derived from low-temperature surface weath-
ering that produced Na+-Cl–-SO

4
2–-rich brines 

during evaporative concentration. Between 
1.27 and 1.0 Ma, an increase in alkalinity pro-
duced inflow waters with equivalents CO

3
2–

TOT
 

> Ca2+ that crossed the CaCO
3
 chemical divide; 

those waters, when evaporated, produced Na- 
carbonate minerals and Na+-K+-Cl–-HCO

3
–-

-CO
3
2–-SO

4
2–-rich brines. The Owens River 

is a modern chemical analog for inflow water 
into Searles Lake beginning between 1.27 and 
1.0 Ma. Upon evaporation, Owens River water 
evolves into Na+-K+-Cl–-HCO

3
–-CO

3
2–-SO

4
2–-rich 

brine, compatible with the brines and minerals 
observed in core km-3 above 291 m. A major 
contributor of solutes to the Owens River is Hot 
Creek, which is fed by hydrothermal springs in 
Long Valley caldera. Hydrothermal inflow and 
magmatic CO

2
 give modern surface waters in 

Long Valley caldera relatively high alkalinities 
and high total dissolved solids. Magmatism 
capable of providing CO

2
 and elevated alkalin-

ity to Owens Valley surface waters appeared 
sometime between 1.27 and 1.0 Ma, associated 
with the younger phase of volcanism at Glass 
Mountain. Magmatic and hydrothermal activity 
at Long Valley caldera continues to provide CO

2
 

and alkalinity to produce surface waters capable 
of precipitating trona today.
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