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ABSTRACT

Salar Ignorado is a shallow acid saline lake hosted by a small intervolcanic basin high in the Andes Mountains of

northern Chile. Modern surface waters have 3.3–4.1 pH, 0.5–3% total dissolved solids (TDS) and are actively

precipitating gypsum crystals. The gypsum crystals trap the acid saline water as fluid inclusions, providing a

record of recent surface water characteristics. Salar Ignorado gypsum contains three distinct types of primary

fluid inclusions, which result from growth of the gypsum from surface waters. Petrography and microthermome-

try were performed on 27 gypsum crystals from Salar Ignorado to gain an understanding of recent water chem-

istry of the salar. One 18.3-cm-long gypsum crystal, hosting primary fluid inclusions along 28 successive growth

bands, was the focus for fluid inclusion studies and allowed a record of high-resolution chemical trends. This

crystal showed a change in parent fluids during growth, from low salinity, to high salinity, back to low salinity.

At the bottom of the crystal, the lowest six fluid inclusion assemblages have salinities of 1.7–5.1 eq. wt. %

NaCl. The next nine fluid inclusion assemblages have significantly higher salinity (18.6–27.4 eq. wt. % NaCl)

inclusions. The twelve fluid inclusion assemblages near the top of the crystal have low salinity (0.9–8.3 eq. wt.

% NaCl) like those at the bottom of the crystal. The high-salinity fluid inclusions in the middle of this gypsum

crystal are interpreted to have formed during a pulse of magmatic/hydrothermal fluids to the surface, perhaps

during local active volcanism. Secondary evidence of a magmatic influence on surface waters includes hydrogen

sulfide and high molecular weight solid hydrocarbons within some fluid inclusions. This study is among the first

detailed fluid inclusion studies of gypsum and suggests that fluid inclusions in gypsum can be paleo-hydrogeolo-

gic proxies.

Key words: fluid inclusions, gypsum, hydrothermal, magmatic, Salar Ignorado

Received 6 September 2015; accepted 9 February 2016

Corresponding author: Francis J. Karmanocky III, Department of Geology and Geography, West Virginia University,

98 Beechurst Ave., 330 Brooks Hall, Morgantown, WV 26506-6300, USA. Email: FKarmanocky@chevron.com. Tel:

+1 814-279-4954.
aPresent address: Chevron North American Exploration and Production Company, 15 Smith Road, Midland, TX

79705, USA

Geofluids (2016)

INTRODUCTION

In the Cordillera de los Andes of South America, salar bri-

nes precipitate evaporite mineral assemblages. Most of the

salars found in the Andes contain neutral to alkaline

waters. Risacher et al. (2002, 2003) documented pH and

salinity at 84 salars in northern Chile and Bolivia and

found only two salars with acid saline waters, Salar Igno-

rado and Salar Gorbea (Fig. 1). Where do the fluids that

source these acid salars originate? The region that hosts

Salars Ignorado and Gorbea is the driest on the planet,

and there are limited modes of transport for waters. This

study will focus on fluid inclusions in gypsum from Salar

Ignorado to address this question of origin of acid saline

waters.

The possible sources for acid saline waters at Salar Igno-

rado are either meteoric, magmatic/hydrothermal, or a

combination of the two. One recorder of past environmental

conditions is fluid inclusions in evaporite minerals that pre-

cipitate from the salar pool waters. The most common evap-

orite mineral at Salar Ignorado is gypsum (CaSO4�2H2O;

Benison & Gonzalez 2007), which contains abundant fluid

inclusions. The principal objective of this study is to evaluate

the potential of primary fluid inclusions in the gypsum pre-

cipitated in Salar Ignorado to record water chemistry trends

through time and to shed light on the origin of those trends.

© 2016 John Wiley & Sons Ltd
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BACKGROUND

Previous studies of fluid inclusions in chemical sediments

Fluid inclusion assemblages within chemical sediments can

record trends in the temperature and chemical composition

of parent waters (e.g., Goldstein 2001a,b). Fluid inclusions

in halite have been used as proxies for past Earth surface

conditions. For example, cryogenic ESEM (environmental

scanning electron microscopy) analysis has been used to

measure major ion ratios in fluid inclusions in halite precip-

itated from ancient seawater (e.g., Lowenstein et al.

2001). Permian lake water pH has been determined using

laser Raman spectrometry to measure HSO4
2� in fluid

inclusions in ancient lake halite (Benison et al. 1998).

Freezing-melting behavior of fluid inclusions has been

employed to trace salinity and major ion composition of

parent brines for halite (e.g., Davis et al. 1990; Jagniecki

& Benison 2010). Homogenization temperatures of fluid

inclusions in halite have even been considered proxies for

past surface air temperatures (e.g., Roberts & Spencer

1995; Benison 2013). An important caveat to these studies

is that petrographic evidence for primary and unaltered

fluid inclusions must be established prior to microthermo-

metric or geochemical analyses (Goldstein & Reynolds

1994).

Little research has been conducted on fluid inclusions in

gypsum. Early observations made by Sorby (1858) quickly

dismissed fluid inclusions (‘cavities’) in gypsum due to the

ease and readiness of gypsum to alter and transition to

anhydrite. Over a century later, Sabouraud-Rosset (1976,

1969) described evidence of primary fluid inclusions in

synthetic and natural gypsum. More recently, Attia et al.

(1995) and Natalicchio et al. (2014) used freezing/melt-

ing behaviors of primary fluid inclusions in Miocene gyp-

sum to identify the source of the parent waters.

Recent studies have been conducted on gypsum in

ephemeral acid brine lakes in Western Australia. These

studies include the sedimentology and isotope geochem-

istry of bottom-growth swallow-tail gypsum (Benison et al.

2007b; Benison & Bowen 2013). Microorganisms have

also been observed in this Western Australian gypsum

(Benison et al. 2008). However, a comprehensive study of

fluid inclusions in the Western Australia gypsum, or any
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Fig. 1. Map of field area in northern Chile.

Inset map shows general area represented in

main map of physiographic provinces. Note

Salar Ignorado’s location on southern flank of

the Cerro Bayo volcanic complex and its

proximity to Salar Gorbea, the only other acid

salar known in the Andes.
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other acid-precipitated gypsum, has not yet been under-

taken.

Natural acid brines are rare on Earth, and their sedimen-

tary and geochemical processes and products are complex

and dynamic (e.g., Benison et al. 2007a,b; Benison &

Bowen 2013, 2015). Little is known of the evolution of

acid saline waters in volcanic basins. Volcanogenic acids

have been documented elsewhere in the Andes (e.g., Vare-

kamp et al. 2009) and in Indonesia (e.g., Sriwana et al.

2000), but these acid waters do not produce an abundance

of chemical sediments. This study of gypsum precipitating

from acid volcanic Salar Ignorado may serve as a basis to

conduct fluid inclusion studies of modern gypsum forming

in other continental evaporite basins.

Geologic and climatic setting

Salar Ignorado is situated at an elevation of 4250 m above

sea level in the Cordillera de los Andes at approximately

68°37017″W and 25°29052″S, just west of the Argentina–
Chile border (Fig. 1). For reference, the larger and better-

known Salar Atacama is located ~230 km to the NNW and

is ~1700 m lower in elevation than Salar Ignorado. Salar

Ignorado comprises a ~0.7 km2 area of surface waters and

chemical sediments, hosted in a ~37.5 km2 basin (Risacher

et al. 2002). The environment in the region around Salar

Ignorado is among the harshest on the planet with high

winds, large dust devils, high solar radiation, and acid sal-

ine waters (Risacher et al. 2002; Benison & Gonzalez

2007).

Salar Ignorado is positioned on the southern edge of the

Cerro Bayo volcanic complex (5400 m; Fig. 2), which is

composed of four stratovolcanoes (Gonzalez-Ferron

1995). There is an older crater with andesitic lava flows on

its west side, as well as a younger cone with a well-pre-

served crater, and two ridged lobes of dacitic lava flow to

the north and northwest, which have been dated at

1.6 � 0.4 Ma using K–Ar dating (Cornejo 1987). Cerro

Bayo and Salar Ignorado are located on the southern flank

of the much larger Lastarria-Cordon del Azufre volcanic

complex (Fig. 1). Froger et al. (2007) determined the

magma chamber is growing at a rate of ~2.5 cm year�1

and suggested that a shallow (~1000 m) sealed hydrother-

mal system may be the major contributor to the inflation.

