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ABSTRACT

Some of the Earth’s most extreme aqueous chemistries are found at acid saline lakes and associated shallow

groundwaters. Modern lakes and groundwaters in Western Australia have pHs as low as 1.5, total dissolved solids

as high as 32%, unusually high concentrations of Al, Si, Fe, As, and Sb, and many other chemical characteristics

atypical of natural waters. Analogous Permian red bed and evaporite lake deposits in the US midcontinent also

had extreme water compositions, including negative pH. Fluid inclusions in chemical sediments from modern and

Permian acid saline lakes record specific physical, chemical, and biological conditions. Primary inclusions in this

bedded halite and gypsum are trapped shallow lake water, air bubbles, crystals of other minerals, and microor-

ganisms and organic compounds. Isolated fluid inclusions in early diagenetic phases of halite are remnants of

shallow groundwaters and can be analyzed to determine chemical compositions of past groundwaters. A variety

of traditional methods, including petrography, freezing–melting microthermometry and laser Raman spectroscopy,

and innovative variations, such as homogenization of artificially nucleated vapor bubbles and UV-vis petrography,

produce data detailing environmental conditions. Other traditionally used methods, such as laser ablation ICP-

MS, are not effective due to the inclusions’ high and complex salinity, extremely low pH and/or low pressure.

Making synthetic solutions that match the complexity of natural acid saline inclusions is another challenge. Fluid

inclusions in acid-precipitated halite have proven to be excellent repositories for past surface chemical, physical,

and biological conditions. Although the methods used and data obtained from acid-precipitated halite and

gypsum are not exactly the same as for neutral-alkaline evaporites, acid inclusions provide high-resolution

environmental data for modern and ancient extreme environments. These extreme fluids may also have similari-

ties to other past extreme environments, to ore mineralizing fluids, and to past liquids on Mars.
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INTRODUCTION

Solution pH has been largely overlooked in fluid inclusion

studies. Traditionally, temperature, salinity, major ion com-

position, and the presence of gases have been the main foci

of studies of the aqueous chemistry of fluid inclusions.

However, extremely low and extremely high pHs can be

the dominant features of some natural liquids, including

acid mine drainage, acid crater lakes, and soda lakes. Low

pH leads to increased solubility for many metals, so acid

waters may have high concentrations of dissolved metals.

In addition, silica is soluble at both very high and very low

pH. Many acids are also denser and more viscous than

water.

Recent studies of fluid inclusions in halite and gypsum

precipitated from natural and synthetic acid saline waters

suggest that extremely low pH greatly affects some physio-

chemical behaviors of fluid inclusions (Benison & Gold-

stein 2002; Jagniecki & Benison 2010). In contrast, some

other physiochemical behaviors are affected little or not at

all by extremely low pH (Benison & Goldstein 1999;

Zambito & Benison 2013). Recognition of acidity in fluid

inclusions is crucial to deciphering past water environments

and behaviors.

The goal of this article is to provide a summary of the

state of knowledge of acid saline fluid inclusions. Samples

include bedded halite and gypsum from modern and

Permian acid saline lake systems. Supplemental samples are
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synthetic fluid inclusions in halite grown in the laboratory

from acid and acid saline solutions. This is the first article

focused solely and comprehensively on acid saline fluid

inclusions and is intended to evaluate various methods

used and summarize the data obtained from these extreme

fluid inclusions.

BACKGROUND

Previous work on pH of inclusion fluids

Relatively few studies have investigated the pH of fluid

inclusions. Roedder (1984a; see pp. 136–137) provides a

summary of those to that date. In general, these studies

are recorded in the Soviet literature from the 1950s and

1960s and used litmus paper or a pH meter on breached

individual large inclusions or leached groups of inclusions

in various minerals from ore deposits (see Roedder 1984a

for references). These studies report pH values of 4.3–8.3.

However, questions remain about whether the measured

pH of the released fluids is representative of the pH of the

trapped inclusions.

The advent of laser Raman spectroscopy provided a

method to analyze individual fluid inclusions in situ for

specific covalently bonded compounds, some of which are

related to pH. Aqueous sulfate and bisulfate were found to

be easily distinguished by this method (Turner 1972;

Cunningham et al. 1977; Rosasco & Roedder 1979;

Rudolph 1996). Moissette et al. (1990), Dubessy et al.

(1992), and Boiron et al. (1999) used the ratio of the

areas of the Raman spectral peaks of sulfate and bisulfate

to calculate very low pHs (approximately �0.5 to 2). A

Raman study of synthetic acid and acid saline fluid inclu-

sions and natural fluid inclusions in Permian halite deter-

mined that the simple presence of and number of bisulfate

peaks, and not their height or area, records low pH in

sulfuric acid solutions (Benison et al. 1998). Results

showed that the presence of one bisulfate Raman peak at

1054 cm�1 indicate pH between 0 and +1 and that two

bisulfate Raman peaks, one at 1054 cm�1 and one at

892 cm�1, indicate pH < 0. This latter study serves as a

foundation for this manuscript.

Geologic settings

Western Australia

Hundreds of ephemeral lakes with pH as low as 1.5 exist

in southern Western Australia (Mann 1983; McArthur

et al. 1989, 1991; Long & Lyons 1992; Benison et al.

2007). These lakes and adjacent acid groundwaters

precipitate halite (Fig. 1) and gypsum (Fig. 2), as well as

iron oxides, hydrated iron and aluminum sulfates, clay

minerals, and opaline silica. The lakes are dynamic envi-

ronments in which flooding, evapoconcentration, and des-

iccation strongly influence changes in water depth, salinity,

and pH (Benison et al. 2007; Bowen et al. 2012). This

setting has proven to be an excellent natural laboratory

because both quickly grown halite and its parent lake

water can be collected at the same time, allowing for natu-

ral fluid inclusions with a ‘known’ chemistry. The temper-

atures, pH, salinities, and major and minor element

compositions of dozens of these natural acid lakes have

been documented over varying temporal and spatial scales

(Bowen & Benison 2009). In addition, molecular analyses,

including DNA extraction and polymerase chain reaction

(PCR) amplification of the 16S rRNA gene sequences,

were conducted for several saline lakes in Western Austra-

lia. Genetic characteristics from two acid saline lakes show

that prokaryotes are diverse and many novel microorgan-

isms are represented (Mormile et al. 2009). Microorgan-

isms have recently been identified in fluid inclusions in

acid-precipitated bedded halite (Conner & Benison 2013).

