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1. Introduction

The critical zone, comprising the earth's surface from the zone of
vegetation to the zone of groundwater (Brantley et al., 2006), forms a
heterogeneous, dynamic system that incorporates the many coupled
biogeochemical cycles that support life and shape the landscape over
time. It is host to different types of geochemical barriers (Perel'man,
1986) often with strong chemical gradients and typically in a state of
dynamic disequilibrium. The study of element cycling has largely fo-
cussed on the upper parts of the terrestrial environment including the
atmosphere, surface waters and soils, with deeper groundwater sys-
tems often ignored or considered of limited impact. Yet, groundwater
is an important component in sustaining river flows and wetland sys-
tems globally. The degree of coupling of biogeochemical cycles is
being much better appreciated chemically (Falkowski et al., 2008;
Finzi et al., 2011), although the incorporation of Fe, S and trace metals
(Burgin et al., 2011), as well as changes across landscapes including
wetlands requires much better understanding and integration. The im-
pact of oxidation reactions involving Fe and S in generating acidification
are well known from studies of acid mine drainage (AMD), but their sig-
nificance is much broader in terrestrial (Shand et al., 2005; Rice &
Herman, 2012) and planetary (Hurowitz et al., 2010) systems. In some
legacy mines, acidification can be extreme e.g. with generation of high
metal loadings and negative pH (Nordstrom et al., 2005).

The productivity of wetlands often far exceeds that of fertile farm-
land, forming foci of nutrient cycling. They also act as filters of land-
scapes (Madden et al., 2004, Hammer & Bastian, 1989), immobilising a
range of natural and anthropogenic contaminants and protecting aquat-
ic ecosystems. Inputs of metals, for example, can be removed by sorp-
tion onto oxyhydroxide mineral surfaces under oxidising conditions or
incorporated into sulfide minerals under reducing conditions in wet-
land soils. However, changes in water balance may have a significant ef-
fect on this storage and build-up of contaminants if the geochemical
environments in wetlands are modified. The complexities of coupled
biogeochemical cycles in heterogeneous landscapes as well as the vari-
ety of water fluxes (rainfall, surface flows, interflow, groundwater)
make it difficult to fully appreciate the role of groundwater as a source
and control on nutrient and contaminant dynamics (De Nobili et al.,
2002; Dupas et al., 2015).

The groundwater-fed carbonate Mound Springs of the western
Great Artesian Basin (which covers 20% of the continent) are iconic
symbols of the arid interior of Australia forming isolated ecological
niches of cultural and ecological significance (Love et al., 2013). The
springs form a major discharge zone for groundwater of the GAB, with
waters sourced from westerly and northerly flowpaths. Discharge is fo-
cussed along a NW-SE to W-E zone close to the western and southern
margin of Lake Eyre (Fig. 1). They typically form distinct travertine (cal-
cium carbonate) mounds and platforms in the west, but change to more
shallow features in the east without the development of travertine.
Many of the larger mounds are now extinct due to declining flows as re-
charge decreased in central Australia due to natural climate change over
the past 50,000 years. Of significance to the sustainability of spring
flows and hydrodynamics of the western margin, is that recharge is
now limited to episodic flows from river systems and diffuse recharge
is effectively zero (Love et al., 2013). The age of many springs is not
known, but luminescence dating of quartz grains in the carbonate of
some springs has provided ages from 10 to 400 ka (Prescott &
Habermahl, 2008). Similarly, U-series dating of carbonates gave ages
from 6 to 460 ka, with age probability groupings suggesting periodicity
in carbonate precipitation (Love et al., 2010). The spring zone thus rep-
resent a record of geological, hydrogeochemical and pedological pro-
cesses occurring over millennia.

The springs are associated with old (Neoproterozoic), deep crustal
fractures (the Torrens Hinge line and Tasman line) above a large transi-
tion in mantle velocity structure, thought to be the junction of a major
terrane boundary (Karlstrom et al., 2013). There is also evidence for

mantle-derived >He and CO, in groundwater of the GAB (Crossey et
al.,, 2013; Italiano et al., 2014), the latter playing a significant role in de-
termining the geochemical evolution of groundwaters and the forma-
tion of travertine mounds. GAB spring fauna are extremely localised in
their distribution and display a high genetic diversity and degree of en-
demism (Guzik & Murphy, 2013). The protection of such unique ecosys-
tems is highly dependent on continued spring flows and good water
quality, both of which are currently being impacted by groundwater
abstraction.

This paper presents a study of these arid zone spring discharge zones
in the western Great Artesian Basin (GAB), where spring flow is solely
derived from a deep confined artesian aquifer system of Mesozoic age.
Specifically, it aims to show how the redox cycling of Fe and S in acid
sulfate soils (ASS) within carbonate-rich terranes can create extreme
acidic environments, posing a risk to spring ecosystems as a result of cli-
mate change and groundwater abstraction. Furthermore, it explores the
relationship between acid sulfate soil hazard and deep sub-surface pro-
cesses, highlighting that influences on the critical zone can extend much
deeper than commonly appreciated.

2. Experimental (materials and methods)

During a study of springs and groundwater as part of a national initia-
tive in the western part of the GAB (NWC 2013), it was reported that one
of the springs (Brinkley) had very low flow and yellow ‘sulfur’ crystals. A
visit to the site confirmed the presence of thick mineral efflorescences
varying in colour from white, bright yellow and brown to orange. During
subsequent field campaigns, samples were collected from a number of
different spring systems for further chemical and mineralogical analyses.