The Cerro Bayo volcanic complex contains deposits of

native sulfur (Ferraris & Vila 1990). Cornejo (1987) col-

lected 18 rock samples of altered volcanic material near

Ignorado and found an average of 45 000 ppm sulfur.

Much of the volcanic rock near Salar Ignorado has a

washed or gray appearance, which has been attributed to

hydrothermal alteration (Cornejo 1987; Risacher et al.

2002). The immediate area surrounding Salar Ignorado

contains several unnamed volcanic features that can be seen

from aerial imagery (Fig. 2A). However, detailed mapping

(A)

(C)

(B)

Fig. 2. Images of Salar Ignorado. (A) Landsat

satellite image from Google Earth, courtesy of

2015 DigitalGlobe. Border between Chile and

Argentina is approximately at right edge of

image. (B) Salar Ignorado, nestled in

volcaniclastic sediments at base of southern

slope of Cerro Bayo. Google Earth image

courtesy of 2015 DigitalGlobe. (C) Field

photograph of Salar Ignorado, looking to the

north, with four distinct pools of shallow

surface acid saline water labeled. Pool 1 is

75 m across, and salar is 1.1 km across.

© 2016 John Wiley & Sons Ltd
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of the various magmatic/hydrothermal alteration facies has

not been completed.

The high evaporation rate and paucity of meteoric pre-

cipitation creates one of the driest places on Earth. The

region has experienced these harsh conditions at least since

the Middle Miocene and they likely began as early as the

Eocene (Stoertz & Ericksen 1974; Latorre et al. 2002).

However, no long-term climate record for the region

exists. At the time of this study, the closest weather station

with long-term records was located along the coast in

Antofagasta, Chile, ~250 km northwest of the study area

and ~4250 m lower in elevation. Field observations by

Benison & Gonzalez (2007) in the late austral summer

(March) measured daytime air temperatures that fluctuated

from 1°C up to 25°C. Risacher et al. (2002) estimated the

annual mean temperature to be approximately �2°C. Mea-

surements of evaporation rates as high as 2.8 mm day�1

have been made for the Salar de Atacama (Kampf et al.

2005) and could potentially be as high as 10 mm day�1 at

Salar Ignorado (Risacher et al. 2002). The area is a glacier-

free, despite the high elevation, and has no visible influent

or effluent streams. Surface water is limited to highly local-

ized surface pools on the salar surface. There is no vegeta-

tion and no true soil in the field area.

Previous studies of Salar Ignorado

The few studies on Salar Ignorado are limited to: (i) analy-

ses of water geochemistry and mineral modeling (Risacher

et al. 2002); (ii) field sedimentology, mineralogy, and basic

water geochemistry (Benison & Gonzalez 2007); and (iii)

petrographic documentation and UV–vis characterization

of microorganisms trapped as solid inclusions and within

fluid inclusions in Salar Ignorado gypsum (Benison & Kar-

manocky 2014). All three of these studies included larger

Salar Gorbea, in addition to the smaller Salar Ignorado.

Salar Ignorado is comprised of three sedimentary facies:

salar pools, sand dunes, and salar flats (Benison & Gonza-

lez 2007). Salar pools constitute ~30% of Salar Ignorado.

The pools range in size from ~2 to 50 m in diameter and

are less than 2 m deep. Risacher et al. (2002) reported

salinities of 0.4–9.7% TDS, pH 2.6–3.9, and water temper-

atures of 9–14°C for these pools (date of field work not

reported). Benison & Gonzalez (2007) measured salinities

of 0.5–3% TDS, pH 3.3–4.1, and water temperatures of 9–
15°C for the same pools in March, 2007 (Fig. 2C). No

stratification was observed in the pools of Salar Ignorado.

Risacher et al. (2002) employed various analytical tech-

niques to measure concentrations of ions in solution from

sampled pools. Salar Ignorado pool waters are SO4- and

Na-rich, with lesser amounts of Mg, Cl, K, Al, and Ca

(listed by abundance; Risacher et al. 2002; Table 1).

The remaining ~70% of the salar surface without surface

pools were covered by sand dunes and salar flats. The small

dune ridges, mainly composed of reworked gypsum crystals

partially lithified by gypsum cement, make up most of the

subaerially exposed sediments between the salar pools. In

contrast, salar flats have lower relief, hummocky topogra-

phy and are characterized by an efflorescent salt crust. The

salt crusts are composed of tiny (less than 1 mm long)

crystals of salt minerals, including halite, gypsum, jarosite

(KFe3(SO4)2(OH)6), epsomite (MgSO4�7H2O), and bas-

sanite (2CaSO4�H2O).

At Salar Ignorado, the groundwater table was measured

at depths of 10–20 cm below the salar flat surface. In

March, 2007, groundwater pH, salinity, and temperatures

ranged from 4.0–4.6, 0.5–3% TDS, and 5–7°C, respec-

tively. Alunite, kaolinite, jarosite, and hematite cements all

form localized semi-lithified patches in the shallow subsur-

face (Benison & Gonzalez 2007).

Physical and chemical processes control the sedimentol-

ogy of Salar Ignorado (Benison & Gonzalez 2007). Strong

winds make blowout depressions and dunes. Some blow-

out depressions fill with acid saline water and precipitate

gypsum crystals. Extreme evaporation wicks shallow acid

saline groundwater to the salar flat surfaces, precipitating

tiny crystals of the efflorescent crusts and cementing

reworked bladed gypsum in dunes. Wind reworks the

chemical sediments. There was no evidence of flooding–
evapoconcentration–desiccation cycles common to ephem-

eral saline lakes that flood after rainstorms, such as those in

southern Western Australia (Benison et al. 2007b). Rather,

water levels may change due to a combination of wind

controlling highs and lows in topography, and/or a shal-

low saline acid groundwater body fluctuating in depth

(Benison & Gonzalez 2007).

Table 1 Geochemical measurements of modern pool waters at Salar
Ignorado, as reported by Risacher et al. 2002.

Ign-1 Ign-2 Ign-3 Ign-4 Ign-5

T, °C 8.8 9.0 11.5 14.0 10.5
TDS, % 0.41 9.74 1.32 0.98 1.29
pH, field 3.88 2.63 3.28 3.06 na

pH, lab 1 3.91 2.81 3.30 2.94 4.16
Alkalinity,
meq L�1

�0.11 �5.32 �1.15 �2.36 �0.2

O2, mg L�1 8.438 3.750 5.313 5.313 5.313
Cl, mg L�1 112.835 3977.433 479.549 352.609 1117.066
Br, mg L�1 0.138 na 0.023 0.024 0.064

SO4, mg L�1 297.743 7110.436 965.062 703.756 791.205
B, mg L�1 28.677 1655.874 163.737 154.487 249.769
Si, mg L�1 55.190 146.698 94.712 166.637 160.584
As, mg L�1 0.001 0.048 0.008 0.028 0.112
Na, mg L�1 569.813 24836.886 2983.906 2322.749 3888.647
K, mg L�1 54.990 2634.406 296.690 223.541 416.901
Li, mg L�1 9.510 305.476 39.481 24.928 45.677

Ca, mg L�1 291.931 329.358 279.455 301.911 314.387
Mg, mg L�1 308.990 9751.080 1221.971 752.931 1197.285
Al, mg L�1 91.543 4002.668 489.215 266.845 26.870
Fe, mg L�1 0.029 16.349 0.448 1.540 0.081
Mn, mg L�1 0.783 31.126 3.968 1.656 1.820
Zn, mg L�1 0.076 1.575 0.184 1.162 0.153

© 2016 John Wiley & Sons Ltd
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Field observations of gypsum

Several types of gypsum are abundant in the salar pools,

sand dunes, and salar flats (Benison & Gonzalez 2007).