This study of acid saline fluid inclusions employs both

modern lake halite and gypsum from Western Australian

acid saline lakes.

Permian red bed-hosted evaporites of the US midcontinent

The mid Permian Nippewalla Group of Kansas and Okla-

homa and age- and lithologic-equivalent Opeche Shale of

North Dakota consist of red bed siliciclastics and bedded

halite (Fig. 1) and gypsum. These rocks have been inter-

preted as deposits of lakes and associated sandflat/mudfl-

ats, sand dunes, and poorly developed desert soils (Benison

& Goldstein 2000, 2001). These Permian red beds and

evaporites are ancient analogs for the modern acid saline

lake settings of Western Australian based on comparative

sedimentology. Both the modern and Permian deposits are

characterized by the same siliciclastic and evaporite miner-

alogy, sedimentary textures, sedimentary structures, fossils,

and early diagenetic features.

The Opeche Shale bedded halite used in this study was

sampled from depths of 2247 to 2346 m in the Gulf-Ro-

manyyn 2-33-4B core from Billings County, North

Dakota. The Nippewalla Group bedded halite samples were

obtained from three cores: (i) the Rebecca K. Bounds core

from Greeley County, in far western Kansas along the

Colorado border, at depths of 580 to 780 m; (ii) the

Atomic Energy Commission (AEC) No. 5 core from Wich-

ita County in west-central Kansas, at depths of 472 to

632 m; and (iii) the Anadarko-Davis No. 1 core from Sew-

ard County in south-western Kansas, at depths of 402 to

433 m. Details about the stratigraphy and sedimentology

of these four cores are documented in Benison & Gold-

stein (2001, 2002) and Zambito et al. (2012).

Synthetic acid fluid inclusions

Halite was grown from neutral and sulfuric acid solutions

for the purpose of using trapped fluid inclusions as chemi-
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cal standards. In addition, standard solutions were enclosed

in glass capillaries for additional analyses. Variations in pH,

controlled by sulfuric acid and/or hydrochloric acid, and

salinity, controlled by varying concentrations of NaCl,

allowed for synthetic acid saline fluid inclusions. Composi-

tions of neutral synthetic saline solutions included NaCl-H2O

at pH 7.0 and NaCl-Na2SO4-H2O at pH 6.0. Acid saline

synthetic solutions included NaCl-Na2SO4-H2SO4-H2O,

NaCl-Ca2SO4-H2SO4-H2O, NaCl-Na2SO4-H2SO4-HCl-

H2O, and NaCl-Ca2SO4-H2SO4-HCl-H2O at pHs �1.0,

�0.5, 0, 0.5, 1.0, 1.5, 2.0, and 4.0. The synthetic inclusions

are simplistic in composition compared with the natural

inclusions from Western Australia lakes and the Permian of

the US midcontinent. The natural lake waters and fluid

inclusions are much more complex in their composition,

including some very high concentrations of Mg, K, Al, Si,

(A) (B) (C)

Fig. 2. Primary fluid inclusions in bottom-growth gypsum crystals precipitated in acid saline Lake Aerodrome in Western Australia. (A) Growth bands parallel

to crystal faces are defined by alternating lines of primary fluid inclusions (fi) and iron oxide mud-sized crystals (Fe). (B) Primary all liquid, L-S, and rare L-V-S

inclusions. (C) Primary fluid inclusions in gypsum. Vapor bubble in large L-V-S inclusion on right is interpreted as trapped atmosphere (crossed polars).

(A) (B) (C) (D)

(E) (F) (G) (H)

Fig. 1. Primary fluid inclusions in halite precipitated acid saline shallow lakes. (A–D) Permian halite. (E–H) Modern halite. (A) Growth bands in chevron halite

crystal, Opeche Shale, 7411′6″ depth, Gulf-Romanysyn 2-33-4B core, Billing County, North Dakota. (B) Primary L-V and L-V-S, fluid inclusions in Opeche

Shale chevron halite, 7411′6″ depth, Gulf-Romanysyn 2-33-4B core. Vapor bubbles formed by stretching during burial. (C) Growth bands in cumulate halite,

Permian Nippewalla Group, 1980′3″ depth, Rebecca K. Bounds core, Greeley County, Kansas. (D) Primary all-liquid fluid inclusions in Nippewalla Group chev-

ron halite. (E) Chevron halite crystal with two dissolution surfaces (d1, d2) that truncate fluid inclusion-rich growth bands, Twin Lake West, Western Austra-

lia. (F) Partial ‘raft’ composed of intergrown cumulate halite crystals with dark, fluid inclusion-rich growth bands, Twin Lake West, Western Australia. (G)

Primary fluid inclusions in cumulate halite crystal, Lake Magic, Western Australia. Note that most inclusions are all liquid, but one inclusion contains a large

bubble interpreted as trapped atmosphere. (H) All-liquid primary fluid inclusions in chevron halite from Twin Lake West, Western Australia.

© 2013 John Wiley & Sons Ltd
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Fe, As, Sb, Cu, and other elements, which are not repre-

sented in the synthetic solutions. However, the synthetic

fluid inclusions allow for specific pH and salinity values to

be tested in some inclusion studies.

METHODS

Field work and sampling

In modern acid saline settings, field work is an important

foundation to any fluid inclusion study. Field work at lakes

in Western Australia included mapping of modern facies

and measurement of water depth, water pH, water salinity,

and water temperature. Modern facies mapping consisted

of observing and documenting sediment types, sedimentary

textures, and sedimentary structures. Biological features

and basic weather and climate conditions were also noted.

Salinity was measured with a Hoke optical salinity refrac-

tometer, which measures total dissolved solids in 1% incre-

ments up to 30%. Oakton Testr2 portable pH meters,

designed to automatically correct for temperature and to

measure pH in high salinity and extreme pH ranges, were

used to measure pH of lake waters in the field. Water and

air temperatures in the field were measured with alcohol

thermometers.