Soil samples were collected from a number of springs including 10
Mile Spring, 12 Mile Spring, Big Cadnaowie, Big Perry, Billa Kalina,
Brinkley, Coodanoorina, Gosse, Hawker, Levi, Nilpinna, Outsider,
Strangways, Vaughan, Wandallina and Warburton. At most springs, a
shallow soil sample or surface mineral efflorescence was collected.
More detailed sampling was undertaken at selected springs where
sulfidic soils were observed or where strongly sulfuric (pH < 4) mate-
rials were identified. Soil pits were dug at these sites and samples col-
lected in plastic bags and chip trays for mineral identification by x-ray
diffraction (XRD) analysis. For saturated, reducing soils below a redox
boundary, samples were kept refrigerated. Sub-samples were ground
in an agate mortar and pestle before being lightly pressed onto silicon
low background holders for x-ray diffraction analysis. XRD patterns
were recorded with a PANalytical X'Pert Pro Multi-purpose Diffractom-
eter using Fe filtered Co Ko radiation, auto divergence slit, 2° anti-scat-
ter slit and fast X'Celerator Si strip detector. The diffraction patterns
were recorded in steps of 0.016° 2 theta with a 0.4 s counting time per
step, and logged to data files for analysis. Qualitative analysis was per-
formed on the XRD data using in-house XPLOT and commercial soft-
ware HighScore Plus from PANalytical with the PDF4 + 2014 database
from the International Centre for Diffraction Data (ICDD).

Soil pH measurements were made in water (approximately 1:1;
pHw ) prior to and after being incubated for 16 weeks (pHjnc) to esti-
mate natural oxidation (Creeper et al., 2012), and after treatment with
a strong oxidising agent — hydrogen peroxide (pHox).

The nomenclature of acid sulfate soils has been modified recently
and the following terms from Sullivan et al. (2010), now accepted in
the Australian soils classification (Isbell, 2015), are used here:

« Sulfidic: soil materials containing detectable sulfide

o Hypersulfidic: Sulfidic soil material that is capable of severe acidifica-
tion (pH < 4) as a result of oxidation of contained sulfides

o Hyposulfidic: Sulfidic soil material that is not capable of severe acid-
ification (pH < 4) as a result of oxidation of contained sulfides

« Sulfuric: Soil material that has a pH <4 (1:1 by weight in water,
or in a minimum of water to permit measurement) when measured
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Fig. 1. Map showing the locations of springs in the Lake Eyre spring group of the western GAB. Spring sample codes are provided in Table 1.

in dry season conditions as a result of the oxidation of sulfidic
materials
» Monosulfidic: Soil material containing >0.01% acid volatile sulfide.

The total amount of reduced inorganic sulfur contained mainly with-
in sulfide minerals (SCR), was determined by the Cr-reducible S tech-
nique for use in acid-base accounting (Ahern et al., 1998). The total
amount of acid generated, assuming complete oxidation, is quantified
inmol H' tonne ™. As well as potential acidity in the pyrite, the amount
of acidity already present in the soil was measured as titratable actual
acidity (TAA). In sulfuric materials, retained acidity (RA: an operational
term considered to be acidity stored in mineral phases such as jarosite)
may form the major component of stored acidity. The sum of acidity
generated by SCR, TAA and retained acidity represents the acid generat-
ing potential (AGP) of the sample. Acid-base accounting simply bal-
ances the total amount of acidity against the potential amount of
neutralisation. The net acidity (NA) is calculated as the difference be-
tween AGP and acid neutralising capacity (ANC; typically using a factor
to account for limited reaction of carbonate):

NA = (TAA + SCR + RA) - ANC/1.5

A positive value indicates an excess of acid and the likelihood of soil
acidification when soil is disturbed and oxidised. Trigger values for
coastal ASS vary according to texture, being 6 mol/tonne in clean
sands to 62 mol/tonne for heavy clays (Dear et al., 2014).

Spring waters were collected from close to the discharge point. For
bore waters, a minimum of 3 bore volumes were pumped, after
checking that the field parameters pH, Eh and SEC were stable. Water
samples were filtered on-site using Millipore 0.45 pm membrane filters
and an aliquot for major and trace cations acidified to 1% v/v with nitric

acid. Alkalinity was measured by acid titration using a field HACH Kkit.
Existing data were compiled into a project database including existing
data for South Australia, Northern Territory and SW Queensland (Love
et al,, 2013). Major cations and sulfur were analysed on an ARL 3580B
Inductively Coupled Plasma Optical Emission Spectrometer (ICP OES).
For trace multi-element analysis, water samples were analysed by In-
ductively Coupled Plasma Mass Spectrometry (ICPMS) [APHA method
3125] on an Agilent 7500ce (Agilent Technologies, Tokyo, Japan). The
samples were run using helium as a collision gas to remove oxide or
doubly charged mass interferences and hydrogen as a reaction gas to re-
move Cl interferences on Se masses to be detected. Drift regulation was
achieved using an internal standard with similar mass and first ioniza-
tion potential to the elements to be analysed; '"In, 1°>Rh, °3Ir and
2098 were used. Analyses were quantified by use of blanks and calibra-
tion standards. Nitrogen species, Cl and PO, were analysed by colori-
metric analysis using an Auto Analyser, Br, F and SO4 by ion
chromatography and NPOC by a TOC Analyser.