The salar pools, interpreted to have formed as wind blow-

outs depressions, are up to 2 m deep and have walls of

varying steepness. The salar pools have active subaqueous

growth of cm-scale ‘bottom-growth’ gypsum from its walls

and floors. The gypsum forms in mounds of multiple pris-

matic crystals radiating outward from the walls and floor of

the pools (Fig. 3B), resulting in sea urchin-like shapes.

These crystals have been observed to be up to 7 cm long

and up to 1.5 cm wide, but most are ~4 cm long and

~1 cm wide. In contrast, salar flats are covered with loose,

randomly oriented abraded bladed crystal clasts (Fig. 3).

These gypsum crystals are prismatic/hemi-bipyramidal and

are larger than the bottom-growth crystals in the modern

pools. The maximum length observed was 21 cm long and

3 cm wide (Fig. 3C). These crystals were likely precipitated

as bottom-growth gypsum crystals, then reworked and

deposited by wind. These cm-scale abraded gypsum clasts

are also found in some salar pools and are partially lithified

in sand dunes by a third gypsum type, finely crystalline

gypsum intergranular cement. A fourth type of gypsum,

sub-mm-scale needle-like crystals, comprises efflorescent

white crusts on the dry salar flats, as well as finely crys-

talline halite and some other sulfate minerals. Finally, cm-

scale lath-shaped displacive gypsum crystals were observed

in the shallow subsurface sediments below the salar. The

primary fluid inclusions in these first two gypsum types,

the bottom-growth pool crystals and the reworked dune

crystals, are remnants of salar pool waters (Benison & Kar-

manocky 2014).

The gypsum crystals contain pennate diatoms, suspect

green alga, including Dunaliella alga, coccoid- and bacilli-

shaped prokaryotes, and beta-carotene (Benison & Kar-

manocky 2014). These microorganisms and organic com-

pounds were observed by microscopy within fluid

inclusions and as solid inclusions within the host gypsum.

METHODS

Sample selection and preparation

Samples were collected during field work at Salar Ignorado

conducted in March 2007. For this study, we use only the

first two types of gypsum: the bottom-growth bladed crys-

tals actively growing in the salar pools and the reworked

bladed crystal clasts. Both are used because they formed

from acid saline surface waters. Therefore, primary fluid

inclusions are likely remnants of past acid saline surface

waters.

Gypsum crystals were prepared in the laboratory for pet-

rographic and fluid inclusion study with a razor blade and

abrasives. Cleaved thin slices of gypsum were achieved by

uniformly cutting cleavage fragments along the {010}
plane as thinly as possible with a razor blade. Samples that

were too fragile to cut with a razor blade were polished to

thickness with up to 3000-grit sandpaper. Preliminary

(A)

(B)

(C)

Fig. 3. Field photographs of Salar Ignorado gypsum. (A) Salar pool with

white ridge of eolian-reworked gypsum crystals. (B) Subaqueous mounds of

bottom-growth bladed gypsum crystals at edge of salar pool. White area in

upper right of image is subaerial, efflorescent salt crust composed mainly of

finely crystalline gypsum, halite, and native sulfur. Reworked bladed gyp-

sum crystals can be seen in lower right. Trowel for scale. (C) Subaerially

exposed, abraded, bladed gypsum crystals up to 21 cm in length. Crystals

grew in salar pools before being reworked by wind. Adult foot for scale.

© 2016 John Wiley & Sons Ltd
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petrographic observations were made during this prepara-

tion process to ensure the fluid inclusions were not altered

and the sample was the proper thickness for fluid inclusion

studies.

Petrographic observations

Three petrographic microscopes at West Virginia Univer-

sity were used for this study: (i) an Olympus SZX10 binoc-

ular microscope with plane transmitted, reflected, and

polarized light, and magnification of 6.39 to 639; (ii) an

Olympus BX53 petrographic microscope with plane trans-

mitted and polarized light, and magnification of 209 to

4009; and (iii) an Olympus BX53 microscope with plane

transmitted, reflected, polarized, and UV–vis light sources,

and magnification of 209 to 20009. These three micro-

scopes are all equipped with digital cameras and SPOT 5

digital imaging software.

Petrographic observations of the gypsum from Salar Igno-

rado documented liquid, gas, solid, and organic contents

within fluid inclusions. Fluid inclusions within each gypsum

crystal were grouped into different fluid inclusion assem-

blages (FIAs) based on relationships among individual fluid

inclusion groups and orientation within the crystal. Fluid

inclusions that were all trapped at the same time are referred

to as an FIA (Goldstein & Reynolds 1994). This means that

an FIA represents the most finely discriminated trapping

event that can be identified based on petrographic observa-

tions (Goldstein 2003). For example, a group of fluid inclu-

sions oriented along a growth band, parallel to a crystal face,

is considered a primary FIA and would be interpreted as

remnants of parent waters from which the crystal grew at a

specific time in the past. In contrast, a group of fluid inclu-

sions that crosscuts growth bands would be considered a

secondary or pseudosecondary FIA and interpreted as a

healed microfracture. Isolated inclusions or fluid inclusions

of unknown origin were identified as IDKs (or ‘I don’t

knows’). Because the goal of this study was to determine the

past environmental conditions that precipitated the gypsum

in the pools of Salar Ignorado, primary FIAs were further

evaluated. Petrographic observations were used to help

determine which primary FIAs would be analyzed by

microthermometry and laser Raman spectroscopy.

Fluid inclusion liquid:vapor ratios were evaluated across

individual primary FIAs. Identifying the ratio of liquid to

vapor trapped in a fluid inclusion can help indicate the envi-

ronmental conditions in which the gypsum formed (Gold-

stein & Reynolds 1994). If an FIA contains fluid inclusions

that are all liquid, then it can be concluded that those

inclusions were trapped under low temperature conditions

(T < 50°C) from the phreatic zone. However, if a primary

FIA contains some all-liquid inclusions, all-gas inclusions,

and/or varying L–V ratios, another scenario must be con-

sidered. In such cases of inconsistent L–V ratio in a single

FIA: (i) the host crystal trapped air in some fluid inclusions

as it grew in a low temperature (T < 50°C) surface at the

water–air interface or in groundwater in the vadose zone;

(ii) the host crystal trapped a heterogeneous solution, such

as a boiling liquid; or (iii) the fluid inclusions have been

altered by leaking or stretching as the host mineral grew.

Careful petrography allows for distinction among these

three possible ways to form inconsistent L–V ratios (Roed-

der 1984; Goldstein & Reynolds 1994). In addition, any

other features observed in fluid inclusions, such as the pres-

ence of solids at room temperature, were documented.

Crushing for odor test

Samples with large or anomalous vapor bubbles were care-

fully cut with a razor blade to the immediate shape of the

fluid inclusion in question. Single samples were placed in a

sanitized mortar and pestle, crushed, and tested for a rot-

ten egg smell. To avoid olfactory fatigue, only one sample

was evaluated per person in a 24-h period.

In addition to crushing and sniffing of Salar Ignorado

gypsum with large vapor bubbles, crushing tests were also

carried out for samples of gypsum without large vapor

bubbles from Salar Ignorado and from an acid lake and

surrounding gypsum dunes at Lake Cowan in Western

Australia. These served as control samples.

Microthermometry

Microthermometric analysis was conducted on 124 primary

fluid inclusions in 27 FIAs in one 18.3 cm-long, reworked

bottom-growth gypsum crystal. Although primary fluid

inclusions in 26 other gypsum crystals were subjected to

microthermometric analysis during preliminary studies, the

one large crystal was the focus of this study because it could

provide high-resolution results. This analysis consisted of

freezing–melting runs on a FLUID Inc. USGS-modified gas

flow heating–freezing stage mounted on the Olympus BX53

microscope at West Virginia University. The thermocouple

of the stage was calibrated to 0.0°C using an ice bath stan-

dard and to �56.6°C using synthetic CO2 fluid inclusions.

Freezing–melting studies were used to determine the salinity

and possible major elements in the fluid (Potter et al. 1978;

Hall et al. 1988; Davis et al. 1990; Goldstein & Reynolds

1994). Liquid nitrogen was pumped through the fluid inclu-

sion stage to freeze the fluid inclusions. After the fluid inclu-

sion was frozen, it was slowly warmed. During warming,

identification of different phases (solid, liquid, vapor) and

the temperatures at which each phase forms or disappears

was documented and photographed. Freezing–melting runs

were repeated for each fluid inclusion to test reproducibility.

