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Regional-scale extreme acid brines in southern Western Australia are an example of sulfur-rich end-member
continental waters and are amongst the most physically and chemically dynamic settings in the world. Here,
aqueous sulfur compounds, sulfur minerals, and sulfur-interacting microorganisms are abundant and diverse
and sulfur cycling is intense. Lake waters and groundwaters of the Yilgarn Craton are Na–Cl–SO4–Mg-rich
with pH as low as 1.7, salinity as high as 32% total dissolved solids, and sulfuric acid as the dominant acid.
Measured concentrations of dissolved total S range from 500 to 19,800 ppm, and SO4 ranges from 692 to
35,169 ppm. The difference between total S and SO4 suggests that other S species are present in these waters,
particularly in the most acid brines. Rainwaters, which have previously been suggested as a source of sea
spray aerosol SO4 to the lake systems, yielded 7 to 8 ppm SO4. Sulfur isotope analysis shows that !34S for
lake waters is 17.0 to 19.1‰, for groundwaters is 17.0 to 18.6‰, for gypsum is 20.2 to 20.4‰, and for alunite
is 18.9‰. These values are consistent with a combination of S sources and sinks. Sulfur cycling processes in-
clude sul!de oxidation, evapoconcentration, mineral precipitation, mineral dissolution, and bacterial reduc-
tion and oxidation. Field, petrographic, and molecular analyses of microorganisms in these acid saline
environments suggest that some are S-oxidizing and S-reducing bacteria. Sulfur-bearing minerals in the
area include both sul!des and sulfates. Sul!des, including pyrite, have been observed in veins and dissemi-
nated in surface exposures and shallow cores of Archean igneous and metamorphic host rocks, as well as
in overlying sediments. Sedimentary sulfate minerals include gypsum, bassanite, anhydrite, and rozenite
that grow directly from lake waters, and gypsum, anhydrite, jarosite, natrojarosite, alunite, basaluminite,
hydrobasaluminite, langbeinite, and rozenite that grow diagenetically from shallow groundwaters. These
sedimentary minerals are subjected to physical reworking and chemical dissolution and re-precipitation.
Sulfur cycling among the lithosphere, hydrosphere, biosphere, and atmosphere in acid saline environments
is dynamic. Driving forces are rock weathering, weather, and climate, which ultimately in"uence the water
chemistry. Flooding–evapoconcentration–desiccation cycles accelerate short-term local and regional sulfur
cycling. The combination of low pH, highly saline waters, and dynamic changes in environment make sulfur
arguably the most important element in these environments.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Sulfur is an abundant element on Earth. Although some form of
sulfur cycling occurs in most sedimentary environments, ephemeral
acid saline systems seem to be an end-member, with great levels of
sulfur concentration and cycling that strongly in"uences the geo-
chemistry of the system. In these extreme environments, sulfur com-
pounds and sulfur minerals exist in great abundance and diversity. Rock
weathering, water geochemistry, and weather/climate-driven "ooding–
evapoconcentration–desiccation stages promote short-term local and
regional dynamic sulfur cycling. The combination of lowpH, highly saline
groundwaters and lake waters and dynamic changes in environment

make sulfur one of the most important elements in these environments.
Acid brine systems inWestern Australia are an example of such a sulfur-
rich end-member environment. The goal of this paper is to describe the
various processes and products of sulfur cycling in ephemeral acid saline
lakes and adjacent environments in southern Western Australia, and to
suggest how recent and future global warming enhances sulfur cycling
in such an environment.

1.1. Signi!cance of the sulfur cycle

The sulfur cycle is a description of processes that transfer sulfur
through the different Earth systems. Sulfur is an important element
on Earth because it is a common constituent in the lithosphere, hy-
drosphere, biosphere, and atmosphere. Due to its multiple valence
states, sulfur can make a great number of compounds and be involved
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in a variety of geochemical and biochemical processes (Mandeville,
2010).

Knowledge of sulfur and its reactions is vital for several reasons.
Sulfur and its compounds have industrial value, used for “pickling”
steel, in gunpowder, in !reworks, in batteries, as a bleaching agent, as
a mold- and bacterial-killer, as a fertilizer, as a dehydrator, and as a
food preservative. Sulfur is also important in the human body because
it aids the transport of oxygen across cell membranes. Atmospheric
sulfur emitted in large quantities during huge volcanic eruptions has
impacted global climate. The environmental impact of sulfur has been
recognized, as well. In addition to volcanic eruptions, burning fossil
fuels also releases sulfur into the atmosphere and can result in acid
rain. Recently, geoengineering the atmosphere to reduce irradiance of
the Earth's surface has been proposed and would involve seeding the
stratosphere with sulfate. With the discovery of sulfur on Mars, King
and McLennan (2010) argue that the sulfur cycle is the most important
geochemical cycle on that planet.

The sulfur cycle has been studied in terms of global cycling, in
which the ocean and the sea"oor are the most important constituents
(i.e., Andreae, 1990; Schlesinger, 1997; Can!eld and Raiswell, 1999;
Sievert et al., 2007). Contributions from continental sources and sinks
for sulfur in global models are typical freshwater rivers, lakes, and
soils. Some local sulfur cycling studies have been conducted for conti-
nental extreme environments and tend to focus on the details of limited
aspects of the system (i.e., Xu et al., 1998). In contrast, this manuscript
considers the acid saline lakes of southernWestern Australia as amicro-
cosm for: 1) describing the continental geochemical processes that
in"uence sulfur cycling on relatively short (hourly to decadal) time
scales; 2) identifying the range of S-bearing sedimentary deposits that
record sulfur cycling processes; and 3) exploring how recent and future
global change may in"uence sulfur cycling within these systems.

2. Geologic setting, climatic conditions, and sedimentary processes

The Yilgarn Craton of southern Western Australia is a large
(~1.78 million km2), tectonically stable mass of Archean rocks (Fig. 1).
The majority of rocks here are granites, granodiorites, and gneisses,
although some ma!c and ultrama!c rocks, such as metagabbros, ma!c
schists, and komatiites, are also represented as greenstone belts that

trend NNW–SSE through the craton (Myers, 1995). Other Archean
rocks represented are anorthosites, ironstones, and quartzites. The
Yilgarn Craton comprises more than 10% of the Australian landmass
and is a rich source of mineral resources, most notably gold, nickel, and
uranium.

There is no Paleozoic or Mesozoic record of deposition in the
Yilgarn Craton. However, the Precambrian rocks have undergone sev-
eral episodes of intense weathering (Anand and Paine, 2002). Fluvial
systems active in the Jurassic through Eocene likely eroded a drainage
system, resulting in paleochannels now !lled with Cenozoic sedi-
ments (Clarke, 1994a,b; Clarke et al., 1996; Lawrance, 2001; de
Broekert and Sandiford, 2005).