3. Results
3.1. Field characteristics

The GAB springs varied in size, structure and flow (Fig. 2). They var-
ied from small mounds devoid of travertine mounds (e.g. Gosse) to ex-
tensive travertine platforms in the central and western regions of the
spring zone. Many of the larger travertine mounds and platforms had
no flow or small satellite discharges, attesting to a lower piezometric
surface than in the past. Mineral efflorescences were common around
most springs, varying from pure white through brown and orange to
bright yellow. These varied from fluffy white coatings to thick
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Fig. 2. GAB spring photographs showing the variation in character from active to extinct travertine mounds and travertine-free discharges. Top left: extinct spring; top right: The Bubbler
named because of the degassing of large bubbles; bottom left: extensive Fe-oxyhydroxysulfate efflorescences and dieback of Phragmites reeds at Big Perry spring; bottom right: dissolution

features - undercutting of travertine mound by sulfuric materials at Strangways springs.

(>10 cm) surface precipitates. The more brightly coloured precipitates
were often found in spring zones displaying dissolution features (cavi-
ties, voids, cuspate surfaces) in the travertine.

3.2. Mineralogy

There was a large diversity of mineral salt efflorescences identified
around the vents, comprising mainly sulfate, hydroxysulfate, chloride,

Table 1
Mineral phases identified in the discharge zones of springs.

carbonate and bicarbonate minerals in addition to the travertine
mounds (Table 1). In the eastern sector, halite and gypsum were identi-
fied, along with the rarer sulfate minerals thenardite and eugsterite. The
rare carbonates thermonatrite and trona were also found around dis-
charge vents of Gosse Springs.

A range of rare Fe- and Al-bearing, acid generating hydroxysulfate
efflorescence minerals were identified, especially in some of the north
western springs where there was evidence of decreasing spring flow

Minerals (by XRD) Composition

Spring sources

Alunogen Aly(SO4)3-17H,0 Brinkley, Vaughan

Blodite Na;Mg(S04),-4H,0 Brinkley

Copiapite Fe?* Fe*4(S04)6(0H), - 20H,0 Vaughan

D'Ansite Nay;Mg(S04)10Cl5 Brinkley

Eugsterite NayCa(S04)3-2H,0 Little bubbler

Feldspar (K, Na, Ca)(Si, Al)40g Brinkley

Ferrinatrite NasFe**(504)3-3H,0 Brinkley

Gypsum CaS04-2H,0 Big Perry, Brinkley, Gosse, Hawker, Little Bubbler, Vaughan
Halite NaCl Big Perry, Brinkley, Gosse, Hawker, Little Bubbler, Vaughan
Jarosite KFe3(S04)2(0OH)e Big Perry, Hawker

Jurbanite Al(SO4)(OH)-H,0 Vaughan

Kaolinite Al,Si;05(0H)4 Brinkley, Hawker

Melanterite FeSO4-7H,0 Big Perry

Metavoltine K;NagFe? " Fe**(S0,4)120,- 18H,0 Big Perry, Brinkley, Vaughan

Mica KAI,(SizAl)O10(OH,F), Brinkley

Natrojarosite NaFe3*5(504),(0H)g Big Perry, Brinkley, Hawker, Vaughan

Pyrite FeS, Big Perry, Hawker

Rhomboclase HFe3*(504),-4H,0 Big Perry

Sideronatrite Na,Fe®*(504),0H-3H,0 Big Perry, Brinkley, Hawker, Vaughan

Smectite (Ca, Na)o3(Al, Mg, Fe),_3(Al, Si)40109 (OH),-nH,0 Brinkley

Szomolnokite FeSO4-H,0 Big Perry, Hawker

Tamarugite NaAl(SO4),-6H,0 Brinkley, Vaughan

Thenardite NaSO,4 Brinkley, Little Bubbler

Thermonatrite Na,C03-H,0 Gosse

Trona Na,(C0O3)(HCO3)-2H,0 Gosse

Tschermagite (NH4)AI(SO4)2-12H,0 Brinkley

Quartz Si0, Big Perry, Brinkley, Gosse, Hawker, Little Bubbler, Vaughan
Unknownite ? (no known XRD pattern) Vaughan
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and intense evaporation; here the mineral efflorescences were up to
10 cm thick. These included the Al- and Fe-bearing hydroxysulfate min-
erals alunogen, tamarugite, sideronatrite and metavoltine as well as the
first recorded occurrence of ferrinatrite in Australia. Many of these min-
erals are only stable under extremely acidic conditions. Some salts could
not be identified as they did not match any spectra in current databases.
The Fe hydroxysulfates varied in soil profiles with metavoltine,
sideronatrite and ferrinatrite present at or near the surface, where the
effects of evaporation led to concentration of H*, whilst natrojarosite
and jarosite were present deeper in soil profiles where pH was higher.
The deeper soils at Big Perry and Hawker comprised mainly pyrite
with minor quartz and kaolinite (Table 1). Scanning electron micro-
graphs are shown on Fig. 3, which displays the change from pyrite dom-
inant at depth through jarosite above the redox front and sideronatrite
and melanterite at the soil surface.

3.3. Soil/sediment pH and geochemistry

The pH of soils (1:1 soil:water) varied from pH < 0.1 to pH 10. In the
most extremely acidic soils, sulfuric materials were present to depths of
at least 80 cm (Fig. 4). The change in pH during incubation experiments
also varied; many were already sulfuric but displayed potential to de-
crease even further, whilst others showed only a small decrease remain-
ing circumneutral to alkaline due to acid buffering capacity due to high
contents of ANC (mainly calcium carbonate). Even with peroxide treat-
ment, some soils showed little change in pH (e.g. Warburton and Out-
side springs, Fig. 4) whilst others showed large decreases where
sulfide concentrations were very high and ANC low.