Field work in Western Australia has included six field

trips over a 10-year period. A group of 12 lakes has been

revisited and studied on all field trips, with some additional

lakes visited less frequently. These six field trips during dif-

ferent seasons and weather conditions have demonstrated

the dynamic nature of these lakes. Flooding, evapoconcen-

tration, and desiccation occur and strongly influence water

depth, water salinity, pH, mineral precipitation–dissolution,

and biological activity (see Benison et al. 2007 and Bowen

& Benison 2009 for details of Western Australia field

processes and water geochemistry).

Sampling modern halite and gypsum in Western Austra-

lia for fluid inclusion studies included collection of both

loose crystals as well as lithified halite and gypsum beds.

Loose crystals were sampled by hand, but sampling halite

and gypsum beds required the use of shovels and rock

hammers. It is important to pack samples carefully for ship-

ment. Typically, samples were collected in plastic contain-

ers and left open overnight to dry. This caused any

remaining water to evaporate and samples to ‘case harden’

(by cementation), making them more rigid. Samples were

then packed in airtight plastic bags and placed in plastic

containers with sufficient cushioning. Orientations were

marked to document up directions of samples.

Ancient evaporites to be used for fluid inclusion studies

are typically found in cores, which were drilled without

fluids, or drilled with diesel fuel or with salt-saturated dril-

ling muds. Halite cores must be slabbed carefully; cutting

dry halite with a rock saw will shatter the halite; cutting

with a rock saw using abundant water will dissolve the

halite. Cutting with a hydrophobic cutting oil or with a

small amount of water that is directed toward the saw

blade and not dripped directly on the core is preferred.

Once in the laboratory, it is important to keep halite,

and to a lesser extent gypsum, away from heat, pressure,

and water. Low-speed small trim saws allow halite and

gypsum to be cut for petrographic study. Thick sections

are cut to be approximately 6–10 cm long, approximately

3–6 cm wide, and approximately 5 mm thick. They are not

glued to glass. If a small amount of water is dripped over

the low-speed saw blade during cutting, polishing is not

necessary. These thick section slabs were used for basic

petrographic descriptions. After that, halite and gypsum

samples are cut into smaller chips with razor blades for

fluid inclusion analyses.

Analytical methods

Petrographic observations were an important foundation

for other methods used. We used an Olympus SZX10

binocular microscope with 6.3–63 9 magnification, as well

as an Olympus BX 53 and Leitz Laborlux research micro-

scopes with magnification up to 20009. Light sources

included transmitted plane light, reflected light, polarized

light, and UV-vis light at wavelengths of 335 and 365 nm.

Petrography allowed for general descriptions of fluid

inclusion assemblages, as well as inclusion sizes, shapes,

phases, and the presence of microorganisms and organic

compounds.

Representative samples with vapor bubbles were sub-

jected to crushing to determine pressure of inclusion trap-

ping. A simple homemade crushing stage was made using

one small (1 9 2 inch) glass slide sandwiched at one end

as a hinge between two large (2 9 3 inch) glass slides and

secured at the hinge end with duct tape (see sketch in

Goldstein & Reynolds 1994, p. 75). An individual halite

or gypsum chip, covered with 2–3 drops of mineral oil,

was placed in the glass stage and positioned on the micro-

scope stage. Once the selected fluid inclusion with vapor

bubble was focused, it was photographed so that the prec-

rushing volume of the vapor bubble could be calculated

from the measured diameter of the vapor bubble. Then

the top glass slide of the homemade crushing stage was

pressed firmly at the nonhinge end until cracks propagated

through the halite chip, and the fluid inclusion hosting the

vapor bubble was breached. The released vapor bubble was

then photographed and measured to compare the post-

crush and precrush vapor bubble volumes.

Laser Raman spectroscopy (see Benison et al. 1998 for

detailed methodology) of fluid inclusions in halite was used

to document bisulfate as an indicator of acidity. In addi-

tion, laser Raman microscopy was used to document min-

erals and organic compounds within fluid inclusions.

© 2013 John Wiley & Sons Ltd
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Raman microprobes used included a multichannel Horiba

Jobin-Yvon S-3000 laser Raman microprobe equipped with

a 514 nm argon laser and a multichannel Kaiser Optical

System Holoprobe RXN1 equipped with both a 532 nm

green laser and a 785 nm red laser.

Microthermometry of fluid inclusions in halite consisted

of both homogenization runs and freezing–melting runs.

A FLUID Inc. adapted USGS gas flow heating–freezing

stage was used for most microthermometry; a Linkam

THMSG600 fluid inclusion stage was also used for some

analyses. To prepare for homogenization runs, halite chips

containing all-liquid fluid inclusions were cooled in a

kitchen freezer to produce artificially nucleated vapor

bubbles. Homogenization of these vapor bubbles upon

warming documented shallow water temperatures at which

halite grew (see Benison & Goldstein 1999 for detailed

methodology). Freezing–melting microthermometry was

performed to estimate salinity and major element chemistry

(see Jagniecki & Benison 2010 for detailed methodology).

Crush and leach analyses were conducted using both ion

chromatography and inductively coupled plasma-atomic

emission spectrometry to determine major ions. Halite

chips with abundant primary fluid inclusions and no obser-

vable secondary fluid or solid inclusions were carefully

selected, weighed, and washed twice in ethyl alcohol in a

clean laboratory. Each halite chip was crushed individually

with a mortar and pestle under 5 ml of pure, fresh ethyl

alcohol. A syringe was used to remove liquid from the

solid halite and then was filtered through a 0.45-lm-mi-

croglass filter into a centrifuge tube. Samples were centri-

fuged at low speed (699 g) for 2 min, and then samples

were pipetted from centrifuge tube through microglass fil-

ter into a syringe with millipore filter and syringed into a

Teflon beaker. The beaker with sample was put into an

evaporating box at 65°C until all liquid had evaporated.