The topography of the Yilgarn Craton is relatively "at with eleva-
tions ranging from ~250 to ~365 m above sea level. The landscape
includes eucalypt forests, vegetated sand dunes, and ephemeral
saline lakes amid the many low relief and some domed outcrops of
weathered Archean rocks.

Modern climate of southern Western Australia is classi!ed as
semiarid steppe (Australian Bureau of Meteorology). Air tempera-
tures range from !5 °C to 50 °C. Average rainfall is ~26 cm/year in
the northeastern Yilgarn Craton and ~34 cm/year in the southwest.
Average annual evaporation is ~180–280 cm/year. Winds can be
strong and multidirectional, with an average year round velocity of
~30 km/h (Australian Bureau of Meteorology). Dust storms and wild-
!res are relatively common, especially during the austral summers
(McTainsh and Pitblado, 1987).

Natural surface waters of southern Western Australia are restrict-
ed to saline lakes, with the exception of short-lived sheet"oods
caused by infrequent local rains. Hundreds of shallow and ephemeral
saline lakes exist through the Yilgarn Craton. Fig. 1 shows approxi-
mate locations of 54 lakes that have been studied (Benison et al.,
2007) and Fig. 2 shows typical appearances of lakes from the air
and from the ground. Some of these lakes are situated directly on
Archean rocks. Other lakes are hosted by recent sediments over
paleochannels (Benison et al., 2007; Story et al., 2010b). All lakes of
the Yilgarn Craton are shallow (less than ~1 m) and saline. Many of
the lakes are also acid. Lake water pH ranges from 1.5 to 8.5 through-
out the Yilgarn, with a temporal variation of ~2 pH units at individual
lakes. Groundwater, focused under the lakes, has a more consistent
pH of ~3.5 and is also saline (Bowen and Benison, 2009). Neutral
lakes are separated from the underlying acid groundwater by clay
beds, making them essentially perched aquifer lakes (Benison et al.,
2007).

Lakes undergo "ooding, evapoconcentration, and desiccation at ir-
regular time periods of hours to decades (Fig. 2D–F). Flooding stages
are prompted by rainstorms, which cause sheet "oods to carry mete-
oric water, sediment, and decayed plant matter to the lakes. Flooding
also dissolves some evaporite minerals, such as halite, bassanite, and,
to a lesser extent, gypsum. Flooding events are typically short, on the
order of an hour to 1–2 days. However, lake waters may remain in
a "ooded state, characterized by increased depth (~0.5–2 m deep)
and higher pH, for weeks to months. Salinity of water during a
"ooded state depends on the amount of halite which was dissolved
during the "ooding event; abundant halite prior to "ooding leads
to high salinity in "ood waters as halite dissolves, yet little halite
prior to "ooding results in dilute lake waters during "ooding stage
(Benison et al., 2007).

Evaporation of lake waters causes lake diameters and water
depths to decrease (to cm-scale depths), water pH to decrease, and
water salinity to increase. In addition, minerals precipitate from lake
waters during the evapoconcentration stage. Halite and gypsum are
the most common minerals to precipitate directly from the lakes in
Western Australia, but bassanite, rozenite, iron oxides, and kaolinite
also precipitate directly from lake waters. The most extreme geo-
chemistry, characterized by extremely low pH and extremely high
salinity lake waters, exists during evapoconcentration.

Fig. 1. Map of southern Western Australia showing the outline of the Yilgarn Craton
and lakes studied. Lake names labeled represent those named speci!cally in the text.
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Desiccation results in dry lake beds, most commonly covered with a
halite and/or gypsum saline pan crust. During desiccation stages, evap-
oration continues andwicks shallow groundwaters to the surface of the
saline pan and surrounding sand"at/mud"at, where they immediately
precipitate tiny evaporite mineral crystals that form a thin ef"orescent
crust. In addition, wind plays a large role in physically reworking sedi-
ments. Evaporite crystals from the lakes and surrounding sand"ats
andmud"ats are often entrained and transported bywind. Just as com-
monly, dust storms and sand storms deposit siliciclastic grains and
reworked evaporite grains on the lake, sand"at, and mud"at surfaces.

3. Methods

This project consists of compilation and evaluation of a large data
set consisting of results of various geologic, geochemical, and micro-
biological methods from a decade-long, comprehensive study of the
Western Australian acid saline lake systems. The !eld area spans
from 30 to 33° S latitude and from 118 to 122° E longitude. Data
used here were collected during !eldwork, a drilling campaign, and
laboratory studies. Although much of the raw data has previously
been published (Benison et al., 2007; Bowen and Benison, 2009;
Mormile et al., 2009; Story et al., 2010b; Bowen et al., 2012;
Conner and Benison, 2013), new data includes: (1) additional
observations of physical processes such as dust storms, evidence of
dissolution or previously observed minerals, and newly-recognized
microbial features from recent !eld trips; (2) analyses of minerals,
sedimentary textures, and sedimentary structures in cores; and
(3) new petrographic and geochemical observations from "uid
inclusions, including entrapped microorganisms. Most importantly,
new data and previously published data are synthesized here,

resulting in a new understanding of sulfur cycling in acid brine sys-
tems. This is the !rst study to evaluate a comprehensive set of
geological, geochemical, and biological data to make interpretations
about sulfur cycling in southern Western Australia.

Six !eld trips, in July–August, 2001, June–July, 2005, January,
2006, January, 2008, January–February, 2009, and September, 2011,
were conducted. Ten cores ranging in length from ~2–60 m were
drilled using a portable mini-sonic drill rig on lake and sand"at/
mud"at surfaces in 2009. Shallow cores (as deep as 1 m) were sam-
pled manually using PVC pipes in 2001, 2005, 2006, and 2008.
Trenching by shovel to maximum depths of 2 m allowed shallow sub-
surface cross-sections to be observed and additional shallow sub-
surface samples to be collected. Field work included mapping and
sampling sedimentary facies and Archean and Cenozoic rocks, record-
ing physical and chemical characteristics of lake waters and ground-
waters (including lake water and groundwater depths, pH, salinity,
and temperature), sampling lake waters and groundwaters, and
documenting and sampling microbial suspects (Benison et al., 2007;
Bowen and Benison, 2009). Field work also included tours of some
local mines and viewing previously-drilled core samples from
throughout the region. Samples of lake and groundwaters, sediments
and rocks, and cores were shipped to the U.S. for analyses.