3.4. Acid base accounting

Acid base accounting was undertaken on selected samples and
profiles (Fig. 5). The concentrations of SCR varied from <0.01 to 42%
(Table 2). At two spring sites (Hawker and Big Perry), a distinct redox
boundary was noted by a change in colour to black or dark grey at the
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present water table. The deepest profile at Brinkley was black but dry
and non-sulfidic. The shallow soils were strongly sulfuric, consistent
with the Fe- and Al-oxyhydroxysulfate minerals diagnostic of extreme
acidity. Net acidities were extremely high at Brinkley (up to
7000 mol H/tonne cf. the trigger value for coastal acid sulfate soils of
6-62 mol H*/tonne depending on soil texture). The upper soil layers
were dominated by TAA, with RA more dominant deeper in the profile.
Net acidities overall showed a wide range from —10,852 to >
+ 20,000 mol H +/tonne. The highest values were from saturated soils
at Big Perry and Hawker which contained the highest SCR concentra-
tions yet recorded for an acid sulfate soil (33-42%).

3.5. Regional hydrochemistry (spring and regional groundwater)

The groundwaters and springs of the western GAB display a wide di-
versity of water types (Fig. 6), and they are indistinguishable chemical-
ly; most lie between Na-HCO5 and Na-Cl type waters. In comparison
with seawater composition, many of the Na-Cl type waters display
much higher SO, relative to Cl, whilst the more Na-HCO3; waters often
have much lower ratios. The waters are dominantly circumneutral to al-
kaline (pH typically 7-9; median 7.70) and fresh to brackish (median
SEC of 5497 pS cm™ 1).

A distinction exists at a regional scale in terms of water type, with
Na-HCOs3 to Na-HCOs-Cl types dominating flow paths from the north
and Na-CI-SO4 and Na-Ca-Cl-SO,4 waters derived from the west and
north-west. The northerly derived groundwaters are relatively fresh,
with very low Ca and SO4, and very high alkalinity (up to 40 meq/L),
whilst those derived from the western margin have relatively high Ca
and SO4 and lower (but still high) alkalinity (Fig. 7). Minor and trace el-
ement compositions are also variable, with some elements displaying
large differences along the spring line e.g. F is much higher towards
the east in the Na-HCO5 waters and the Sr trend is similar to that for
Ca. Apart from Fe and Mn which can be quite high in the groundwaters,
trace metals and metalloids were generally very low reflecting limited

[ \ccv SpotMagn Det WD Exp f————— 10um
200KV 40 5000x BSEQ1 1

Fig. 3. Scanning electron micrographs of soils showing 1. Big Perry surface effloresce comprising rosettes and acicular melanterite and sideronatrite; 2-4 Hawker springs: 2. Jarosite 15—
40 cm; 3. Pyrite framboid with thin jarositic coating 46-60 cm; 4. Abundant pyrite framboids 60-80 cm.
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from Brinkley and Hawker were sulfuric at the time of sampling and have potential to undergo even more acidification.

mobility in the neutral to high pH of groundwater and spring
discharges.

4. Discussion

The presence of acid sulfate soils is a common feature of terres-
trial wetland systems across Australia, and disturbance can have a
significant impact on element cycling, nutrient dynamics and eco-
system diversity and resilience (Fitzpatrick & Shand, 2008; Mosley
et al., 2014). Their occurrence within the discharge zones of the
spring complexes is not surprising, but the severity of acidification
in some areas, particularly as they are enclosed by extensive traver-
tine mounds, was unexpected and greater than found in other in-
land and coastal wetland systems of Australia (Johnston et al.,
2004; Macdonald et al., 2004; Lin et al., 1998; Fitzpatrick et al.,
2009; Shand et al., 2010, 2012; Glover et al., 2011).

A decrease in the potentiometric surface in some areas of the West-
ern GAB has resulted in the exposure of previously subaqueous soils and
their subsequent oxidation. The most highly impacted spring sites con-
tain some of the most extremely acidic in Australia and pose a potential
risk to the unique spring ecosystems. A conceptual model is developed
to explain the formation of highly sulfidic ASS, the geographical distri-
bution of hypersulfidic and hyposulfidic ASS, and the role of deep
groundwater processes in determining ASS hazard across this regional
discharge zone.

4.1. Formation of highly sulfidic and sulfuric soil materials

The GAB springs are wholly dependent on groundwater. Their oc-
currence and the build-up of pyrite is controlled by the discharge of
groundwater, which provides a source of SO4 and Fe, and highly reduc-
ing organic-rich soils in the spring discharge vent. Sulfidic soils extend
the beneath carbonate platforms as these areas are also saturated with
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Fig. 5. Acid base accounting date for selected ASS profiles hypersulfidic: Brinkley, Big Perry (BP1) and Hawker South (HS 12) comprised sulfuric materials overlying were hypersulfidic

layers and Outsider (OS 1) was hyposulfidic containing high calcite.

groundwater and reducing. The formation of pyrite occurs via a series of
steps and there are different pathways, an overall reaction being:

2CH,0 + S042~ + Fe?* = 2C0, + FeS + 2H,0 (1a)

FeS + So = FeS, (1b)

The acidity of a water or soils is commonly represented by pH, how-
ever, potential or ‘stored’ acidity is present as dissolved reduced species
that can generate protons through hydrolysis reactions e.g. the oxida-
tion of Fe? "

2Fe”" +§0;, + 5H,0 = 2Fe(OH)5 ) + 4H" (2)

This is one step during the multi-step process for the oxidation of py-
rite. This process also occurs more generally e.g. moderately reducing
Fe? *-rich groundwaters with circumneutral pH may acidify to low pH
when they are oxidised near the surface in areas unrelated to areas of
pyrite oxidation. A better definition of acidity takes into account this ad-
ditional ‘stored’ acidity (Kirby and Cravotta, 2005):

Acidity = 50{1000(10“’“) + [2(Fe2+) +3 (Fe3+)} /56 + 2(Mn) /55 + 3(A1>/27}
3)

where concentrations are in mg/L.