Five ml of doubly distilled water was added to the beaker,

and samples were then analyzed. A Dionex 400i ion chro-

matograph (IC) was used to analyze anions Cl, SO4, and

Br. A thermal Jerrel Ash polyscan 61E inductively coupled

plasma-atomic emission spectrometer (ICP-AES) was used

to analyze cations Na, K, Ca, Mg, Sr, Si, Al, and Fe. Raw

data are nonquantitiative because the amount of inclusion

liquid leached is not known. However, sulfate value range

of 3500–19 250 ppm as measured by laser Raman micros-

copy (Benison et al. 1998) can be used to normalize sul-

fate leachate data. Then, relative ratios determined by

leachate analysis are used to estimate concentrations in

ppm. Twenty-three Nippewalla halite samples and three

Opeche halite samples were analyzed. To evaluate the pro-

cedure, this method also analyzed: (i) distilled, deionized

water blank, (ii) an uncrushed procedure blank (used inclu-

sion-free Opeche halite), (iii) a crushed procedure blank

(used inclusion-free Opeche halite), (iv) a powdered proce-

dure blank (used inclusion-free powdered Opeche halite),

(v) a standard cocktail procedure blank (processed syn-

thetic solution through procedure, except stirred instead of

crushed), and (vi) eight synthetic halites. Halites used for

procedural blanks were interpreted as inclusion-free

because they were clear, and no inclusions were observed

during careful petrography.

RESULTS

Petrography of fluid inclusions in acid-precipitated halite

and gypsum

Primary fluid inclusions along growth bands in bedded

halite are easily recognizable and define the type of halite

crystal (Fig. 1). They appear as cloudy bands in otherwise

clear halite when viewed with the naked eye or at low

magnification. At higher magnification, individual growth

bands appear as mm-scale thick features composed of

abundant, cubic and subcubic fluid inclusions. Millimeter-

thick alternating inclusion-rich- and inclusion-poor growth

bands arranged in a chevron pattern can be recognized as

cm-scale chevron halite crystals (Fig. 1A). Thinner growth

bands can also be recognized in smaller (mm-scale) crys-

tals and define them as cumulate crystals (Fig. 1F). Many

beds in the Western Australian and Permian halite of this

study contain only chevron crystals. Some beds contain

both chevron and cumulate crystals. Commonly the fluid

inclusion growth bands are truncated horizontally along

the top of the bed (Fig. 1E), and/or vertically by clear

halite.

Many chevron crystal growth bands in both modern and

Permian acid-precipitated halite are composed of multiple,

fine lines of primary fluid inclusions (Fig. 1B–D). Each line

of inclusions is considered an individual fluid inclusion

assemblage. Primary fluid inclusions are negative crystal

shaped, having cubic, subcubic, and, less commonly, rect-

angular shapes (Fig. 1B,D,G,H). Primary fluid inclusions

range in size from 1 to 125 microns. Primary fluid inclu-

sions are generally smaller (approximately 1–50 l) in

cumulate crystals and larger (5–120 l) in chevron crystals.

The majority of primary fluid inclusions in the modern

Western Australian halite and the Permian Nippewalla

Group halite are all liquid (Fig. 1G,H). In contrast, the

deeper-buried Opeche Shale contains mostly liquid–vapor

inclusions with consistent liquid/vapor ratio (Fig. 1B).

Opeche inclusions also are more subcubic, with slightly

rounded corners. Some primary inclusions in modern Wes-

tern Australia, Permian Nippewalla Group, and Permian

Opeche Shale bedded halite also contain solid crystals of

needle-shaped gypsum and/or unspecified hydrated sulfate

minerals. Some primary inclusions also contain microor-

ganisms and organic compounds (Fig. 3). Rare primary

inclusions, more common in cumulate halite than in chev-

ron halite, contain a large vapor bubble (Fig. 1G).

© 2013 John Wiley & Sons Ltd
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Secondary and pseudosecondary fluid inclusions are rare

in these halites, but are more abundant in the Opeche

Shale than in the Nippewalla and Western Australia halites.

Secondary and pseudosecondary inclusions can be easily

distinguished from primary inclusions, mainly by differ-

ences in shape and size. Secondary and pseudosecondary

inclusions are larger (approximately 50–300 l) and have a

variety of irregular shapes. They occur along planes that

are not perfectly parallel to crystal faces and some crosscut

primary growth bands. Secondary and pseudosecondary

fluid inclusions were not further used for any analyses.

Some secondary fluid inclusion assemblages in the Opeche

Shale contain petroleum that fluoresces bright blue in

UV-vis light.

Lake-precipitated gypsum exists in both the modern

Western Australian deposits, as well as the Permian rocks.

The Permian gypsum has been hydrated and dehydrated

repeatedly, causing multiple transitions between gypsum

and anhydrite. The Permian gypsum/anhydrite displays the

gross morphology and stratigraphic position to allow it to

be interpreted as having formed as bottom-growth

swallowtail lake gypsum. However, the fluid inclusions in

the Permian gypsum/anhydrite are not primary, so no fluid

inclusions from Permian gypsum are used in this study.

Gypsum crystals from two Western Australian acid saline

lakes were used in this study (Fig. 2). These are swallowtail

twinned, bottom-growth crystals that start from a point in

the substrate and widen as they grow upward into the lake

water column. These gypsum crystals range from 2 to

10 cm long and are orange in color. Three types of growth

bands parallel to crystal faces have been observed and

include (i) planes with abundant orange solid inclusions of

hematite mud, (ii) planes rich with white solid inclusions

of kaolinite, and (iii) lines of primary fluid inclusions

(Fig. 2A). Primary fluid inclusions in this gypsum are

abundant and relatively large (commonly 20–150 l), sub-
rectangular (Fig. 22B), and relatively thin (commonly

approximately 10–30 l thick). Most inclusions in bottom-

growth gypsum from Western Australia are all liquid

(Fig. 2B), but rare inclusions contain a vapor bubble

(Fig. 2B,C). Some inclusions contain solids, some of which

are yellow, and some of which are clear (Fig. 2B,C).

Neither secondary nor pseudosecondary inclusions were

identified during petrographic observations of gypsum.

Other features are noted within and associated with

some fluid inclusions in modern and Permian halite and

modern gypsum from acid lakes include dark ‘hairy blobs’

(Fig. 3C; Benison et al. 2008). In addition, microscopy in

the 480–20009 range reveals two other features. The

smaller are 1–2 lm, bright, high-relief spheres (Fig. 3B).