Geochemical measurements made in the !eld required instru-
ments that could provide accurate readings in very low pH and vey
highly saline conditions. For pH measurements, we used multiple
Oakton Double Junction pHTestr 2 portable pH meters, which are
designed for harsh conditions and equipped with automatic temper-
ature compensation. They have a pH range of !1.0 to 15.0 and accu-
racy to 0.1 pH unit. pH meters were calibrated daily with Oakton
pH 10, 7, 4, and 1.86 buffer solutions. The 2001 !eld work also used

Fig. 2. Photographs of acid saline lakes in Western Australia. A. Aerial view from commercial airplane, near Hyden, January, 2009. B. Desiccated Walker Lake with gypsum–

bassanite–jarosite–alunite crust, near Narembeen, January, 2008. C. Desiccated Lake Aerodrome with gypsum crust, near Norseman, September, 2011. D–F. Twin Lake West near
Salmon Gums. D. Desiccated with halite crust, January, 2008. E. At evapoconcentration stage with subaqueous and subaerial white halite crust and yellow water, January, 2009.
F. Partially "ooded and actively dissolving halite with clear water, September, 2011.
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an Orion 230A portable pH meter, which proved consistent with the
Oakton portable pH meters. pH of select water samples were also
tested in the lab with a benchtop Corning 130 pH meter and yielded
consistent pH readings as !eld measurements. For measurements of
total dissolved solids, multiple Hauke optical salinity refractometers
(models HRS-10 and HRS-28, both with automatic temperature com-
pensation) were used. Water and air temperatures were measured
with plastic-encased glass and alcohol thermometers.

Waters from 59 lakes in southern Western Australia, sampled
during the 2001, 2005, and 2006 !eld campaigns, were analyzed for
total sulfur, sulfate, and sulfur isotopes in the laboratory (Bowen
and Benison, 2009). At !ve lakes, lake water and groundwater sam-
ples were collected along detailed transects. Supplemental samples
collected and analyzed included rain and surface drainage waters
(some from mines) from the !eld area, as well as some Australian sea-
water samples. Waters were analyzed with ion chromatography (IC),
with X-ray "uorescence (XRF), and with inductively coupled plasma-
optical emission spectrometry (ICP-OES). Sulfur isotopes were mea-
sured in waters, as well as selected samples of gypsum and alunite.
Total sulfur, sulfate, and sulfur isotope data were reported in Bowen
and Benison (2009). Other geochemical data, including major ions,
major and trace elements, bicarbonate concentrations, and hydrogen
and oxygen isotopes also were published in Bowen and Benison
(2009), yet are not included in this study on sulfur cycling.

Laboratory work also included analyses of sediments and rocks.
Selected samples were analyzed for major oxides and trace elements
by fusion-inductively coupled plasma mass spectrometry. Basic sedi-
mentologic characteristics, such as grain size, shape, and sorting,
were observed. Thin sections of siliciclastic and evaporite sediments
and rocks, as well as from selected the surface and from cores were
made and studied petrographically (Bowen et al., 2008; Bowen et
al., 2012). Minerals were identi!ed by X-ray diffraction (XRD), re"ec-
tance spectroscopy, Mossbauer spectrometry, laser Raman spectrom-
etry, scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS), and optical petrography (Benison and LaClair, 2003;
Schaefer et al., 2003; Benison et al., 2007; Jagniecki and Benison,
2010; Story et al., 2010a,b, 2011; Bowen et al., 2012). Palynology and
AMS carbon age dating have provided some chronological constraints
on shallow and deeper sediments from manual and drill cores (Bowen
et al., 2008; Benison et al., 2011; Sanchez Botero et al., 2011a,b).

Microbiological analysis was also conducted on the acid saline lake
systems of southernWestern Australia. Fieldwork has included obser-
vations of, documentation of, and sampling of suspected microbiolog-
ical features (Benison, 2008). DNA extraction and polymerase chain
reaction of the 16S rRNA gene sequences were preformed on water
samples collected from four lakes in 2005 (Mormile et al., 2009).
Enrichment, isolation, and culturing were performed from water
samples and halite collected from a !fth lake in 2008 and 2011
(J. Romanowski, pers. comm.). Petrography, UV–vis microscopy, scan-
ning electron microscopy, and laser Raman spectrometry have been
used to document microorganisms and organic compounds trapped
within "uid inclusions in halite and gypsum from the saline lakes
of Western Australia (Benison et al., 2008; Jagniecki and Benison,
2010; Conner and Benison, 2013).

4. Results

4.1. Sulfur-bearing minerals in Archean host rocks

Metal sul!des exist in the Precambrian rocks of Yilgarn Craton
(Table 1). We observed sul!de minerals, such as pyrite disseminated
throughout granite from the subsurface near Kalgoorlie and veins of
copper- and iron-sul!des in biotite-rich ma!c schist near Norseman
(Fig. 3). These !ndings are consistent with sul!de minerals reported
for felsic and ma!c Archean rocks (i.e. Cassidy et al., 2001; Dowling
et al., 2004; Morey et al., 2008). The sul!des are characterized as

iron-, copper-, and/or nickel-sul!de minerals found in veins or as dis-
seminated crystals. They have been found most commonly associated
with gold, nickel, and uranium ore deposits (Cassidy et al., 2001;
Dowling et al., 2004; Morey et al., 2008). It is dif!cult to ascertain
whether this relationship between sul!de minerals and ore deposits
is only an artifact of the focus of geological investigations for mining;
!eld studies and coring programs in Western Australia to date have
been performed mainly for the purpose of ore mineral exploration.

4.2. S-species in waters

Sulfate measured in 46 lake water samples by ion chromatography
(IC) ranged from 692 to 35,169 ppm. Total dissolved sulfur measured
in 36 lake water samples by XRF and ICP-OES ranged from 821 to
7044 ppm. Four lake water samples analyzed for !34S had values
ranging from 17.0 to 19.1‰ (Table 2; Bowen and Benison, 2009).

Sulfate measured in 56 groundwater samples by ion chroma-
tography (IC) ranged from 1238 to 16,124 ppm. Total dissolved sulfur
measured in 23 groundwater samples by XRF and ICP-OES ranged
from 958 to 3263 ppm. Measured !34S in four groundwater samples
ranged from 17.0 to 18.6‰.

Surface mine and drain waters had 2302 to 6582 ppm sulfate and
1304 to 1831 ppm total dissolved sulfur. Rainwater from the towns of
Norseman andHyden had sulfatemeasurements of 7 and 8 ppm, respec-
tively, and both had less than 100 ppm total dissolved sulfur (below
detection limit). Seawater collected at beaches in Esperence (just south
of the Yilgarn) and Perth (west of the Yilgarn) had 2572 and
2556 ppm sulfate, respectively, and both had 900 pm total dissolved
sulfur (Bowen and Benison, 2009).