During the formation of the spring mounds, potential acidity and alka-
linity are fractionated during mineral formation becoming spatially sepa-
rated, especially pyrite and calcite. Pyrite is formed within the soils
beneath the mound spring in highly reducing soils, and acidity is thus re-
moved and stored within the soils and builds up over time, whilst dis-
solved alkalinity is largely transferred to the discharge zone and stored
as calcite (note that where precipitation occurs in the vent soils, net acid-
ity can be negative). This physical separation, therefore, provides for local
hazards which may be a risk to ecosystems if a direct pathway exists for
the transfer of oxidation products (protons and contaminants).

Some of the spring soils contain the highest recorded SCR (>40%)
measured in acid sulfate soils, with pyrite being mainly in the form of
framboids up to 30 um diameter (Fig. 3). Net acidities in the deeper
soil layers of >20,000 mol H* /tonne have not been observed in ASS sys-
tems previously. The presence of such high pyrite contents at some
springs (equivalent to >90% pyrite in deeper soil layers) requires con-
siderable amounts of time. This is consistent with the longevity of the
springs over tens to hundreds of millennia (Prescott & Habermahl,
2008). It also suggests uninterrupted flow for long periods of time,
since the soils would otherwise oxidise under lower flow conditions.
There is anecdotal evidence that cattle stopped drinking water from
Brinkley springs (previously considered very good quality stock
water) some time before salt efflorescences began to form in the late
1960's (Bobby Hunter, Station Manager, Stuart Creek pers. Comm.),
but sampling was not completed until a few decades after this time,
hence the formation of very thick (>10 cm) hydroxysulfate mineral
crusts. A number of springs have been extinct for some time as a

Please cite this article as: Shand, P,, et al., Extreme environments in the critical zone: Linking acidification hazard of acid sulfate soils in mound
spring discharge zones to g..., Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.05.147



http://dx.doi.org/10.1016/j.scitotenv.2016.05.147

8 P. Shand et al. / Science of the Total Environment xxx (2016) xXx-Xxx

Table 2

Selected acid base accounting data for soil samples. Note that RA is only completed on samples with pHyc < 4 and ANC on samples with pHyq > 6.5.

Spring group Sample no. AVS (% dry wt) PHkal TAA (mol H* /tonne) SCRwt% as S RA wt% as S ANC wt% Net acidity (mol H*/tonne)
Big Perry BP 1.1 2.06 5070 0.04 0.69 5415
BP 1.2 233 925 0.03 7.02 4226
BP 1.3 0.035 1.89 1878 0.39 1.55 2844
BP 14 0.020 2.60 429 3341 0.14 21,333
Vaughan V41 2.26 2859 0.02 1.86 3740
V7.1 2.30 2838 0.04 0.41 3055
V14.1 3.02 137 0.02 2.26 1209
V15.1 3.38 126 0.01 4.40 2192
V17.1 4.49 95 0.01 3.64 1805
Outsider 0S 1.1 0.087 7.64 0 0.24 8.04 —921
0S1.2 0.030 8.19 0 0.01 3.50 —460
0S13 0.014 8.53 0 0.02 245 —314
0S4 8.44 0 0.02 14.25 —1886
Hawker North HN 1.2 0.042 3.05 264 4.76 1.54 3953
HN 1.3 0.065 4.02 146 9.99 0.21 6475
HS 2.1 2.21 2983 0.06 3.34 4585
Hawker South HS11.2 3.56 94 0.74 6.24 3476
HS 12.1 2.75 219 0.05 7.97 3978
HS 122 2.67 310 0.07 5.33 2849
HS 123 0.056 2.50 667 1.15 1.46 2065
HS 124 0.020 3.01 310 39.75 0.29 25,238
HS 12.5 0.024 3.56 156 4228 0.33 26,680
Big Cadnaowie BCO 4 313 205 1.66 1.72 2044
BCO 5 0.056 8.03 0 4.30 11.28 1179
BCO 6 8.41 0 0.01 0.25 —27
Wandallina w1 0.086 7.96 0 0.92 0.45 514
Nilpinna ON 5 0.697 7.72 0 1.36 0.92 726
10 mile spring 10M22 8.91 0 0.21 17.72 —2229
Coodanoorina PCS 001a 2.21 3719 0.02 1.18 4285
PCS 001b 2.10 6530 0.01 0.30 6678
PCS 001c 3.81 602 0.02 3.55 2276
Brinkley pool 3.47 95 0.06 6.91 3366
discharge 7.72 0 0.35 38.32 —4885
BK 3.1 2.10 6799 <0.01 0.41 6998
BK 3.2 2.83 290 <0.01 421 2265
BK 3.3 2.57 548 0.01 3.69 2283
Billa Kalina BK 1 8.78 0 2.27 24.29 —1823
BK 2 9.15 0 0.18 28.73 —3713
BK 3 8.60 0 2.09 3439 —3278
Gosse GOSSE 5 8.03 0 <0.01 3.37 —445
Warburton WAR 2.1 9.62 0 0.01 45.34 —6033
WAR 2.2 9.52 0 0.21 49.29 —6436
WAR 3.1 9.30 0 0.27 82.75 —10,852
WAR 3.2 9.66 0 0.05 19.26 —2532
WAR 3.3 8.53 0 <0.01 50.39 —6709

consequence of reduced recharge over the past few millennia as a drier cli-
mate has been established and have not flowed in living memory. Howev-
er, many springs showed evidence of a relatively recent decrease in flow
e.g. the presence of stone water culverts which are now dry, and geochem-
ical indicators of drying such as mineral efflorescences and oxidation fronts
close to the current vent. At one of the springs where discharge was still ac-
tive (and alkaline), dissolution features in the carbonate mound also sug-
gest that older acidification events have occurred in the past. The
oxidation of pyrite is one of the most acid generating reactions in nature.
It takes place by a series of steps (some acid generating, some acid
neutralising), which may be separated in space, hence the impacts may
vary depending on transport processes. The overall reaction is:

FeS, + 15/40; + 7/2H,0—Fe(OH); + 250,>~ + 4H" (4)

Most of the oxidation occurs in the unsaturated zone where oxygen
replenishment by diffusion and advection is high. The formation of sec-
ondary hydroxysulfate minerals, especially in semi-arid and arid envi-
ronments (Figs. 2 and 3) may store some of the acidity, but can
release this at a later date when the soils are re-wetted or saturated.

The springs which showed evidence of extreme acidification
were mainly located in the central and western part of the spring
line from Ockenden to Strangways (Fig. 1). Where the springs had
dried completely (e.g. most springs at Brinkley), or dried out on the

margins of saturated areas (Fig. 2), soil pH was very low (minimum of
pH 0.1). The pH of flowing spring waters was mainly slightly acidic to
slightly alkaline (pH 6-9) as these areas are continuously saturated,
but pulses of acidity occur during rainfall events. At Brinkley, ponded
water at the margin of the channel had acidified strongly (pH 2.5; acid-
ity 16 meq/L) and contained high concentrations of Al (61 mg/L) and Fe
(68 mg/L). Most transition metals were present only at low concentra-
tions at Brinkley, suggesting a limited source, the exceptions including
slightly elevated Zn (170 pg/L) and high Be (223 pg/L). At Strangways,
endemic species became confined to the discharge point during acidic
pulses during rainfall events, returning to spring tails only after several
months. The combination of exposure of hypersulfidic soils to oxygen
and high evaporation rates has generated thick hydroxysulfate salt ef-
florescences, and these have been largely preserved by the lack of sur-
face flow systems. The oxidation process in many springs is relatively
recent and many of the risks from acidification are yet to be realised.
The oxidation front has permeated to at least 50 cm at some sites
(Fig. 5). Net acidities are generally lower in the upper parts of the profile
(BP1 and HS 12 on Fig. 5) suggesting losses of acidity, during sulfide ox-
idation (only part of the acidity is left in secondary hydroxysulfates) or
following rainfall events. Jarosite and natrojarosite (Fig. 3) were present
above the redox front giving rise to high retained acidity (Fig. 5). Jarosite
and natrojarosite are typically stable in the range pH < ca. 2-4 under
oxidising conditions, but the pH of the upper soils were much more
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Fig. 6. Piper plot showing the variations in groundwater and spring discharges along the spring line.

acidic, due to high evaporation rates increasing proton activity. The very
rare minerals metavoltine, sideronatrite and ferrinatrite (and in some
cases melanterite) were the dominant hydroxysulfate minerals in the
surface soil layers, having formed as oxidation products of pyrite
under more extreme conditions e.g. for sideronatrite:

FeS, + 20, + 4H,0 + 2Na* = Na,Fe(S0y),(OH) - 3H,0 + H* (5)

Chemical Acid base accounting analyses (Fig. 5) show that these
minerals do not come under the operational definition of retained acid-
ity, but are released under the titratable actual acidity step. The kinetics
of dissolution and solubility of these acidic salts is, therefore, very differ-
ent from that of the jarosite group, being easily mobilised and rapid. This
should be taken into account in any risk assessment. As the oxidation
front moves down the profile the effect of evaporation is likely to de-
crease, with an increase in pH by buffering with soil minerals such as
clays, leading to differences in hydroxysulfate mineral assemblages.
The paragenesis of hydroxysulfate minerals is likely to be from
sideronatrite/metavoltine/ferrinatrite to jarosite/natrojarosite, with
specific forms depending on local mineralogy and the availability of
leached major cations (Na, K, Mg, Ca). The mineralogy is generally dif-
ferent to many AMD suites which are dominated by Fe sulfates (Jerz &
Rimstidt, 2003), probably due to more intimate relationships between

pyrite and clays in the soil environment providing cations. The Fe-hy-
droxysulfate minerals melanterite and copiapite were, however, found
in a few surface samples where acid-clay interactions were locally lim-
ited (Table 1). The formation of the hydroxysulfate salts represents a
significant hazard because they act as stores of acidity, dissolving and
releasing protons through hydrolysis reactions such as:

NaFes(SOy4), (OH)g + 3H,0 = 3Fe(OH); + 3H" + 2504 + Na* (6)

They may also release high concentrations of contaminants, as these
mineral phases have a number of structural sites (Papike et al., 2006)
that can incorporate a range of co-precipitated contaminants. Prelimi-
nary water leaching experiments (Shand et al., 2014) have shown that
a range of contaminants including Al, As, Fe, Tl and V can be mobilised
from these salt efflorescences.