The second are 5–7 lm, pale yellow, bright yellow, or

orange slightly dimpled spheres (Fig. 3A1). Some growth

bands exhibit few, if any, of these features. Other growth

bands contain fluid inclusions with one or more small or

larger spheres. When UV light is applied, the ‘hairy blobs’

and 5–7 lm, dimpled spheres fluoresce pale blue

(Fig. 3A2), and the smaller bright spheres fluoresce pale-

medium green. Some pink fluorescence is seen for some

orange clumps associated with the larger dimpled spheres.

Crushing paleobarometry analyses

Six halite-hosted fluid inclusions containing vapor bubbles

(five from Permian halite and one from modern halite) and

two modern gypsum-hosted fluid inclusions with vapor

bubbles were successfully subjected to fluid inclusion

crushing runs to determine the pressure of entrapment. All

eight crushing runs yielded no change in the volume of

the vapor bubble as a result of crushing.

Laser Raman analyses of acid fluid inclusions in halite

Laser Raman analyses of liquid of all 92 fluid inclusions

analyzed in the Opeche Shale resulted in at least one peak

(A1) (A2) (B) (C)

Fig. 3. Primary acid fluid inclusions containing microorganisms. (A1, A2) Pale yellow suspect Dunaliella algae (D) and smaller prokaryote (p) in halite from

Twin Lake West, Western Australia; (A1) plane transmitted light, (A2) UV-vis. (B) Primary L-V fluid inclusion containing prokaryote (p), Permian Opeche

Shale halite, 7411′6″ depth, North Dakota; note pale green color as a result of combined UV-vis and transmitted light. (C) ‘Hairy blob’ community of

bacteria/archea trapped in primary fluid inclusion in halite from Permian Opeche Shale, 7412′ depth, North Dakota.

© 2013 John Wiley & Sons Ltd

6 K. C. BENISON



for bisulfate, at approximately 1054 cm�1, and one peak

for sulfate, at approximately 986 cm�1 (Fig. 4). Rare inclu-

sions in the Opeche Shale also had a weak second bisulfate

peak at approximately 892 cm�1. In the Nippewalla halite,

only eight of the 51 inclusions analyzed showed a bisulfate

peak at 1054 cm�1, but all had a strong sulfate peak at

approximately 986 cm�1 (see Fig. 4B,C,D; Raman data for

liquid phase in Opeche and Nippewalla, as well as synthetic

halites are detailed in Benison et al. 1998). Both modern

acid saline lake water sampled at Lake Magic when it had a

pH 1.7 and fluid inclusions in Lake Magic halite collected

at the same time, yielded a Raman spectra with a strong

sulfate peak, but no bisulfate peak (Fig. 4E,F). However,

rare fluid inclusions from two other lakes in Western

Australia have a weak approximately 1054 cm�1 bisulfate

peak (Fig. 4G).

Laser Raman analyses of gypsum-hosted fluid inclusions

yielded spectra with abundant ‘noise’, likely due to the

spectral peaks of the host gypsum, the water peaks of both

the host gypsum and the inclusion liquid, and possible

spectra from hematite and kaolinite solid inclusions. In

addition, some samples emitted fluorescence when the laser

was applied to the sample. For these reasons, it proved

difficult to obtain and interpret Raman spectra from fluid

inclusions in gypsum. This method was, therefore, not

pursued fully.

Laser Raman analysis has also been performed on solid

inclusions and crystals within fluid inclusions, as well as

suspect microorganisms in fluid inclusions. Many solids

have Raman spectra that include peaks for both sulfate

and water, as well as other peaks (Jagniecki & Benison

2010), suggesting unidentified hydrated sulfate minerals.

Some crystals have a Raman spectra characteristic of

betacarotene (see Conner & Benison 2013). Some sus-

pect microorganisms yield a disordered graphite-like

Raman spectra (Benison et al. 2008; Jagniecki & Benison

2010).

Microthermometry of acid fluid inclusions in halite

Halite from the Permian Nippewalla Group was used for

homogenization runs because it contains mainly all-liquid

primary inclusions at room temperature, and petrography

shows evidence that inclusions have not been altered.

Homogenization runs were performed on 627 primary,

originally all-liquid inclusions from 24 beds in three

cores of the Nippewalla Group (Fig. 5). Temperatures

agreed within 2–4°C for individual inclusions within sin-

gle fluid inclusion assemblages. Because multiple fluid

inclusion assemblages comprise individual cloudy chevron

growth bands, it was possible to trace homogenization

temperatures from base to top of single growth bands.

Homogenization temperatures ranged up to 32°C from

base to top of these chevron growth bands, representing

diurnal temperature range estimates. The overall tempera-

tures for all homogenization runs ranged from 8 to

73°C (see Benison 1995; Benison & Goldstein 1999;

(A)

(B)

(C)

(D)

(E)

(F)

(G)

Fig. 4. Raman spectra of acid saline waters. (A) Standard NaCl-Ca2SO4-

H2SO4-H2O solution at pH 0 with peaks for sulfate and bisulfate. (B) Pri-

mary fluid inclusion liquid in halite from Permian Opeche Shale with peaks

for sulfate and bisulfate. (C) Primary fluid inclusion liquid in halite from

Permian Nippewalla Group with peaks for sulfate and bisulfate. (D) Primary

fluid inclusion liquid in halite from Permian Nippewalla Group with peak for

sulfate, but no peak for bisulfate. (E) Lake water from Lake Magic, Western

Australia, pH 1.7; sulfate peak but no bisulfate peak. (F) Primary fluid inclu-

sion in halite from Lake Magic, pH 1.7, with sulfate peak, but no bisulfate

peak. (G) Primary fluid inclusion from Twin Lake West, Western Australia

halite with both a sulfate and a bisulfate peak. Note that only the lowest

pH waters have bisulfate peak in Raman spectra. Modified after Benison

et al. 1998 and Jagniecki & Benison 2010.

© 2013 John Wiley & Sons Ltd
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and Zambito & Benison 2013 for all homogenization

data).