The variations in concentrations of sulfate and total dissolved sulfur
in lake waters and groundwaters, although measured for a large geo-
graphic area (see Fig. 1 map of !eld area), showed no obvious spatial
trends. In addition, a wide range of sulfate and total dissolved sulfur

Table 1
Sulfur-bearing minerals and their occurrences in Western Australia.

Gypsum, CaSO4·2H2O Abundant and common in multiple occurrences;
as a chemical sediment as bottom-growth
swallowtail crystals and needle and bladed
crystals on surfaces such as wood; needle
crystals trapped as solid inclusions and within
"uid inclusions in chevron halite; as ef"orescent
needle-mesh crystals on desiccated saline pan
surface; as silt, sand, and gravel clasts reworked
by wind and/or water; as displacive crystals in
mud; as early intergranular and crack-!lling
cements; as clasts within Fe-concretions; as
pseudomorphs after halite

Alunite, KAl3(SO4)2(OH)6
Jarosite, KFe3(SO4)2(OH)6
Natrojarosite,
NaFe3(SO4)2(OH)6

Abundant and common as early diagenetic
forms; white, yellow, and orange; as an early
intergranular and crack !lling cement;
typically associated with Fe-oxides

Bassanite, 2CaSO4·H2O As rare yellow chemical sediment on
bottom-growth swallow-tail gypsum
crystals

Basaluminite,
A14(SO4)(OH)10·4–5H2O

As rare white-pale yellow chemical sediment
on halite

langbeinite,
K2Mg2(SO4)3

As rare displacive crystals in mud

Rozenite, FeSO4·4H2O As rare solid inclusions and within "uid
inclusions in chevron halite; as displacive
crystals in mud

Anhydrite, CaSO4 As rare solid inclusions and within "uid
inclusions in chevron halite; as
pseudomorphs after gypsum

Unidenti!ed hydrated
sulfates

As rare solid inclusions and within "uid
inclusions in chevron halite

Pyrite, FeS2 Disseminated in some Archean host rocks
and in some sediment cores; as cores
to Fe-concretions in some sediment cores;
as veins in some Archean host rocks
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concentrations was detected in local areas of individual lakes and their
associated groundwaters (Table 2 and Fig. 4). Temporal changes in con-
centrations of sulfate and total dissolved sulfur were suggested when
measurements from different !eld seasons were compared.

The highest sulfate and total dissolved sulfur values were measured
in waters with the lowest pH. However, the relationship between high
sulfate and sulfur concentrations and acidity is subtle (Fig. 5).

Ratios between total dissolved sulfur and sulfate are not consistent.
This S:SO4 ratio is related to pH. At neutral pH (above pH 5), the ratio
of S:SO4 is approximately 0.3–0.4. At pH less than 5, there is a larger
range of ratios, from approximately 0.2–1.0 (see Bowen and Benison,
2009, Fig. 10).

4.3. S-species in atmosphere

Sulfate concentrations of 7–8 ppm in rainwater suggest that sul-
fate is present as aerosols in the atmosphere. In addition, rainwater

samples contain some chloride (26 and 51 ppm), but no detectable
sodium or calcium (Bowen and Benison, 2009).

Finedust is commonly blown in thewind throughout southernWest-
ern Australia, having been entrained at desiccated lakes and sand"ats/
mud"ats, and deposited into a variety of environments, including other
lakes and sand"ats/mud"ats.We have observed dust storms in southern
Western Australia. Gypsum is among the most common eolian grains.
Other sulfur-minerals that form in and near the acid saline lakes, such
as alunite, jarosite, natrojarosite, bassanite, basaluminite, langbeinite,
rozenite, and anhydrite may also contribute to sulfur being carried in
the atmosphere.

4.4. S-bearing sedimentary minerals

Clastic sediments composed of gypsum are found in modern lakes,
sand"ats/mud"ats, dunes, and soils throughout southern Western
Australia (Fig. 6). More than 90% of grains in some active modern
dunes are sand and !ne gravel composed of abraded gypsum crystals

Fig. 3. Sul!des in southernWestern Australia. A. Sul!de veins in Archean host rocks near Dundas Rocks, approximately 25 km south of Norseman. B. Pyrite disseminated throughout
granite from core taken at 70 m depth at Kalgoorlie. Re"ected light. C. Pyrite in sediment core LA1-09 from 11.8 m below Lake Aerodrome, Norseman. Transmitted plane light.
D. Pyrite from sediment core LA2-09 from 13 m below Lake Aerodrome sand"at, Norseman. Transmitted plane light. E. Fe-oxide concretion with Fe-sul!de crystal center from
core LA1-09 from 10 m below Lake Aerodrome, Norseman. Combined re"ected light and transmitted plane light.
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(Fig. 6H–J). Other dunes and other environments have mixtures of
approximately half quartz and half gypsum silt, sand, and/or gravel,
commonly with grain coatings of hematite (Benison et al., 2007).
Gypsum clasts are also common in subsurface sediments in cores.

Chemical sediments are minerals that grow directly from surface
waters. In southern Western Australia, sulfate and chloride minerals,
as well as iron oxides and kaolinite, precipitate directly from acid lake

brines. Gypsum is the most common sulfur-bearing chemical sediment
in southernWestern Australia. It grows as swallowtail twinned crystals
at the sediment–water interface in several acid saline lakes (Fig. 6, A–F).
We have observed that individual crystals are up to 12 cm long and
beds up to 15 cm thick. Commonly, this “bottom-growth” gypsum

Table 2
Selected geochemical data from !ve acid saline lakes and one neutral saline lake. pH,
TDS (in parts per thousand), sulfate (in parts per million), total sulfur (in parts per mil-
lion), and "34 (in parts per thousand). Sample names starting with G and L represent
groundwater and lake water, respectively. Sample names ending with 05 and 06 repre-
sent 2005 and 2006 sample collection times, respectively.
Modi!ed from Bowen and Benison (2009).