Most spring waters visited in the south of the area showed no sign of
acidification, the exception being ‘Sulphuric Spring’. The chemistry of
this spring, including S isotope data, suggest that the S in this spring is
sourced from nearby Pre-Cambrian basement. A number of white min-
eral efflorescences were sampled around the more easterly vents. These
were identified by XRD as the common minerals halite and gypsum, and
the rarer minerals thenardite and eugsterite, the latter two minerals
being sulfates typically associated with oxidised ASS in well buffered
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Fig. 7. Spatial maps showing (a) locations of samples with piezometric surface and generalised flow directions, and concentrations of (b) Cl (c) alkalinity and (d) SO4.

environments. At Gosse Spring, the Na-carbonate/bicarbonate minerals
thermonatrite and trona were found around discharge zones. These
minerals are uncommon, and Earman et al. (2005) noted that they are
typically confined to young volcanic areas, and that the addition of ex-
cess CO, is an important condition for their formation. There is no evi-
dence in the study area of recent volcanism, however, the Na-HCO3

type waters in these springs along with exogenic CO, from deep mantle
de-gassing (Love et al., 2009) has led to similar water compositions
(with high alkalinity: Ca) which upon evaporation can explain the pres-
ence of these minerals from low temperature GAB springs. Their occur-
rence may thus be useful as an indicator of deep CO,-rich fluids from
within the Earth's crust and mantle.
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Most of the springs in this remote region of Australia have not been
assessed for the occurrence of ASS, and their distribution is not known
in detail. However, all of the sites which are being impacted by soil acid-
ification were in areas where travertine mounds were present. The
presence of abundant travertine and surrounding calcareous soils at
these sites makes extensive soil acidification unlikely. However, the im-
pact on the rare ecosystems, many with endemic species, within spring
pools and tails may be severe and the potential hazards from oxidation
of acid sulfate soils need to form part of any risk assessment of the
springs. Towards the central part of the spring line, travertine mounds
were present, but net acidities were negative in the few samples collect-
ed. In many of the eastern springs, carbonate mounds were absent and
alkalinities very high in the groundwater and soils. Consideration is now
given to the groundwater as a potential control on the occurrence of ASS
hazard and on Fe and S cycling in the spring discharge zones.

4.2. Linking hazardous ASS to groundwater hydrochemistry

The regional variations in groundwater chemistry in the western
GAB are, in detail, not simple, with compositions being a function
of recharge processes (e.g. climate variability controlling salinity), geo-
chemical pathways through the aquifer and inter-aquifer leakage. Nev-
ertheless, there are some broad features which are relevant to the
formation of ASS and provide a clue as to why some discharge zones
contain high net acidities whilst others have highly negative net acidi-
ties (high alkalinities). The fractionation of acidity (forming sulfidic sub-
aqueous soils) from alkalinity (forming carbonate caps) has already
been alluded to in the previous section and shows how net acidity can
be focussed in specific areas of the critical zone, but this cannot explain
why it happens in some systems and not others.

The springs represent the discharge from deep aquifers, and it is not
yet clear to what degree inter-aquifer mixing and geochemical reactions

600

are occurring as the artesian waters make their way to the surface. How-
ever, the spring waters display similar concentrations and spatial varia-
tions to the local groundwater sourced from the underlying Jurassic-
Cretaceous aquifer, and it is likely that this dominates the source of
spring discharge. A detailed geochemical interpretation of groundwater
evolution is beyond the scope of this study, but the spring data display
chemical trends (Fig. 8) along the spring zone from Ockenden to
Gosse (Fig. 1). Some scatter exists due to the effects of evaporation, es-
pecially in low discharge pools (confirmed by heavy stable &'%0 isotope
signals). The transect can be subdivided into at least three sections

(Fig. 8):

* North-west - from 0 to ca. 90 km
* Central - from ca. 90 km to ca. 200 km
* Eastern - from ca. 200 km to ca. 350 km.

The north-western section is characterised by relatively high SO,
moderate Ca and alkalinity, along with high SO,4/Cl ratios (higher than
the seawater ratio of 0.142), the latter indicating an additional source
of SO, from recharged rainfall. A significant increase in SEC occurred
in Section 2, where the spring waters have higher Ca (and other major
elements), SO4 and increasing alkalinity and decreasing SO,4/Cl towards
the east. The eastern sector, where Na-HCO5 type waters dominate,
displayed very high alkalinity along with low SO,4, Ca and SO,/Cl ratios.
Sulfate was often below detection limit and SO4/Cl ratios much lower
than seawater, indicating removal of SO4 from solution. Although sul-
fate reduction can explain a trend between SO, and HCOs, alkalinities
are too high for the inorganic C to be derived solely by this process
alone. The spatial variations in spring discharge chemistry are consis-
tent with different mixtures of groundwater sources which have
evolved differently along regional flow pathways (Fig. 7). The north-
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Fig. 8. Hydrochemical variations in spring waters along the spring transect from the north-west to southeast (see Fig. 1 for spring zone).
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west springs are dominantly sourced from northern South Australia and
Northern Territory where modern recharge is currently dominated by
episodic river recharge e.g. from the Finke River (Love et al., 2013);
the central section springs have a much greater influence from the
western margin where salinity, including SO, is very high; and the east-
ern sector comprises waters dominantly from Queensland which are
low in SO4 and high in alkalinity. Most of the severely impacted springs
occur in regions where groundwater Ca and SO, are high, the latter pro-
viding S for the formation of pyrite. Iron concentrations in these areas
are variable in the spring waters as much of the Fe is removed to form
sulfide during flow through the reducing subaqueous soils or as Fe
oxyhydroxides as the spring waters discharge in contact with the

atmosphere. The eastern spring waters typically contain low SO, com-
bined with high alkalinity, hence much more limited opportunity to
form sulfide-rich and hypersulfidic soils over time. Therefore, there ap-
pears to be a strong link to groundwater chemistry in terms of acidifica-
tion hazard and risk.