Eutectic temperatures were reproducible within a 1.2°C
range, and final melting temperatures were reproducible

within 0.2°C in individual fluid inclusions.

© 2016 John Wiley & Sons Ltd
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Fluid inclusions were also evaluated for homogenization

runs, another type of microthermometric analysis. We used

the same FLUID Inc. USGS-modified gas flow stage used

for freezing/melting runs. However, no liquid-vapor pri-

mary FIAs in the large gypsum crystal had consistent liq-

uid:vapor ratios, suggesting that homogenization

temperatures would not represent parent water tempera-

tures for these inclusions. Regardless, some liquid-vapor

primary fluid inclusions were heated to test behavior of gas

phase in response to temperature increase.

Laser Raman spectroscopy

Raman spectra were acquired using 532-nm laser excitation

with a JY/Horiba LabRam HR Raman system at the

USGS fluid inclusion laboratory at Reston, Virginia. Laser

Raman spectroscopy is a nondestructive technique that

detects covalently bonded compounds through detection

of vibrational energies. This technique allows chemical

characterization of solids, liquids, and gases within fluid

inclusions as small as 1 lm, depending on the magnifica-

tion and focusing quality of the microscope used with the

instrument. Laser Raman spectroscopy was used to docu-

ment organic compounds and identify accessory minerals

trapped as solids within gypsum crystals and fluid inclu-

sions. Laser Raman spectroscopy was also used to attempt

to identify compounds in the liquid, such as SO4
2� and

HSO4
� (Benison et al. 1998), as well as analyze some

gases within some fluid inclusions.

RESULTS

Fluid inclusion petrography of Salar Ignorado gypsum

Petrography was conducted on the bottom-growth pool

crystals and the reworked crystals. In the bottom-growth

gypsum crystals, primary FIAs formed at an oblique angle

to the twinned (101) crystal face, indicating the growth

faces of the gypsum crystals. These bottom-growth crystals

also host some secondary and pseudosecondary FIAs.

In the reworked crystals, primary FIAs defining crystal

growth zones occur normal to the (103) crystal face. These

reworked crystals also host some secondary and pseudosec-

ondary FIAs.

Primary fluid inclusions in both gypsum types are

aligned in rows parallel to the direction of growth (Fig. 4).

Primary inclusions point in the direction of growth with

the fluid inclusion broadest at its base and tapering

upward. Three types of primary FIAs can be identified pet-

rographically and have been named Type I, Type II, and

Type III primary fluid inclusions (Fig. 5). The three main

types of primary FIAs exist in both the modern bottom-

growth crystals and the reworked bladed gypsum crystals.

Type I primary fluid inclusions (Fig. 5A) are triangular

shaped in two- dimensional space and typically consist of

groups of two or three inclusions (Fig. 5A2) and can be

quite large (~50–200 lm). There can be some difficulty in

discerning Type I fluid inclusions from fluid inclusions of

unknown origin or IDKs. Type I primary fluid inclusions

are oriented parallel to crystal faces (Fig. 5A2). The large,

Type I primary fluid inclusions tend to have an obtuse-sca-

lene-triangular morphology and point in the direction of

crystal growth. Type I primary fluid inclusions have consid-

erable variation in the L–V ratio and some trap microor-

ganisms such as Dunaliella algae, diatoms, and organic

compounds (see Benison & Karmanocky 2014 for more

information about biological components in Salar Igno-

rado inclusions).

Type II primary inclusions (Fig. 5B) range in size from

~2 to ~35 lm long and are subhorn shaped in two-dimen-

sional space. Type II primary fluid inclusions typically are

found in groups of more than 10 fluid inclusions. Type II

primary fluid inclusions L–V (or gas) ratios are highly vari-

able. Some of these inclusions also trap microorganisms

and organic compounds. In ‘needle’-shaped gypsum crys-

tals, Type II fluid inclusions form at oblique angles to the

(101) twinning plane and can even appear to curve toward

the (101) twinning plane.

Type III primary fluid inclusions (Fig. 5C) are horn-

shaped in two-dimensional space and form in groups of

(A) (B)

Fig. 4. Fluid inclusions in gypsum from Salar

Ignorado. (A) Schematic view of bottom-

growth, bladed gypsum crystal with typical

primary (p), pseudosecondary (ps), and

secondary (s) fluid inclusion assemblages, as

well as individual isolated (i) fluid inclusions.

(B) Photograph of thin slice of gypsum crystal

with prominent primary fluid inclusion

assemblages (FIAs) defining growth bands

(marked by dashed lines). Arrows indicate

directions of crystal growth.

© 2016 John Wiley & Sons Ltd
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4–35 and are intermediate in size, ranging from ~20 to

60 lm, and are consistently all liquid (Fig. 5C1). Some of

these fluid inclusions also trap microorganisms such as dia-

toms and carotenoids. Type III fluid inclusions have only

been documented in gypsum currently growing subaque-

ously in salar pools.

Although Salar Ignorado gypsum is a modern chemi-

cal precipitate found at the salar surface, it also con-

tains pseudosecondary and secondary fluid inclusions.

Pseudosecondary and secondary FIAs occur as fluid inclu-

sions grouped along linear or curved trails that crosscut

many generations of primary FIAs and terminate at the

crystal face (Fig. 4A). These inclusions are distinguished as

pseudosecondary or secondary because they exist along

curved trains that crosscut primary fluid inclusion growth

bands. Pseudosecondary fluids inclusions appear as FIAs

that terminate at a previous growth face within the gypsum

crystal. In contrast, true secondary fluid inclusions crosscut

crystal boundaries, such as those between reworked gyp-

sum crystals and gypsum cement. Most pseudosecondary

fluid inclusions have negative crystal shapes and range in

size from ~2 to 8 lm long. Some secondary FIAs consist

of inclusions quite similar to pseudosecondary inclusions in

appearance; they are negative crystal-shaped inclusions that

are ~2 to 10 lm long. Another type of secondary fluid

inclusions are large (up to ~ 350 lm long) and flat (less

than ~1 lm thick), without any consistent shape. These

flat inclusions are located along the cleavage planes of the

host gypsum crystal. Yet, other secondary fluid inclusions

are triangular. Most pseudosecondary and secondary FIAs

have inconsistent liquid:vapor ratios.

Some primary fluid inclusions contained 1–3 lm-long

spherical solids. These are typically clear, but in some cases

have a pale green hue in transmitted light and fluoresce

blue in UV light. These solids were typically found as lin-

eated groups or in clusters within fluid inclusions.

Crushing for odor test

Crushing of gypsum crystal chips containing fluid inclu-

sions with large gas bubbles (some Type I and II inclu-

sions) results in a strong rotten egg odor. No odors were

detected upon crushing of Salar Ignorado gypsum without

large vapor bubbles or of gypsum from Lake Cowan, Wes-

tern Australia.

Microthermometry of primary fluid inclusions

One 18.3 cm-long large gypsum crystal was subjected to

freezing–melting analysis of 124 fluid inclusions (both

Type I and Type II) along 27 of 28 sequential growth

bands (Fig. 6), Table 2). Supplemental freezing–melting

runs were performed on 26 other gypsum crystals from

Salar Ignorado, and their freezing–melting data fall within

the same range as that of the large gypsum crystal with 28

sequential growth bands. However, because freezing–melt-

ing data from the 26 supplemental crystals were not col-

lected along sequential FIAs (as were those from the large

gypsum crystal reported below) that dataset could not be

used to record fluid evolution, so it is not detailed here.