Lake Sample ID pH TDS SO4 Total S "34 (‰)

Magic G14-06 3.3 70 3060 1123 18.6
G1-05 3.2 150 10,600 1876
L17-06 1.9 280 35,200 7044 18.3
L1-05 2.5 240 11,900 1975
gypsum 20.2

Brown G1a-05 3.7 150 2856
G1b-05 3.7 150 2955
G1c-05 3.7 150 2869
G2-05 3.6 160 3129
G3-05 3.3 160 3295 1226
G4-05 3.3 160 3961
Gs4-05 3.5 160 3751
G5-05 3.6 160 2203
Gs7-05 3.6 160 4513
Gs8-05 3.3 160 3210
L1-05 4.2 215 3375 1153
L2-05 4.3 130 2185
L3-05 4.1 190 2428
L4-05 4.3 200 2323
L5-05 4.3 100 3189
L135-05 4.5 230 3029
G1-06 3.7 240 5122 1226
G2-06 3.1 160 3371
L1-06 3.9 250 1645 1429

Aerodrome G-01 2.5 >100 7241
L-01 2.7 >100 4984
G1A-05 3.5 >100 5499
G1B-05 3.1 >100 7355
G1C-05 3.0 >100 6894
G1D-05 2.9 200 7532
G19-05 2.8 180 7822 2060 18.4
G21-05 3.6 80 4519
G22-05 3.4 70 3225
G24-05 3.3 72 2338
GA1kcb-05 3.7 100 3813
L20-05 3.4 80 3497
L2D-05 3.7 87 5061 1496 19.1
G4-06 2.8 200 8957 2020
L7-06 3.2 110 5337 1603
Gypsum 20.4

Prado GC1-05 3.2 200 6488
GC6-05 3.2 225 5396 1006
G1A-05 3.7 65 2507
L1D-05 3.7 230 2674
L2G-05 3.7 160 3762 1308
L10-06 3.9 170 1821 1658

Twin west G1F-05 2.4 240 16,124 3263
G1A-05 3.0 60 2436
G2G-05 3.3 65 3030
GK3-05 3.3 110 5315
L1E-05 3.2 200 4505 1426 17.0
L2E-05 3.3 150 3995
G7-06 3.2 60 3852 1263
G8-06 2.6 110 5398 1894
G9-06 2.8 70 1867 1725 17.0
L12-06 3.8 115 2627 1066
Alunite 18.9

Polaris G3-06 5.8 280 7933 1986 17.6
L4-06 7.3 280 13,751 3008 17.8

Fig. 4. Maps of !ve acid saline lakes in southern Western Australia showing concentra-
tions of sulfate in black standard font and total dissolved sulfur in gray italics. Black dots
represent approximate sampling sites. Dots within lake outlines represent lake water
sampling sample sites. Dots outside lake outlines represent groundwater sampling sites.
Columnon left shows samples collected in June, 2005 and columnon right shows samples
collected in January, 2006. A1 andA2: Southeast portion of Lake Brown, north ofMerredin.
B1 and B2. Lake Aerodrome near Norseman. C1 and C2: Lake Prado between Norseman
and Salmon Gums. D1 and D2: Twin Lake West near Salmon Gums. E1 and E2: Lake
Magic (formerly called Wave Rock 2 in Bowen and Benison, 2009), near Hyden.
Data from Bowen and Benison (2009).
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traps hematite mud, kaolinite mud, and "uid inclusions along growth
bands, giving these crystals an orange or orange andwhite/clear banded
appearance. Less commonly, clear-white gypsum needle-like and
bladed crystals, typically less than 1 cm long, grow on wood and any
arti!cial substrates such as bottles which are submerged in acid
saline lakes. Bassanite (Fig. 6D) and basaluminite are rare chemical
sediments that form atop gypsum or halite during the later stages of
evapoconcentration, when surface water is less than ~1 cm deep.

Petrographic observations of halite chevron crystals show that a vari-
ety of sulfate minerals are trapped within the subaqueously precipitated
halite. These occur as solid inclusions and as crystals within "uid inclu-
sions. These minerals include gypsum, anhydrite, rozenite, and uniden-
ti!ed hydrated sulfates within halite (Jagniecki and Benison, 2010).

Diagenesis occurs syndepositionally and early at the surface and
in the shallow subsurface at acid saline lakes (Bowen et al., 2012). A
variety of diagenetic sulfur-bearing minerals form here (Fig. 7).
Gypsum is a common diagenetic mineral. Tiny, mm-scale clear gyp-
sum crystals form in a needle-mesh on the surface of desiccated
lakes and adjacent sand"ats/mud"ats as the result of ef"orescence,
wicking of shallow groundwaters to the surface by evaporation
where they immediately precipitate !ne crystals (Fig. 6G). Gypsum
has also been found as randomly oriented needle and bladed rozenite
and langbeinite have also been documented as randomly oriented
euhedral crystals in mud, suggesting that they also formed displacively,
by precipitation of groundwater in soft sediment. In addition, gypsum
exists as intergranular cements and crack-!lling cements. Gypsum
also has been found as pseudomorphs after halite in some slightly
deeper (m-scale) sediments.

Alunite, jarosite, and natrojarosite are found as early grain coat-
ings, intergranular cement, and crack-!lling cement at the surface
and throughout the subsurface (Fig. 7). These sulfur-bearing minerals
are typically associated with iron oxides. Commonly, they are concen-
trated as patches within sediments (Fig. 7B). Highly localized patches
of alunite, jarosite, and iron oxides also have been observed in weath-
ered Archean felsic rocks (Fig. 7E).

Sulfur-34 isotopes have been measured in gypsum, jarosite, and
alunite (Table 2). "34S in these minerals have relatively high values
ranging from 17.8 to 20.4‰ (McArthur et al., 1989, 1991; Chivas et
al., 1991; Alpers et al., 1992; Bowen and Benison, 2009).

Hard and semi-soft hematite concretions have been found in
unlithi!ed sand bed centimeters under modern acid saline lakes and
sand"ats/mud"ats (Fig. 3D; Bowen et al., 2008). Analogous hard con-
cretions have been observed in sandstone outcrops. The concretions
contain gypsum ooids and gypsum sand-sized clasts. Approximately
35% of the grains in the concretions are composed of gypsum (Bowen
et al., 2008).

We have found sul!des in sediment cores from southern Western
Australia. Some pyrite cubes are disseminated in unlithi!ed, but

diagenetically enhanced subsurface mud and sand. In addition,
some pyrite and chalcopyrite exist in as the cores of iron oxide con-
cretions in sediment.

4.5. S-interacting microorganisms

Many microbial suspects, including foams, !laments, bubbles, and
oily sheens, were recognized in the !eld at the saline lakes (Fig. 8;
Benison, 2008). Many of these may be sulfur-reactive extremophiles.
Some black, gel-like bed centimeters below the surface of lakes and
sand"at/mud"ats emitted a sulfurous odor suggestive of localized sul-
fur reduction zones (Fig. 8F,G). Foamwith a bright yellow color similar
to sulfur was collected from the shoreline of extremely acid and saline
Lake Magic, was cultured, and grew yellow fungi (Fig. 8A,B).