Fluid inclusions in synthetic halite of various pH, mod-

ern Western Australia halite from several lakes of different

pHs, and Permian Nippewalla halite have undergone freez-

ing–melting runs. Fluid inclusions in Opeche halite failed

to freeze, even when subjected to �178°C, the lowest

temperature reached, for several minutes. Fluid inclusion

freezing–melting behavior representative of various low pH

are presented in Fig. 6. For acid inclusions (pH < 4),

eutectic temperatures ranged from approximately �37 to

approximately �33°C, clear hydrohalite rims formed, fuzzy

borders appeared from approximately �29 to approxi-

mately �5°C (but only in natural and not synthetic acid

inclusions; compare Fig. 6B,D,E with Fig. 6A,C), and final

melting temperatures were approximately 0 to approxi-

mately +2°C. Lots of metastable solids formed and dis-

solved, as well. Figure 6F depicts the generalized freezing–

melting behavior that seems to be unique to acid saline

inclusions. Jagniecki & Benison (2010) presents a detailed

contrast of freezing–melting behaviors between acid and

neutral fluid inclusions.

Analyses of acid fluid inclusion leachates

Analyses of fluid inclusion leachates for the Permian halites

yielded major element compositional data. Averaged results

for 23 halite samples from the Nippewalla Group and three

halite samples from the Opeche Shale are shown in Fig. 7.

Note that Na and Cl values are much higher than other

elements (over 70 000 ppm). Relatively high amounts of

the other major ions, Ca, Mg, K, and SO4 were also

detected. Ca, Mg, and K calculated values range from

approximately 1000 to 30 000 ppm. SO4 ranged up to

60 000 ppm. Of particular note, though, are the values for

Sr (up to 424 ppm), Al (up to 13 175 ppm), Fe (up to

853 ppm), and Si (up to 2060 ppm; Benison & Goldstein

2002).

INTERPRETATIONS

Petrography of fluid inclusions in halite and gypsum

Fluid inclusions in modern and Permian acid-precipitated

halite are fairly similar petrographically to fluid inclusions

documented for modern and ancient shallow lake and

saline pan halite from neutral and alkaline settings (i.e.

Lowenstein & Hardie 1985). Chevron crystals grew

upward from the bed of the shallow water body. Cumulate

crystals grew at the water–air interface or within the water

column before sinking to the bottom. Cumulate crystals

growing at the air–water interface commonly grew laterally

into one another, forming multicrystal ‘rafts’. The presence

of chevron-only and shared chevron and cumulate beds

suggests that lake water depths were shallow, likely less

than approximately 0.5 m. Truncations of fluid inclusion

growth bands by clear halite are indications that the lake

halite underwent periodic dissolution by flooding. These

petrographic characteristics are all consistent with shallow

ephemeral saline lakes.

The similarity between modern and Permian halite fluid

inclusion petrography suggests that the Western Australian

bedded halite is a good modern analog for the Permian

bedded halite. However, differences between the Opeche

halite fluid inclusions and the Western Australia and

Nipepwalla inclusions exist. The Opeche halite has

inclusions with more rounded corners and vapor bubbles.

In addition, the Opeche halite has secondary and pseudo-

Fig. 5. Summary histogram of homogenization temperatures of primary fluid inclusions in Permian Nippewalla Group bedded halite. Samples were taken

from three cores in western Kansas. Vapor bubbles in fluid inclusions were produced artificially by cooling in a kitchen freezer. Details of data can be found

in Benison & Goldstein (1999) and Zambito & Benison (2013).
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secondary fluid inclusions. These differences are likely due

to the deeper burial depth of the Opeche halite. If one

estimates a typical geothermal gradient and lithostatic

gradient, the burial depth of approximately 2300 m sug-

gests that the Opeche halite used in this study was likely at

approximately 70°C and approximately 0.65 kbar of pres-

sure for a long period of geologic time. This may have

been enough heat and pressure to stretch the primary

inclusions slightly to result in slightly enlarged and

deformed shapes and produce vapor bubbles (see Petri-

(A)

(B)

(C)

(D)

(E)

(F)

Fig. 6. Freezing–melting behavior of fluid inclusions in acid-precipitated synthetic (A and C), modern (B and D), and Permian (E) halite. (A) Synthetic halite,

pH 0.0. (B) Lake Magic, Western Australia halite, pH 1.7. (C) Synthetic halite, pH 2.0. (D) Twin Lake West, Western Australia halite, pH 2.7. (E) Permian

Nippewalla Group halite, pH approximately 3? (F) Schematic drawing of generalized freezing–melting behavior of acid saline inclusions with interpretation of

various phases at different temperatures.

© 2013 John Wiley & Sons Ltd
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chenko 1979; Roedder & Belkin 1980; Roedder 1984b).

These primary inclusions were likely all liquid when

originally trapped during the Permian. In contrast, the

greater similarity between the Western Australian halite

and the Nippewalla halite suggests that the shallower burial

of the Nippewalla at approximately 400–600 m allowed it

to be deep enough to escape late-stage dissolution near the

surface, but shallow enough to avoid alteration of fluid

inclusions by heat and pressure.

Fluid inclusions in gypsum and associated hematite and

kaolinite solid inclusions suggest a record of temporal

changes in water chemistry. Field work at one of the gyp-

sum lakes in Western Australia noted a short-term (approx-

imately 10–15 min) reddening of the entire lake once and

a short-term (approximately 10–15 min) whitening of

approximately half of the lake at another time. These

‘redding’ and ‘whiting’ events at the lake were spontane-

ous precipitation of hematite and kaolinite, respectively,

from the acid saline lake waters, likely due to some slight

change in the lake water, which was already enriched in Fe,

Al, and Si. Redding and whiting events are responsible for

the orange hematite mud and white kaolinite that define

some individual growth bands (Benison et al. 2007; Bo-

wen & Benison 2009). The primary fluid inclusions along

growth bands grew at times when gypsum was actively pre-

cipitating from the lake fairly quickly, likely during periods

of lake evapoconcentration.

Large rare vapor bubbles in some fluid inclusions in

halite and gypsum are interpreted as air bubbles due to

their growth location at or near the air–water interface, as

well as their uncommon occurrence, and their presence

commonly in larger fluid inclusions. Crushing results show

that these vapor bubbles were trapped at atmospheric pres-

sure, a consistent result for trapped atmosphere. Modern

halite sampled as it grew at the air–water interface is char-

acterized by the same large rare vapor bubbles, and mod-

ern deep water halite does not contain these vapor

bubbles, strongly suggesting that stretching and leaking of

these inclusions can be ruled out as a possible origin of the

bubbles.