Upon cooling with liquid nitrogen, primary fluid inclu-

sions froze at temperatures between �137°C and �90°C.
For some inclusions, it was difficult to determine the freez-

ing point of the liquid phase and multiple freezing–melting

runs were required to discern the initial freezing phase

change. Upon warming, the apparent eutectic temperature

(Teu, or the temperature at which the first melting occurs)

was measured for 124 fluid inclusions. Recorded Teu

ranged from �62.4°C to �15.6°C. The majority of the

(A1)
(A2)

(B1)
(B2)

(C1) (C2)

Fig. 5. Three main types of primary fluid inclusion assemblages (FIAs) in

Salar Ignorado gypsum. (A1) Schematic representation of a typical Type I

FIA, comprised of large, liquid–vapor fluid inclusions with large vapor bub-

ble and consistent liquid:vapor ratio. (A2) Photomicrograph of two primary

fluid inclusions along a Type I FIA. (B1) Schematic view of typical Type II

FIA, characterized by small fluid inclusions with highly inconsistent liquid:-

gas ratios. (B2) Photomicrograph of a Type II FIA. (C1) Schematic represen-

tation of Type III FIA comprised of small all-liquid horn-shaped fluid

inclusions. (C2) Photomicrograph of a Type III FIA.

© 2016 John Wiley & Sons Ltd
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eutectic temperatures were between �50.2°C and

�30.1°C (Table 2). In multiple fluid inclusions within an

individual FIA, eutectic temperatures varied over a 0.7°C
to 13.9°C temperature range.

Continued warming (to room temperature) of the pri-

mary fluid inclusions results in final melting of solids

within the inclusion. The only solid phase that could confi-

dently be identified was ice. The final melting temperature

of ice (Tmice) of 124 fluid inclusions ranged from

�28.0°C to �0.9°C (Table 2). Salinity was calculated

using the equation of Bodnar (1992; Equation 1) to deter-

mine the salinity of the inclusions in NaCl equivalent salin-

ity. Salinity of the fluids in the primary fluid inclusions

ranged from 1.6–27.4 eq. wt. % NaCl. In multiple fluid

inclusions within an individual FIA, Tmice varied over a

0.3°C to 10.1°C temperature range, with an average Tmice

range of 1.5°C within individual FIAs. The FIAs with the

lowest melting temperatures of ice had the largest range of

final melting temperatures.

The distribution of the Teu and Tmice data was clustered

into two hydrochemical signatures (Fig. 6). The base and

top of the crystal have similar freezing–melting behavior.

The middle of the crystal has distinctly different freezing–
melting behavior from the bottom and top of the same

crystal. At the base of this one large gypsum crystal, in pri-

mary FIAs 1–6, the Teu ranged from �40.3 to �20.0, with

an average Teu of �33.1°C. For primary FIAs 1–6, Tmice

ranged from �3.1°C (5.1 eq. wt. % NaCl) to �1.0°C
(1.7 eq. wt. % NaCl), with an average Tmice of �2.0°C. In
contrast, FIAs in the middle of the same crystal, primary

inclusions 7–16 (with exception of FIA 11, for which no

freezing–melting data were collected) had Teu range of

�62.4 to �31.0°C, with an average Teu of �50.0°C and

Tice range of �28.0°C (27.4 eq. wt. % NaCl) to �15.0°C
(18.6 eq. wt. % NaCl), with an average Tmice = �23.4°C.
The topmost FIAs in the same crystal, FIA 17–28, had Teu

range of �44.1 to �15.6°C, with an average

Teu = �34.2°C, and Tmice range of �5.3°C (8.3 eq. wt. %

NaCl) to �0.9°C (1.6 eq. wt. % NaCl), with an average

Tmice = �2.5°C.
Limited homogenization runs of primary Type I and II

fluid inclusions with gas bubbles resulted in no change in

Fig. 6. Summary of fluid inclusion freezing–

melting data for single gypsum crystal with

28 primary FIAs. Dashed lines on schematic

drawing of crystal represent 27 of the 28

primary FIAs, and each line corresponds to

the numbered FIAs for fluid inclusion data.

The bottom dashed line is FIA 1, and the top

dashed line is FIA 28. On the middle, the

black curve represents final melting

temperatures of ice. The red curve represents

eutectic temperatures. The green line

represents salinities in NaCl weight %

equivalents. The salinity curve on far right

shows low salinity during the start of growth

of this crystal, then a distinctive increase in

salinity, followed by a decrease in salinity.

© 2016 John Wiley & Sons Ltd
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size of gas bubbles as temperature was increased above

room temperature. However, at ~90°C, the fluid inclusions

decrepitated. Type III all-liquid fluid inclusions were not

analyzed for homogenization temperatures.

Laser Raman spectroscopy

Laser Raman spectroscopy was used to analyze the host

gypsum, as well as the various phases within primary fluid

inclusions. When the laser was focused on the host crystal,

vapor bubbles, or inclusion waters, the resulting Raman

spectra had the same peaks at Raman shifts of 179, 415,

493, 619, 670, 1009, 1136, and 3406 cm�1 (Fig. 7).

Laser Raman spectra of clear, round, micron-scale solids

within some primary fluid inclusions had peaks at ~330,

415, 493, 619, 670, 1009, 1136, 1300, 1440, 1620,

2850, 2900, 3400, and 3500 cm�1 (Fig. 7).

INTERPRETATIONS

Petrography of Salar Ignorado gypsum and fluid inclusion

petrography

The petrographic descriptions of the Salar Ignorado gyp-

sum show that the two types of bladed gypsum crystals

precipitated from surface waters at Salar Ignorado and that

some original precipitates were later reworked by wind as

clastic grains. The three main types of primary FIAs were

found in both the modern subaqueous bottom-growth

crystals and the reworked gypsum crystals. Therefore, all

Table 2 Freezing–melting data for 124 fluid inclusions in 27 successive fluid inclusion assemblages in gypsum crystal in Fig. 6. FIA = fluid inclusion
assemblage; FI = fluid inclusion; T, eu = eutectic temperature, °C; Tm, ice = final melting temperature of ice, °C; sal. % = salinity in NaCl equivalents. FIA

numbers correspond with those in Fig. 6.

FIA FI T, eu Tm, ice Sal.% FIA FI T, eu Tm, ice Sal.% FIA FI T, eu Tm, ice Sal.%

1 1 �34.3 �1.5 2.6 10 3 �52.9 �22.5 24.0 20 1 �32.4 �3.4 5.6
1 2 �33.4 �1.4 2.4 10 4 �54.1 �23.3 24.5 20 2 �33.1 �4.1 6.6

1 3 �35.0 �2.3 3.9 10 5 �54.6 �23.8 24.8 20 3 �32.9 �3.8 6.2
1 4 �34.8 �1.6 2.7 12 1 �62.0 �28.0 27.4 20 4 �34.0 �3.8 6.2
1 5 �34.4 �1.0 1.7 12 2 �55.0 �27.0 26.8 21 1 �33.6 �3.1 5.1
2 1 �30.3 �1.8 3.1 12 3 �56.0 �27.0 26.8 21 2 �33.7 �3.2 5.3
2 2 �33.0 �1.9 3.2 12 4 �55.0 �27.0 26.8 21 3 �32.3 �3.7 6.0
2 3 �35.6 �2.4 4.0 13 1 �51.2 �23.5 24.6 21 4 �33.3 �3.0 5.0

2 4 �34.4 �2.0 3.4 13 2 �50.3 �23.0 24.3 21 5 �35.0 �3.0 5.0
3 1 �29.3 �1.7 2.9 13 3 �49.0 �23.9 24.9 22 1 �40.3 �3.7 6.0
3 2 �20.0 �2.5 4.2 13 4 �51.0 �24.5 25.3 22 2 �39.9 �3.0 5.0
3 3 �25.3 �2.0 3.4 13 5 �50.8 �25.3 25.8 22 3 �39.9 �4.0 6.4
4 1 �34.2 �1.7 2.9 13 6 �50.4 �24.9 25.5 22 4 �40.8 �3.9 6.3
4 2 �35.0 �1.9 3.2 14 1 �50.7 �20.6 22.8 22 5 �41.2 �4.5 7.2
4 3 �35.3 �2.4 4.0 14 2 �50.6 �20.5 22.7 23 1 �36.0 �3.3 5.4

4 4 �31.0 �1.9 3.2 14 3 �35.3 �21.0 23.0 23 2 �37.1 �4.1 6.6
4 5 �36.7 �1.8 3.1 14 4 �31.0 �22.7 24.1 23 3 �36.6 �3.8 6.3
5 1 �34.4 �1.7 2.9 14 5 �36.7 �22.4 24.0 23 4 �36.9 �3.7 6.0
5 2 �35.3 1.4 2.4 15 1 �45.2 �23.5 24.6 24 1 �33.1 �2.8 4.6
5 3 �40.3 �3.2 5.3 15 2 �44.9 �22.9 24.3 24 2 �34.4 �3.0 5.0
5 4 �26.2 �2.8 4.6 15 3 �45.1 �23.0 24.3 24 3 �34.1 �3.1 5.1