Petrographic observations and chemical analyses of halite and
gypsum chemical sediments have documented prokaryotes, alga,
and organic compounds such as beta-carotene within "uid inclusions
(Conner and Benison, 2013). Many of the algae are yellow and seem
to be unique to the lakes with the lowest pH values. Dark organic
masses are also trapped as solid inclusions within halite and
gypsum precipitated in acid lakes (Benison et al., 2008). These “hairy
blobs” are closely associated with sulfates. Some gypsum crystals are
coated by hairy blobs. Other gypsum crystals are tiny mm-scale beads
located at the ends of organic !lamentous “hairs”.

Molecular analyses of lake waters reveal that the bacterial/archaea
communities in these lakes are diverse and contain more novel microor-
ganisms than known ones (Mormile et al., 2009). The two acid saline
lakes analyzedwere dominated by phylumProteobacteriawithmembers
of the classes Alphabacteria, Gammabacteria, and Epsilonbacteria repre-
sented. Some members of the phyla Actinobacteria and Bacteroidetes
are also represented in the acid saline lakes. The two neutral saline
lakes sampled for this study contained a more equal distribution of the
three phyla and, in addition, also contain some Cyanobacteria. Many
of the novel microorganisms in the acid saline lakes are likely sulfur-
oxidizers and sulfur-reducers. For example, the closest matches (97.0%
and 92.4%) for two microorganisms found in the acid saline lakes
are two strains of Rhodobacter sphaeroides, known to be a phototrophic
sulfur oxidizer. Another Proteobacteria found in an acid lake had a
closest match (78.9%) to Thioreductor micantisoli, a sulfur reducer
(Sievert et al., 2007; Mormile et al., 2009).

5. Discussion

5.1. The role of chemical processes

Chemical weathering processes, including oxidation, dissolution,
and hydrolysis, are important in cycling sulfur. A large range of
Eh-pH conditions can be estimated for the lakes in southern Western

Fig. 5. Total dissolved sulfur and sulfate plotted against pH in Western Australian lake water, groundwaters, mine drainage, and seawater. Note that y-axis depicts concentrations
exponentially.
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Australia (Fig. 9). Multiple simple and complex forms of sulfur exist in
southern Western Australia and are driven by dynamic processes
(Figs. 10 and 11). An exhaustive treatment of all the chemical pro-
cesses involving sulfur in southern Western Australia is not the goal
of this discussion. Instead, this discussion is intended as a survey of
the variety and important chemical weathering processes that in-
volve sulfur.

The presence of sul!de minerals in Archean rocks and in deep
sediments combined, with the ubiquitous sulfate sediments and
sulfate-rich waters at and near the surface in southern Western
Australia, strongly suggests that oxidation of sul!des has been an

important geochemical process there. In fact, close association be-
tween iron oxides and sul!des seems to catch this process “in the
act” (Fig. 3D,E). The general oxidizing conditions promote sul!de
oxidation, such as described below for the oxidation of pyrite to yield
sulfate, hydrogen ions, and iron hydroxides (Drever, 1988):

FeS2 ! 3:75O2 ! 3:5H2O!2SO4
2! ! 4H! ! Fe OH" #3:

The oxidation of other metal sul!des, such as chalcopyrite, also
found in the Archean rocks,would also produce aqueous sulfate, acidity,
andmetal oxides. The high and variable dissolvedmetal concentrations,

Fig. 6. Photographs of gypsum and bassanite in and near acid saline lakes in southern Western Australia. A. Bedding plane view from July, 2001 of in situ, subaqueous,
bottom-growth gypsum crystals under 7 cm deep lake water at Lake Aerodrome in Cowan Basin, near Norseman. B. Same view as shown in A, but during desiccation, with
white halite coating some gypsum crystals, in January, 2008. C. Cross-sectional view of shallow manual core taken in July, 2001 of bottom-growth gypsum crystals shown in A.
D. Yellow bassanite on bottom-growth gypsum crystals, January, 2006, Lake Aerodrome. E. Coarse sand-granule-sized angular grains of reworked orange bottom-growth gypsum
and white medium sand-sized rounded grains of white gypsum partially bury ruby salt bush on Lake Aerodrome sand"at, July, 2001. F. Exposed rosette of bottom-growth gypsum
crystals in desiccated Lake Walker, January, 2008. G. Clear, needle-like ef"orescent gypsum crystals on surface of rippled mud"at, Lake Aerodrome, July, 2001. H. Parting lineations
with white reworked gypsum sand on desiccated Dead Kangaroo Lake, January, 2006. I. Vegetated dunes composed of gypsum sand near Bottle Lake, January, 2006. J. Sand from
Lake Brown sand"at comprised of white gypsum reworked crystals and partially cemented by orange and brown iron oxides, January, 2005.
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including high Cu and Fe in the lake and groundwaters (Bowen and
Benison, 2009), attest to these reactions.

The oxidation of metal sul!des seems to be an important, but lim-
ited, process in terms of the volumes of parent sul!de mineral cur-
rently present. Our observations show that the acidity in southern
Western Australia is far too widespread to be considered acid mine
drainage. We have noted no distinct relationship between the sul!de
minerals and pH values. Acid brines have been documented where
sul!des are absent as well as where sul!des are present. In addition,
many of the sul!des are disseminated in small amounts in the rocks
and sediments. This argues for either: (1) other processes and condi-
tions playing roles in sulfur-cycling and acidity generation in the sys-
tem, and/or (2) for this being an extremely evolved large-scale
sulfur-rich system in which great amounts of sul!des were consumed
previously (Long and Lyons, 1992).

The acidity produced as a result of oxidation of sul!des occurs
mainly in the forms of H+ and H2SO4. Variable and high sulfur:sulfate
ratios measured in the acid lake waters and groundwaters strongly
suggest that sulfate is not the only and perhaps not the dominant
sulfur species in some acid waters. Although H2SO4 is the most
likely additional sulfur compound at low pH, other aqueous sulfur
species exist here (Takeno, 2005). For example, bisulfate (HSO4

!)
was detected in the lowest pH lake waters in Western Australia by
laser Raman spectroscopy (Conner and Benison, 2013), just as
it was documented in "uid inclusions in Permian halite (Benison
et al., 1998). Sulfur trioxide (SO3

2) and thiosulfate (S2O3
2!) are exam-

ples of two other sulfur species that may be present in the Western
Australian waters.

McArthur et al. (1991) suggest that ferrolysis, the oxidation and
hydrolysis of dissolved Fe2+ (Mann, 1983), is the most likely cause
of the acidity in southernWestern Australia. We consider it an impor-
tant, but not the sole, source of acidity. Although sulfur is not required
as part of this process, ferrolysis lowers the pH of waters, which may
promote some sulfur reactions, such as precipitation of jarosite and

alunite. However, we consider ferrolysis a secondary acidi!cation
reaction, with the production of sulfuric acid by oxidation of sul!des
being the original acidi!cation reaction.