The ‘hairy blobs’, as well as the 1–3-lm-bright spheres

and the 5–7-lm-dimpled spheres, are considered microor-

ganisms. The ‘hairy blobs’ have been previously interpreted

as colonies of bacteria/archea, algae, or fungi associated

with sulfate crystals (Benison et al. 2008). UV-vis fluores-

cent response and Raman spectroscopy also support this

interpretation.

Crushing paleobarometry result interpretations

According to Boyle’s Law, no change in volume indicates

that there was no change in pressure. Therefore, these

crushing results are interpreted to indicate that the fluid

inclusion was trapped at surface pressure. These results are

consistent with the interpretation that the large vapor bub-

bles in rare primary inclusions are trapped atmosphere. In

addition, these same surface pressure interpretations for

the Permian samples as the modern Western Australian

samples confirm the petrographic evidence that the Wes-

tern Australian lakes are good modern analogs for the

Permian deposits.

Laser Raman analyses of acid fluid inclusions in halite

Laser Raman analyses suggest that the Opeche Shale halite

formed in extremely acid conditions, with pH < 1 and

sometimes <0. The Nippewalla and Western Australia

halite contain some fluid inclusions with pH 0–1, but most

fluid inclusion in these halites had higher pH. Because of

the nature of the method, only pH < 1 can be determined.

The upper pH limit for the Nippewalla and Western

Australia halite parent waters cannot be determined with

Raman analyses.

Laser Raman analysis indicates that there are gypsum

and several other types of hydrated sulfate minerals, which

exist as accidental crystals within fluid inclusions and as

solid inclusions. Several of the solids have Raman spectra

similar, but not perfectly matching, some hydrated metal

sulfates, suggesting that they contain one or more metals

(Jagniecki & Benison 2010). Raman peaks for sulfate and

water were also recognized in the aqueous phase of the

inclusions. This suggests that the parent lake waters were

sulfur-rich and complex and may have had high dissolved

metal concentrations, as many acid waters do. Jagniecki &

Benison (2010) contains related details.

Raman spectra for other orange solids are characteristic

of betacarotene (Vitek et al. 2009; Osterrothova &

Jehlicka 2011). Some suspect microorganisms yield a

disordered graphite-like Raman spectra (Ferrari &

Robertson 2000, 2001). Both Raman characteristics are

Fig. 7. Major element composition of fluid inclusions in Permian Nippewal-

la Group and Opeche Shale halite as determined by leachate analyses.

Cations were measured by ICP-AES and anions were measured by IC. Note

that Na and Cl are likely artificially high due to possible dissolution of some

halite in the process of crushing and leaching. Ratios amongst elements,

combined with total salinity as estimated by freezing–melting, indicate that

Sr, Al, Fe, and Si are unusually high.
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consistent with the presence of microorganisms and

organic compounds in some fluid inclusions (Benison

et al. 2008; Jagniecki & Benison 2010; Conner & Beni-

son 2013).

Microthermometry of acid fluid inclusions in halite

Homogenization and freezing–melting runs showed that

fluids were extreme in their temperature range and in their

salinity and composition. Homogenization temperatures

from the Nippewalla Group halite are interpreted as Perm-

ian shallow lake water temperatures. The validity of this

method was confirmed by the agreement in homogeniza-

tion temperatures within 2–4°C of inclusions of different

sizes within individual fluid inclusion assemblages (Benison

& Goldstein 1999; Zambito & Benison 2013). Because

shallow waters (cm-scale) are very similar in temperature to

local air, these homogenization temperatures can be con-

sidered proxies for Permian air temperatures. The high

temperatures up to 73°C indicate that the mid Permian of

Kansas reached unusually high temperatures. In addition,

there were also large diurnal temperature ranges (Zambito

& Benison 2013).

Freezing–melting data indicate that Permian fluid

inclusions, like their modern counterparts, were extremely

saline and acid. Opeche halite fluid inclusions are likely

too extreme in acidity and salinity to freeze. The fluid

inclusions in Western Australia halite, the Nippewalla

halite, and the synthetic halite show freezing–melting

behavior different than well-documented freezing–melting

data for neutral and alkaline synthetic and natural inclu-

sions in halite (i.e. Davis et al. 1990; Jagniecki & Beni-

son 2010).

Freezing–melting behaviors unique to acid inclusions

seem to be their fuzzy border and their ‘building block’

deformation of inclusion walls near and just above 0°C
(Fig. 6). Also noted was a difference between the synthetic

and natural acid inclusions. The natural acid inclusions had

a more pronounced fuzzy border and more metastable

solids. The natural acid saline inclusions are more complex

in their chemical composition than are the synthetic acid

saline inclusions. These other components of the natural

inclusions likely account for reactions that cause the pro-

nounced fuzzy border and metastable solids.

Analyses of acid fluid inclusion leachates

Analyses of fluid inclusion leachates for the Permian halites

result in very high amounts of most major elements and

unusually high concentrations of Sr, Al, Fe, and Si

(Fig. 7). These values are similar to concentrations of the

same elements as determined from analyses of Western

Australian acid saline lake waters by a variety of aqueous

geochemical methods (Bowen & Benison 2009).

DISCUSSION

Ancient extreme terrestrial environments

Fluid inclusion analyses have determined that Permian red

bed-hosted halite of the midcontinent formed in extreme

environments characterized by lake waters with unusually

low pH, highly saline, and highly complex lake waters.

Laser Raman spectra indicate fluid inclusions have

pHs < 1, and some <0. Freezing–melting behavior of

inclusions, fluid inclusion leachate analyses, and laser

Raman identification of some accidental solids within fluid

inclusions suggest high salinity, acidity, and complex chem-

istry. Temperatures of these environments were also

extreme in their maximum highs and diurnal ranges.

Microorganisms still managed to live in these waters and

were likely adapted to these extreme lakes that frequently

flooded, evaporated, and desiccated. The combination of

data sets from the Permian with the Western Australian

modern analog allowed for the Permian data to be evalu-

ated. If not for such a modern counterpart, the extreme

results of the Permian inclusions might have been dis-

missed as being ‘unrealistic’.