5 5 �33.3 �2.1 3.5 15 4 �46.7 �24.1 25.0 24 4 �35.2 �3.7 6.0
5 6 �32.8 �2.3 3.9 15 5 �43.2 �22.2 23.8 25 1 �33.1 �2.8 4.6
6 1 �33.9 �1.7 2.9 15 6 �44.5 �22.8 24.2 25 2 �34.4 �3.0 5.0
6 2 �39.4 �3.1 5.1 15 7 �45.2 �23.6 24.7 25 3 �34.1 �3.1 5.1
7 1 �50.0 �20.5 22.7 16 1 �42.5 �23.7 24.8 26 1 �33.1 �2.8 4.6
7 2 �49.9 �17.9 20.9 16 2 �42.2 �22.9 24.3 26 2 �31.6 �1.7 2.9

7 3 �52.0 �23.5 24.6 16 3 �42.3 �22.8 24.2 26 3 �35.2 �3.2 5.3
7 4 �52.4 �24.5 25.0 16 4 �42.6 �23.0 24.3 26 4 �33.2 �3.3 5.4
8 1 �51.0 �23.8 24.8 16 5 �41.9 �24.0 25.0 26 5 �32.3 �3.2 5.3
8 2 �52.0 �24.7 25.4 16 6 �44.0 �24.3 25.1 27 1 �28.6 �4.3 6.9
8 3 �51.7 �23.2 24.5 17 1 �40.0 �3.9 6.3 27 2 �27.9 �4.1 6.6
8 4 �52.0 �23.5 24.6 17 2 �29.3 �3.1 5.1 27 3 �28.7 �4.5 7.2
8 5 �37.9 �15.0 18.6 17 3 �28.9 �2.4 4.0 27 4 �28.3 �5.0 7.9

8 6 �41.3 �25.1 25.6 18 1 �38.5 �1.8 3.1 27 5 �28.1 �3.5 5.7
9 1 �51.0 �24.5 26.3 18 2 �28.9 �1.9 3.2 27 6 �30.1 �5.3 8.3
9 2 �53.2 �24.7 25.4 18 3 �31.3 �0.9 1.6 28 1 �30.0 �3.7 6.0
9 3 �48.9 �23.2 24.5 19 1 �40.0 �1.8 3.1 28 2 �29.0 �4.1 6.6
9 4 �49.6 �24.5 25.3 19 2 �39.4 �1.7 2.9 28 3 �29.1 �4.4 7.0
10 1 �62.4 �24.9 25.5 19 3 �42.3 �2.4 4.0 28 4 �15.6 �3.7 6.0

10 2 �53.0 �22.3 23.9 19 4 �44.1 �2.7 2.9 28 5 �23.2 �4.1 6.6
28 6 �28.7 �4.2 6.7
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primary fluid inclusions in both the bottom-growth crystals

collected in the Ignorado pools and as reworked gypsum

crystals represent entrapped surface waters.

The lack of primary FIAs with consistent liquid:vapor

ratios (in primary FIA Types I and II) indicates that the

vapor is not simply the result of cooling of warm parent

waters as they came to the surface. Two alternate explana-

tions for the gas phases are trapped air (as some gypsum

grew at water–air interface) and/or outgassing from below.

The FIA Type III inclusions have no observed gas bubbles.

This suggests to us that the surface waters were not war-

mer than ~70°C (Goldstein & Reynolds 1994; Benison &

Goldstein 1999; Zambito & Benison 2013).

Crushing for odor test

The rotten egg odor of some crushing tests is characteristic

of hydrogen sulfide. Only the gypsum samples with the

large gas bubbles in some primary fluid inclusions yielded

this odor, so we interpret that the large bubbles in Type I

and II inclusions most likely contain hydrogen sulfide.

Microthermometry of primary fluid inclusions

The freezing/melting data for the primary fluid inclusions

indicate that surface waters at Salar Ignorado had a range of

salinities and chemical compositions over time. The relatively

consistent Teu and Tmice for fluid inclusions from individual

FIAs document specific salinity and major element composi-

tion at specific times during which the surface waters were

precipitating gypsum. The freezing/melting data for 27 of

28 successive FIAs from base to top of a single gypsum crys-

tal (Fig. 6) display a record of changing water chemistry.

The individual gypsum crystal began growth in low-sali-

nity salar pool waters, similar to the modern salinity at

Salar Ignorado. The lower third of the crystal grew in

waters with salinity ranging from 1.7–5.1 eq. wt. % NaCl.

Next, there was an abrupt increase in salar pool salinity to

18.6–27.4 eq. wt. % NaCl. Later, waters abruptly changed

back to low salinities of 1.6–8.3 eq. wt. % NaCl.

Major ion composition of the salar pools may have also

changed at the same times that the salinity changed. When

salinity, recorded by Tmice, abruptly increased, Teu also

changed dramatically. The lower salinity FIAs at the base

and top of the crystal have Teu that averages 33.1°C, which
is similar to Teu determined by experiments in synthetic

inclusions in the NaCl–MgCl2–H2O system (Davis et al.

1990). In contrast, the higher salinity FIAs in the middle

of the crystal have average Teu of �50.0°C, suggesting a

change in different distribution of major ions. One poten-

tial interpretation is that the higher salinity FIAs are mod-

eled better by the NaCl–CaCl2–H2O system (Vanko et al.

1988; Davis et al. 1990). The presence of halite, gypsum,

and epsomite at Salar Ignorado confirms the high Na, Ca,

and Mg in the waters. However, these interpreted major

ions are likely grossly oversimplified. Sulfate, and perhaps

other sulfur species, is abundant in the salar pools, as sup-

ported by the abundance of gypsum, the low pH, and the

interpreted H2S (as large gas bubbles in fluid inclusions).

In addition, chemical sediment jarosite (Benison &

Gonzalez 2007) shows that Fe and K are also present in

the Salar Ignorado surface waters. Risacher et al. (2002)

(A) (B) (C)

Fig. 7. Hydrocarbons in primary fluid inclusions in Salar Ignorado gypsum. (A) Photomicrograph, taken with UV–vis light of fluid inclusion containing liquid,

a large gas bubble, and multiple solid spheres. Solid spheres fluoresce blue. (B) Magnified view of top of inclusion in photograph A (dashed box), showing

line of four solid spheres. (C) Stacked spectra produced by laser Raman spectroscopy. Black spectrum from solid sphere in photograph B. Blue bottom spec-

trum from host gypsum adjacent to fluid inclusion in photographs A and B. Black spectrum is consistent with some long-chain hydrocarbons.

© 2016 John Wiley & Sons Ltd
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documented that the salar pool waters, at the time of sam-

pling, were Na- and SO4-rich, with Mg, Cl, K, Al, and Ca.

Early diagenetic alunite and kaolinite in the shallow sub-

surface (Benison & Gonzalez 2007) suggest that Al and Si

are also present in the shallow groundwaters. Because little

work has been performed to quantify the freezing–melting

behavior of SO4, Al, and Fe, especially in complex acid sal-

ine fluid inclusions, we do not think we can propose exact

water compositions from the freezing–melting data.

Regardless, the distinct changes in Teu, contemporaneous

with salinity changes, likely represent a change in major

ion composition.

The decrepitation of fluid inclusions at ~90°C upon

warming suggests that gypsum dehydrated to anhydrite

(Ostroff 1964; Vanko & Bach 2005). Additionally, the

lack of bubble shrinkage as the temperature increased from

room temperature to ~90°C indicates that the bubble was

likely trapped gas and not simply water vapor resulting

from cooling of the inclusion after it was formed (Gold-

stein & Reynolds 1994). Therefore, the homogenization

runs may be considered evidence that the parent waters

were not hot and contained gases upwelling from below.