Sulfate mineral precipitation and dissolution act, respectively, as
sinks and sources of sulfur in these acid saline systems. The great
abundance of some sulfate minerals, the diversity of sulfate minerals,
and their presence as both depositional and diagenetic forms in the
surface and subsurface make the precipitation and dissolution of sul-
fate minerals important sulfur-cycling processes. The most abundant
sulfate mineral observed in the Yilgarn Craton is gypsum, and its pre-
cipitation and dissolution have a great impact on the cycling of sulfate
in the system (Drever, 1988):

Ca! ! SO4
2! ! 2H2O"!CaSO4•2H2O:

Besides contributing to sulfur cycling, precipitation and dissolu-
tion of hydroxysulfate minerals can also affect the pH of lake waters
and groundwaters. For example, the precipitation of alunite yields
acidity as a byproduct (Bigham and Nordstrom, 2000):

3Al3! ! K! ! 2SO4
2! ! 6H2O!KAl3 SO4" #2 OH" #6 ! 6H!

and the dissolution of basaluminite decreases acidity (Bigham and
Nordstrom, 2000):

Al4 SO4" # OH" #10•4H2O! 10H!4Al3! ! SO4
2! ! 14H2O:

Sulfur-34 isotopes are relatively high, but cannot be matched with
any single source. It is likely that the !34S values, along with the
variable and high aqueous total dissolved sulfur and sulfate, are the
result of a complex network of sulfur reactions.

Fig. 7. Photographs of jarosite and alunite, associated with iron oxides, in southern Western Australia. A. Cross-sectional view of trench at Twin Lake West. Base of !ngers is at
surface. B. Roo Lake. C. Prado Lake, thin section of surface sandstone. Granite near Hyden. LA1-09 core.
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5.2. The role of physical processes

Physical weathering and erosion both occur to rocks in southern
Western Australia. Physical weathering processes include salt wedging
and thermal expansion and contraction, as well as desiccation cracking.
Salt wedging occurs to some Archean rocks in contact with saline brines.
The brinesmay repeatedly precipitate and dissolve halite or other evapo-
riteminerals in cracks in rock, enlarging the cracks until, eventually pieces
of the rock "ake off the outcrop. The large day to night temperature range

in the region may cause expansion and contraction of the Archean rocks,
causing them to crack and break into sediment. Desiccation cracks occur
in mud-rich surface sediments during drying. In addition, expansion
cracks form in halite and gypsum crusts during prolonged desiccation.

Physical weathering of Archean rock likely contributes little to
sulfur cycling. However, physical disruption of sediments, especially
gypsum, allows for erosion and results in transport of sulfur within
and among lake systems. Sheet "oods and wind storms are both
hazards in southern Western Australia. Sheet "oods carry sediment

Fig. 8. Hints of microbial interactions involving sulfur in southern Western Australia. A and B. Yellow foam (suspect fungi) along shoreline of Lake Magic. C. Orange !lamentous
slime marks recent shorelines of Dead Kangaroo Lake. D. Black decayed plant matter deposited by runoff marks ephemeral channel across sand"at at Twin Lake West. Note shovel
in center right for scale. E. Dark brown decayed plant matter and white halite along shoreline of Lake Brown. F. Black, sulfur-smelling thin bed in shallow subsurface of Lake Gounter
sand"at. G. Black, sulfur-smelling mud interbedded with halite, Prado Lake.
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from sand dunes and desert soils to sand"ats/mud"ats and lakes.
Wind storms can carry silt and sand throughout the Yilgarn Craton
(Australian Bureau of Meteorology; McTainsh and Pitblado, 1987).
The seasonal strong winds, the low-relief of the region, the abun-
dance of gypsum-rich sediments at the surface, and the relatively
low speci!c gravity of gypsum, likely make wind an effective trans-
port agent for sulfur.

5.3. The role of biological processes

Although it is dif!cult to identify and quantify the exact biological
processes involving sulfur, the DNA data from four saline lakes
strongly suggests bacterial-mediated sulfur oxidation and reduction.
Field observations of hydrogen sul!de odor in black gel-like beds
suggest that they are decaying localized organic matter (mainly in
the form of washed-in eucalypt debris) with active bacterial sulfate
reduction:

SO4
2! ! organic matter and presence of S!reducing bacteria!2HS!

! CO2:

In addition, close relationships of microorganisms and organic
matter with sulfate crystals hint at sulfur reactions promoted biolog-
ically (Benison et al., 2008). While most sul!de oxidation may be
occurring abiotically, sul!de oxidation catalyzed by bacteria can in-
crease reaction rates by six orders of magnitude relative to their abi-
otic counterparts (Evangelou and Zhang, 1995).

5.4. The role of F–E–D cycling

The cycles of "ooding, evapoconcentration, and desiccation (F–E–
D cycles) were documented for neutral and alkaline saline lakes
(Lowenstein and Hardie, 1985). F–E–D cycles promote short-term
and dramatic changes in any saline lake/saline pan systems regardless
of pH. However, in the acid lake systems of southernWestern Australia,
F–E–D cycles cause "uctuations in pH, leading to more extreme chemi-
cal changes. For this reason, these acid saline lakes are amongst
the most physically and chemically dynamic settings in the world.

During "ooding, pH increases, salinity may increase or decrease
(depending mainly on amount of halite dissolved; Benison et al.,
2007), and decaying vegetation and sediment, including gypsum,
are carried into the lake and surrounding sand"at/mud"at. Sulfur
may be released from chemical sediments and diagenetic phases
to the aqueous phase as part of dissolution. The change in pH may
promote precipitation of some sulfate minerals. Sulfates also get
transported in physical form by sheet "oods. Organic material depos-
ited on sand"ats/mud"ats and in lakes may lead to enhanced activity
of sulfur reducing organisms.

Evapoconcentration plays an important role in sulfur cycling. Dur-
ing period of evaporation, surface waters and shallow groundwaters
become concentrated in all dissolved solids, including all sulfur spe-
cies, such as sulfate and sulfuric acid. Gypsum precipitates during
this time as a chemical sediment in the lakes and as a shallow diage-
netic phase. Evapoconcentration also makes acid waters more acidic
(Foster and Benison, 2006). This decrease in pH may lead to

Fig. 9. Eh-pH diagram at 25 °C for the S–O–H system. The large dotted rectangle repre-
sents the likely range of conditions for southern Western Australian lakes and ground-
waters. The smaller hatched rectangle shows the most common range of conditions.
The range for pH here is based on direct measurements made with pH meters during
!eld work. Eh range is estimated based on !eld observations of oxidizing and reducing
products. Dissolved oxygen meters are not accurate in acid brines, so direct measure-
ments were not possible.
Modi!ed after Takeno (2005).