Figure 8 compares and contrasts the results of the ana-

lytical methods of fluid inclusions in synthetic, modern,

and Permian acid-precipitated halite with those analyzed in

neutral-precipitated halite. Some methods, in particular

petrography and homogenization runs, have similar results.

This indicates that pH does not affect the physical aspects

of the fluid inclusions enough to noticeably change their

shape or volume. In contrast, the other methods con-

ducted resulted in distinct differences between neutral and

acid inclusions. Minor differences were observed between

synthetic and natural acid inclusions, suggesting that the

complex nature of the natural inclusions (defined by the

high number of, and abundance of, elements in solution)

yields some different results than the relatively simple

compositions of the synthetic inclusions.

Benefits and challenges of studying acid saline fluid

inclusions

This study shows that ancient halite, when buried at appro-

priate depths, may remain well preserved and may contain

unaltered primary fluid inclusions. The depths of the

Nippewalla halite, from approximately 400 to 630 m, seem

ideal for preservation of fluid inclusions. Although the

depths of the Opeche halite, here at approximately

2300 m, have altered the inclusions enough so that accu-

rate homogenization runs are not possible, chemical and

biological integrity of the inclusions remained, allowing for

many methods to still produce valid results.

Fluid inclusions in gypsum have more limited uses in

the study of past acid saline waters. Because gypsum

© 2013 John Wiley & Sons Ltd
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dehydrates to anhydrite so easily and may rehydrate and

redehydrate repeatedly, primary fluid inclusions are altered

and/or destroyed in ancient gypsum/anhydrite. In this

study, the modern gypsum from Western Australia

contained abundant and large primary fluid inclusions, but

the Permian gypsum/anhydrite had no primary fluid inclu-

sions. In addition, the halite proved more amenable to

most methodologies attempted than did the gypsum. Both

Fig. 8. Summary comparison of acid versus neutral primary fluid inclusions in bedded halite. Data used to compile table from Benison (1995); Benison &

Goldstein (1999); Benison & Goldstein (2002); Benison et al. (1998, 2007, 2008); Conner & Benison (2013); Jagniecki & Benison (2010); Zambito & Benison

(2013). Please note that modern acid and neutral fluid inclusions from Western Australia match their parent lake waters as described in Benison et al. (2007);

Bowen & Benison (2009); and Jagniecki & Benison (2010).

© 2013 John Wiley & Sons Ltd
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the halite and gypsum have abundant and relatively large

fluid inclusions. But the gypsum contained abundant

hematite and kaolinite solid inclusions, interfering with the

optical views of some of the fluid inclusions. Also, laser

Raman spectroscopy is more suited for analyses of inclu-

sions in halite because the host halite has no covalent

bonds to produce background Raman spectra, as does the

gypsum. Regardless, the petrography of the modern

gypsum still reflects important information about the basic

physical, chemical, and biological conditions of the

Western Australia lakes.

Some methods attempted in this study failed. Crushing

of halite chips on strips of litmus paper in a mortar and

pestle was conducted to try to leach enough inclusion fluid

that it might mark the litmus paper and yield another

method to determine pH. No wetting of the litmus paper

occurred. Perhaps, the inclusion fluids evaporated as soon

as they came in contact with the room air. Another

method attempted to sample inclusions was laser ablation.

However, the breached inclusions did not send liquids

high enough to be caught in the ion beam and carried into

the instrument. This may be due to the fact that the inclu-

sions are not under pressure, but are trapped at room pres-

sure, so breached inclusions simply leak onto mineral

surface, rather than being forcefully ejected out of the host

mineral.

Making standard solutions that approximated the low

pH, high salinity, and complex composition of the acid sal-

ine fluid inclusions proved to be quite challenging. Grow-

ing synthetic halite as a host for standard inclusions was

straightforward, and the geochemical analytical results of

the modern Western Australian acid saline lakes served as

models for the targeted chemical compositions of the stan-

dards. However, some of the components of the natural

waters were unusually high (i.e. up to 12 000 ppm Si and

up to 8000 ppm Al in brines that have pH of 1.7 and 32%

salinity). Therefore, the standard solutions used to grow

the synthetic halites were much more simplistic than the

natural acid brines.

Applications to understanding other extreme fluids

This study of ancient acid saline inclusions with a paired

modern sedimentary environment has allowed for the

methodology for evaluation of physical, chemical, and bio-

logical data to be tested. This paves the way for studies of

other ancient acid saline solutions represented only by fluid

inclusions, without a known and accessible modern analog.

Some of the fluid inclusion methods presented here may

be applied to other suspected acid saline inclusions, such as

in some other extreme sedimentary systems, such as some

hydrothermal spring deposits in the rock record, and some

ore-hosting mineralization. Furthermore, it has been

proposed that sedimentary rocks on Mars were formed by

acid brines (Benison & LaClair 2003; Benison 2006; Beni-

son & Bowen 2006; Bowen et al. 2012), and so some

methods in this study should be considered both for future

in situ analyses by Mars landers and rovers and for Mars

samples that may be returned to Earth (Farmer et al.

2009; King & McLennan 2010). Other extraterrestrial

samples with fluid inclusions, such as halite in meteorites,

may also be subjected to some of the methods described

here (i.e. Zolensky et al. 1999).

CONCLUSIONS

This study has characterized fluid inclusions in halite and

gypsum precipitated in acid saline lakes. Western Austra-

lian acid saline lakes have proven to be a modern natural

laboratories that show that primary fluid inclusions in bed-

ded halite and gypsum reflect conditions of their parent

waters. The study of fluid inclusions in Permian bedded

halite has been instrumental in the identification of Perm-

ian lake systems that were extreme in their acidity, salinity,

compositional complexity, and temperatures. Fluid inclu-

sion studies have also allowed for the recognition of

Permian microorganisms that lived in these extreme lakes.

As a result of this study, it is now recognized that some

characteristics of halite, such as fluid inclusion petrography

and homogenization microthermometry, are similar,

regardless of pH. However, low pH greatly affects other

fluid inclusion characteristics, such as freezing–melting

behavior, laser Raman spectra, and leachate composition.

The data described in this study may be used to better

recognize other low pH fluid inclusions in the rock

record.
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