Laser Raman spectroscopy

The Raman spectra resulting from analysis of the vapor

and liquid in primary fluid inclusions match that of gypsum

(Fig. 7; Berenblut et al. 1974). The strong signal of the

host gypsum may overwhelm and mask the spectra of the

liquid and gas phases. The peaks for SO4 are approximately

the same for solid sulfate minerals and for aqueous sulfate.

However, the lack of peaks outside of the gypsum Raman

spectrum suggests that the major covalent bonds in the

aqueous phase are due to sulfur compounds and not to

other covalently bonded compounds. This suggests to us

that the main acid is likely sulfuric acid. No peaks for bisul-

fate were identified, suggesting that the pH of inclusion

fluids analyzed was greater than 1 (Benison et al. 1998).

The Raman spectra of the micron-scale, clear, spherical

solids have peaks that match gypsum peaks, but also have

several other peaks. The nongypsum Raman spectra are

characteristic of high molecular weight alkanes (Sebek

et al. 2011; Weiss et al. 2010; Fig. 7). Such hydrocarbons

have been previously described in magmatic/hydrothermal

systems (Konn et al. 2009; Tassi et al. 2010).

DISCUSSION

Where do the acid salar fluids originate?

The main objective of this study was to determine the

source of the acid saline waters at Salar Ignorado. Three

alternate hypotheses were considered and include the

following: (i) meteoric precipitation infiltrating into a

shallow aquifer, (ii) multiple generations or cycles of

magmatic/hydrothermal fluids migrating to the surface,

and (iii) a mixing of meteoric and magmatic/hydrothermal

hydrologic systems. Regardless of a meteoric or magmatic/

hydrothermal source, evaporation of salar pool waters, pre-

cipitation of chemical sediments, and dissolution of some

minerals at the surface and shallow subsurface likely all

contribute to further changes in water chemistry.

Many saline waters on Earth have an initial meteoric ori-

gin. Water sourced as rain or snow can leach elements

from rocks and sediments as a result of water–rock interac-

tions. In a dry climate, evapoconcentration occurs, leading

to precipitation of chemical sediments. Localized, rare rain-

storms can increase water level, dissolve previously precipi-

tated evaporites, and yield more saline waters. During

droughts, desiccation can precipitate crusts of evaporite

minerals. These types of flooding–evapoconcentration–des-
iccation cycles have been well documented in some mod-

ern saline environments, such as Death Valley (Lowenstein

& Hardie 1985) and southern Western Australia (Benison

et al. 2007b). Although water–rock interaction contributes

to these saline waters, the meteoric processes play a signifi-

cant role.

The second hypothesis considers that Salar Ignorado

may have been sourced only by the upwelling of mag-

matic/hydrothermal fluids. In active volcanic terrains, mag-

matic/hydrothermal waters are common. They may have

high salinity, upwell from the subsurface, and accumulate

at the surface at spring zones and can make lakes and gey-

sers.

Our third hypothesis suggests combination of waters

sourced from meteoric and magmatic/hydrothermal ori-

gins could result in Salar Ignorado waters. Fluctuating

water volumes and fluctuating water chemistry would be

characteristic of a mixed fluid source. Magmatic/hy-

drothermally sourced fluids could contribute pulses of

higher salinity waters, gases, and hydrocarbons from the

subsurface. Meteoric water cycles would result in changing

pool water volumes, as well as salinity changes. Some

meteoric precipitation could result from volcanic eruptions,

causing compounds such as sulfate or hydrogen sulfide to

rain down as aerosols.

Our data show that trends in hydrochemistry occurred

at Salar Ignorado and are recorded by the fluid inclusions

in gypsum actively precipitating from the salar pools. Two

distinct magmatic/hydrochemical regimes have been iden-

tified in one large gypsum crystal (Fig. 6). The lower and

upper part of the crystal grew from low-salinity waters that

were likely Na–Cl–SO4–Mg–rich, relatively similar to mod-

ern salar pool waters (see Table 1; Risacher et al. 2002).

In contrast, the middle of the crystal grew from more sal-

ine waters, likely with H2S and higher concentrations of

Ca. The change in water salinities appears to have been

abrupt.
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We consider meteoric waters as the sole source of the

acid saline water at Salar Ignorado to be unlikely. Under

modern local conditions, the atmosphere is very dry and

no record of meteoric precipitation is known. Yet, the

modern salar waters, with 0.4–9.7% TDS (Risacher et al.

2002), are even less saline than they have been in the past.

It seems highly unlikely that an even drier environment

with higher evaporation rate could have existed at Salar

Ignorado in the past and have been solely responsible for

saline fluids. Less saline waters would be consistent with

flooding due to times of meteoric precipitation. In addi-

tion, salinity changes in meteoric-sourced saline waters

elsewhere in the world are controlled mainly by flooding–
evaporation–desiccation cycles. There is no sedimentologi-

cal or petrographic evidence of such cycles at Salar Igno-

rado. In the field, there is no indication that the pool

waters have flooded the surface of the salar, rather the pool

water levels remain relatively constant in spite of the high

evaporation rates. Flooding of the salar would cause disso-

lution of the gypsum. However, there is no evidence of

dissolution surfaces in the gypsum crystals; rather, petrog-

raphy of gypsum indicates constant, uninterrupted growth.

Also, there is no field evidence of intermittent streams or

runoff from the elevated terrain surrounding Salar Igno-

rado, recorded either in the field or in the gypsum. Finally,

the two distinctly different water chemistries in the fluid

inclusion record argue against a meteoric-only source, in

which one would expect more gradational chemical

changes.

We also find it unlikely that magmatic/hydrothermal

activity is the only source of the Salar Ignorado waters.

The fluid inclusion record suggests two distinct fluid

sources. The high-salinity fluid inclusions in the middle of

the 18.3-cm-long gypsum crystal contain characteristics of

magmatic/hydrothermal fluids. The low-salinity fluid

inclusions at the base of and top of that same crystal may

have formed by remaining magmatic/hydrothermal fluids

that mixed with limited inputs of freshwater from meteoric

sources. However, we cannot completely rule out that

magmatic/hydrothermal waters are the only source of Salar

Ignorado waters. During a pulse of high-salinity mag-

matic/hydrothermal water, abundant and rapid precipita-

tion of gypsum and other minerals might occur. Once the

magmatic/hydrothermal pulse subsides, remaining water

would likely be less saline and have a different composi-

tion. During this ‘quiet’ time, gypsum might still grow.

This could be an alternate explanation for the low-salinity

fluid inclusions.

The most plausible model for the hydrochemical pro-

cesses and products of Salar Ignorado is a mixed fluid

source with significant magmatic/hydrothermal inputs

(Fig. 8). During magmatically/hydrothermally ‘quiet’

times, pool water at Salar Ignorado has relatively low salin-

ity, whereas magmatically/hydrothermally active times may

be recorded as a pulse of increased salinity and a change in

water composition. The magmatic/hydrothermal fluid may

incorporate gases such as H2S, CO2, N, SO, HCl, H2,

HF, CO, CH4, and/or hydrocarbons. As magmatic/hy-

drothermal fluid is transported up to the surface, away

from a magmatic heat source, it begins to cool and con-

dense. Cooled and condensed magmatic/hydrothermal flu-

ids may be the main source of the shallow aquifer below

Salar Ignorado, but it is also possible that some meteoric

waters are cycled into the aquifer as well, even though

meteoric precipitation is rare. Just below the salar surface,

minerals such as alunite, jarosite, hematite, and kaolinite

precipitate from acid saline groundwater. In topographic

lows, pools of cooled magmatic/hydrothermal fluids col-

lect and precipitate gypsum from SO4–Al–Cl–Na–K-rich
water that contains lesser amounts of Si, Mg, and B. On

topographic highs surrounding the pools, shallow ground-

water is wicked by evaporation to the surface, precipitating

fine crusts of gypsum, halite, epsomite, bassanite, and jaro-

site. Supporting data for magmatic/hydrothermal influence

on the Salar Ignorado fluids are the presence of H2S gas

bubbles and as long-chain alkanes in some fluid inclusions.