Fig. 10. Schematic diagram of Western Australian acid saline lake system, showing multiple products and processes driving of sulfur cycling.
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precipitation jarosite and alunite. Some microorganisms have been
observed "ourishing during times of evapoconcentration, suggesting
that some microbially associated sulfur reactions may be occurring.
In addition, during evapoconcentration, lakes shallow and shorelines
migrate inward, expanding the sand"at/mud"at and exposing some
sulfur sediments, priming them for erosion by wind.

Continued evaporation leads to desiccation of lakes. Shallow
groundwater brines are wicked to the surface and form tiny evaporite
crystals, commonly gypsum and halite. Winds that are most effective
are entraining subaerially exposed materials, so times of desiccation
are the times during which most erosion and deposition of wind-
blown grains take place, leading to sulfate exchange among and
between lake systems.

F–E–D cycles occur over geologically rapid periods, ranging from
daily to decade-long events. Cycles are not always complete. For
example, a lake may undergo "ooding, then evapoconcentration,
following by "ooding again. These F–E–D cycles can also occur on var-
ious spatial scales. We have observed a lake in "ooding stage only
kilometers from a lake in desiccation stage at the same time. This
localized nature is due to local weather. A thunderstorm with abun-
dant rain and large hail during the fall of 2009 left lakes to the east
and north of the town of Hyden in "ood stage for months after, while
lakes on the west side of town remained dry. In contrast, regional
weather events, such as "ooding from inland typhoons from the north-
west and seasonal droughts, can cause the entire region to be in a "ood
stage, evapoconcentration stage, or desiccation stage.

5.5. End member environment?

We propose that the combination of geologic setting and chemical
characteristics of the lakes and groundwaters, enhanced by F–E–D
cycles, makes southern Western Australia a complex sulfur-rich
system (Fig. 10). Here, sulfur is perhaps the most important element
in the geology, geochemistry, and microbiology of the lakes and asso-
ciated environments and shallow subsurface systems. The sulfur pro-
cesses and products are varied and abundant. Sulfur cycles
dynamically through the lithosphere, hydrosphere, biosphere, and
atmosphere (Fig. 11).

Long and Lyons (1992), using data from both the Yilgarn Craton of
southwestern Australia and the Murray Basin of southeastern Austra-
lia, hypothesized that evolution of continents leads to acid saline lake
and groundwater systems. They invoked ancient bedrock containing
sul!des, climate, and long-term weathering trends to contribute
toward the production and maintenance of acid brines. Preliminary

models were developed to show documented and inferred processes
at acid saline lakes at Lake Tyrrell in the Murray Basin of Victoria
(Long and Lyons, 1992) and Lake Gilmore on the Yilgarn Craton
(McArthur et al., 1989). Long et al. (2008) added a brine evolution
pathway to the Hardie and Eugster brine evolution "ow chart they
developed for alkaline brines (Hardie and Eugster, 1970; Eugster
and Hardie, 1978). This most recent brine evolution "owchart incor-
porates acid brines for the !rst time. Long et al. (2008) based their
brine evolution upon their studies of Lake Tyrrell in Victoria, yet we
!nd that this model generally matches our observations for the acid
brines of the Yilgarn. The main difference is that the Lake Tyrell,
Victoria acid brine groundwaters described by Long et al. (2008) are
localized at spring zones, whereas the acid brine groundwaters of
the Yilgarn Craton are regionally extensive and more chemically
complex (Benison et al., 2007; Bowen and Benison, 2009).

We have re!ned the preliminary models of acid brine systems,
building upon the early work on Western Australian acid brines by
Alpers et al. (1992), Hingston and Gailitis (1976), Johanesson et al.
(1994), Mann (1983), and McArthur et al. (1989, 1991) and adding
our additional observations. The previously proposed models Western
Australian brine systems consist of meteoric groundwater and deeper
saline groundwater meeting at a mixing zone at which acidi!cation
occurs (Mann, 1983; McArthur et al., 1989, 1991; Johanesson et al.,
1994). Some also theorized that sea spray aerosols as a major source
of sulfate in the lakes (Hingston and Gailitis, 1976; Alpers et al., 1992).
We have added documented processes and products from our own
studies to develop what we consider a more detailed representation
of acid brine systems of the Yilgarn Craton. Our re!nement considers
the regional-scale acid brine groundwaters and more spatially and
temporally complex processes and products. Figs. 9 and 10 illustrate
the sulfur cycle as we understand it for these acid brine settings.

The sulfur cycling in the regional-scale acid brine systemof southern
Western Australia is quite dominant and dynamic compared to
sulfur cycling documented elsewhere, aswell as compared to other geo-
chemical processes within these acid brine environments. Unlike many
other natural geochemical cycles that may be able to be controlled or
constrained by a slight change to the system, the components and con-
ditions in Western Australia have caused the sulfur cycling there to be
self-sustaining. For these reasons, we call it “runaway sulfur cycling”.

Continental acid brine systems are a rare, but natural, hydro-
geological systemmarked by extremely low pH, extremely high salinity,
high concentrations of metals, an unusual assemblage of depositional
and diagenetic minerals, and novel and diverse microorganisms. Sulfur
plays a crucial role in these systems. The sulfur cycle here involves a

Fig. 11. Idealized sulfur cycle in and near acid saline lakes in southern Western Australia. White circles represent products and labeled arrows represent processes. Dashed arrows
are used for processes that involve a change in phase or chemistry. Solid arrows represent physical movement of products.
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complex network of chemical, physical, and biological processes. We
propose that sulfur is the most important element in the evolution of
and maintenance of natural acid saline systems.

6. Conclusions

Aqueous sulfur compounds, sulfur minerals, and sulfur-interacting
microorganisms are abundant and diverse in southern Western
Australia. The hundreds of saline lakes are hosted by a regional acid
brine groundwater system in highlyweathered Archean rock. Extremely
low pH, extremely high salinity, high metal concentrations, an unusual
assemblage of minerals, and novel and diverse microbial communities
characterize these settings. Flooding–evapoconcentration–desiccation
cycles promote intense and rapid chemical and physical changes that
drive many interchanges of sulfur among the lithosphere, hydrosphere,
biosphere, and atmosphere.We propose that the sulfur cycle is dynamic
and intense in acid brine systems andmaymark endmember continen-
tal settings.
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