There are times of high magmatic/hydrothermal activity

that results in higher salinity, gas- and hydrocarbon-rich

salar pool waters. In contrast, during magmatic/hydrother-

mal ‘quiet’ times, pool waters are low salinity, and gas-

and hydrocarbon-poor. Salar pool waters are constantly

undergoing evapoconcentration, precipitating evaporite

minerals. Rapid transition from low-salinity pool waters to

high-salinity pool waters (see Fig. 6) can be easily

explained with a pulse of higher salinity magmatic/hy-

drothermal fluid. On the other hand, this abrupt decrease

in salinity between FIA 16 and 17 (see Fig. 6) is more dif-

ficult to explain. Higher salinity fluids that were also rich

in H2S would precipitate both gypsum and native sulfur.

Rapid precipitation of these minerals could lead to an

abrupt decrease in salinity, marking a return to the mag-

matically/hydrothermally ‘quiet’ period. An alternate

explanation is that dilute meteoric waters enter the

groundwater system.

Evidence of magmatic/hydrothermal fluid can be seen in

the fluid inclusions of the gypsum precipitating from Salar

Ignorado pool water. The most important indication of

the magmatic/hydrothermal fluid is the abrupt and sudden

salinity change in the fluid inclusions from low salinity to

high salinity. Other indications include high salinity, Na–
Ca–Mg–Cl–SO4-rich primary fluid inclusions, H2S, and

high molecular weight solid hydrocarbons.

It is important to consider the acid nature of the salar

pools and shallow groundwaters. Meteoric fluids that inter-

act with local volcanism can cause acid rain. However, vol-

canic ash was not observed interlayered with the gypsum

crystals from Salar Ignorado. In active volcanic terrains,

H2O can outgas and mix with constituents such as SO4
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and generate acid water vapor. Once the water vapor cools

and condenses, it can be deposited on the salar surface.

This possible role of meteoric processes in the generation

of acid waters cannot be discounted. However, if it occurs,

it likely has a minor influence on the physical and chemical

aspects of Salar Ignorado.

The significance of microorganisms and organic

compounds in Salar Ignorado gypsum

Magmatic/hydrothermal fluids of other active volcanic set-

tings are also known to contain alkanes, alkenes, aromatics,

and O-, S- and N-bearing compounds (C2–C20 species;

Konn et al. 2009; Tassi et al. 2010). During times of

increased magmatic/hydrothermal activity, more dissolved

gases likely exist in water being transported to the surface

(Fig. 8). As the water cools and condenses, hydrocarbons

can form. Some of the cooled magmatic/hydrothermal

fluid can mix with the shallow aquifer. Once the fluid

reaches the surface, it collects in pools in depressions on

the salar surface. The salar pool water may become satu-

rated with respect to gypsum, which begins to precipitate.

Hydrocarbons, as well as volcanic gasses that are bubbling

up from the subsurface, may be trapped in fluids inclusions

in gypsum. Therefore, the discovery of long-chain solid

hydrocarbons (Fig. 7) and suspect H2S, in association with

the most saline fluid inclusions, is supporting evidence of

magmatic/hydrothermal fluids at Salar Ignorado.

Diverse microbiologic communities have also been docu-

mented in volcanic lakes. Studies of the water in nearby

crater lakes, like the Summit Lake from the Simba

Volcano, have identified cyanobacteria, heterotrophic

acidophilic bacteria, heterotrophic bacteria, acetogenic bac-

teria, and methylotrophic bacteria (Demergasso et al.

2010). Prokaryotes, Dunaliella algae, and pennate diatoms

are entrapped as solid inclusions and within fluid inclusions

in gypsum from Salar Ignorado and nearby acid Salar Gor-

bea (Benison & Karmanocky 2014). Although past micro-

bial communities are represented in Salar Ignorado

gypsum, we do not yet know how microorganisms there

are affected by or affect the local water chemistry. We spec-

ulate that the specific microorganism species are different

in the high salinity, magmatic/hydrothermal pulses than in

the lower salinity waters. Regardless, there must be some

relationship between water chemistry and extremophiles in

this acid salar setting.

Fluid inclusion petrography of gypsum: timing and

environmental implications?

The primary fluid inclusions in the gypsum precipitating

from the acid saline pools at Salar Ignorado share some

similarities with primary fluid inclusions in gypsum studied

by Sabouraud-Rosset (1969, 1976), Attia et al. (1995),

Natalicchio et al. (2014), and Benison (2013). All have

some bottom-growth, bladed crystals that are commonly

twinned. However, there are some distinct differences in

the shapes of the primary fluid inclusions from Salar Igno-

rado. The limited studies of bottom-growth gypsum else-

where describe most primary fluid inclusions as having a

straight and well-defined base that is parallel to the growth

face and strongly negative crystal shaped and in some cases

Fig. 8. Working model of Salar Ignorado,

including our interpretation of pulses of

magmatic/hydrothermal water migrating up

to salar pools.
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subcubic, rectangular with rounded corners. In contrast,

the Ignorado fluid inclusions tend to be wider at the base

and taper upward to a point, forming a shape similar to an

isosceles triangle. The edges of the primary fluid inclusions

are typically serrated and in some cases, the inclusions are

irregularly shaped.

Little is known about the rate that gypsum can crystal-

lize. The few published studies suggest a large range in

growth rate, from as little as 1.4 � 0.2 9 10–7 cm s�1

(Van Driessche et al. 2011) to less than 1 cm in 17–
24 weeks (Cody 1976), to 1 cm per year (Schreiber &

Hsu 1980). Thus, although salinity trends are preserved in

the gypsum at Salar Ignorado, no absolute timing can be

attributed to the length of time of high salinity and low

salinity periods, nor to the time of transition from one

hydrochemical regime to the other.

Are Salar Ignorado acid saline waters ore fluids?

Salar Ignorado fluids are complex, saline, acid and may have

changing temperatures. Waters at nearby, but older, acid

Salar Gorbea precipitate abundant native sulfur, as well as a

diverse assemblage of authigenic minerals, including gyp-

sum, halite, jarosite, hematite, alunite, kaolinite, epsonite,

and bassanite (Benison & Gonzalez 2007). Alteration of

host volcanic sediments below the salar is likely occurring

(Risacher et al. 2002). A noncomprehensive analysis of

Salar Ignorado water composition has shown elevated con-

centrations of dissolved iron and zinc (Table 1; Risacher

et al. 2002). Acid saline fluids similar to these in southern

Western Australia have high concentrations of other metals,

such as nickel and copper (Bowen & Benison 2009). The

setting of active volcanism and young volcanic rocks in

northern Chile may provide additional conditions common

to ore fluids: saline fluids, gases, and changing temperatures

(e.g., Bodnar et al. 2013; Lecumberri-Sanchez et al.

2015). We propose that further study of such settings may

elucidate conditions and processes of some ore fluids.

CONCLUSIONS

Although gypsum is a common and abundant sedimentary

evaporite mineral, little research has been conducted on

fluid inclusions in gypsum. This study contributes to a

greater knowledge of the environments in which gypsum

can form. The gypsum crystals that are actively precipitat-

ing from the acid saline Salar Ignorado contain abundant

primary fluid inclusions that preserve evidence of past envi-

ronmental conditions and trends in the evolution of the

environment. Trends are evident in the geochemistry of

the fluid inclusion assemblages as the gypsum crystals

formed. This is the first time geochemical trends have been

observed in gypsum from a modern active salt pan. Salar

Ignorado is intimately linked to the active Lastarria-

Cordon del Azufre volcanic complex and the resulting

magmatic/hydrothermal system. The influence of the vol-

canic system has been recorded in the fluid inclusions as

highly saline, Na–Ca–Cl-rich waters, H2S, and spherical

solid hydrocarbons. This indicates that the main source of

the fluids is from a magmatic/hydrothermal source, with

minimal meteoric input. Salar Ignorado is sustained by epi-

sodic upwelling of magmatic/hydrothermal waters to the

near surface pools that deposit salts at the surface. Circula-

tion with the shallow aquifer, sourced by magmatic/hy-

drothermal fluids, would allow for consistent low salinity,

moderately acidic pool water. When magmatism/hydrother-

mal activity peaks, acid saline water is injected into the sys-

tem. Salinity in the pool water would increase until the cycle

would reach a state of low salinity, as the conditions were

prior to the increased magmatic/hydrothermal activity.
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