4.3. Controlling factors on the acidification potential of springs in the critical
zone: linking hazardous ASS to groundwater evolution and mantle dynam-
ics beneath the Australian craton

The build-up of hypersulfidic sub-aqueous soil materials occurs in
the very shallow critical zone, where a major geochemical barrier exists
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Fig. 9. Top: schematic of a spring vent in the north-western area of springs showing the local environment where pyrite forms in saturated reducing soils within and beneath the travertine
mound; bottom: schematic of the relationship between regional groundwater evolution and mound springs highlighting the different sources of components which control ASS hazard.
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to remove Fe and SO,4 from deep moderately reducing groundwaters. At
a local scale (Fig. 9), the discharge zone can be considered as a series of
evolving geochemical compartments as the groundwater moves firstly
through sub-aqueous soils containing sufficient organic matter to re-
duce SO4 and Fe to ultimately form pyrite. Limited degassing of CO,
(the main control on reaching calcite saturation) beneath the carbonate
mounds means that most of the alkalinity is not removed from the
groundwater in this part of the system and net acidity becomes positive
and increases with time. The build-up of pyrite is a function of time and
history of groundwater flow, with perennial flow and long timescales
needed to build up high contents of pyrite and net acidity. Some precip-
itation of carbonate may occur within the vent, but typically oversatura-
tion with respect to calcite (by CO, degassing) is needed for the
travertine to form, and precipitation is mostly separated from the
zone of sulfidization. This separation of acidity and alkalinity derived
from the groundwater, and potential pathways of contaminants to sur-
face flow and the adjacent aquatic and terrestrial ecosystems are the
main controls on risk. The C and S cycles essentially become decoupled
within the discharge zones due to transport processes. In detail, the
form and geochemical environments of each spring system are unique,
being a function of landscape position, underlying geology and ground-
water composition, hence, a detailed study is required to determine the
risk at each site.

A much better understanding of the location of hazards across the
spring discharge is, therefore, gained through detailed knowledge of re-
gional groundwater flow patterns and chemistry. The correlation of ex-
treme acidity with travertine mounds may seem counter intuitive, but
the conceptual model developed above explains the formation of
hypersulfidic soil and correlation of acidification hazard with travertine.
A similar geochemical correlation of acidic drains in Western Australia
and calcareous soils (Shand et al., 2008) may well be due to a similar
process. The lack of both sulfidic systems and travertine mounds in
most of the eastern springs despite very high alkalinity is due to the na-
ture of the groundwaters: Na-HCO5 water types with very low concen-
trations of Ca and SO,. A key feature of the GAB groundwaters is the high
alkalinities in general, and these play a key part in the conceptual model
developed above. The addition of CO, from deep mantle and/or crustal
fluids to groundwaters can have a profound effect on water chemistry
(Wexsteen et al., 1988; Shand et al., 2004). For the northerly-derived
groundwaters in the east of the spring zone, the excess CO, has been

buffered by reactions with aquifer minerals generating high bicarbonate
and carbonate alkalinity and well buffered pH. This has suppressed any
potential increase in Ca due to the common ion effect, and Ca is too low
for the formation of travertine deposits. High net alkalinities combined
with loss of SO, due to sulfate reduction in the aquifer, means that
these springs pose very little risk of acidification. The high HCO3/Ca ra-
tios have led to the formation of rare Na bicarbonate and carbonate min-
eral efflorescences as a key indicator of excess CO, and loci of deep earth
degassing.

The north western and western-derived groundwaters are much
higher in the base cations Ca and Mg. Although alkalinities are lower
than those in the east, they are still high enough to form large travertine
mounds on de-gassing of excess CO, as the groundwaters equilibrate
with the atmosphere (lower partial pressure of CO,), causing an in-
crease in pH and consequent supersaturation with respect to calcite.
Combined with the formation of pyrite over time, this has allowed the
formation of strongly hypersulfidic soils beneath the mounds and a se-
vere hazard to develop. Extensive dissolution occurs where the
hypersulfidic soils are in intimate contact with travertine e.g. note the
undercutting of travertine on Fig. 2 (lower right).

The GAB spring environments highlight an important geochemical
connection between the mantle/deep crust and the critical zone that
has been active for millennia to millions of years (Fig. 10). The develop-
ment of ancient crustal scale fractures form important pathways for the
flux of supercritical fluids from deep within the earth, incorporation into
deep and shallow groundwater circulation systems, geochemical evolu-
tion of groundwater and controls on shallow critical zone biogeochem-
ical cycles which have a significant effect on water quality and
groundwater dependent ecosystems.

The influence of deep groundwater systems on the critical zone the
and connections between deep and shallow fluids in the earth are
often difficult to ascertain due to the diversity of internal hydrological
flow systems on and within the earth. The artesian arid zone GAB
springs, located in internally draining basins where surface flows do
not influence discharge, have helped to highlight these controls, includ-
ing the role of deep fractures as conduits for discharge. However, the de-
tails of how other deep multi-layer aquifer systems interact with fluids
along complex structures and their role in biogeochemical cycling, eco-
system diversity and endemism currently and in the past remain key
challenges to critical zone scientists.
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Fig. 10. Schematic of the GAB showing the zone of influence of the critical zone extending down to the mantle via. ascent of deep fluids which interact with regional groundwater, thereby

controlling geochemical processes in the shallow critical zone.
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5. Conclusions

Hypersulfidic soils with extremely high net acidities appear to be a
common feature of travertine mound springs in the western GAB dis-
charge zone. Their presence is controlled by the discharge of deep
artesian flow from underlying aquifers through organic-rich soils and
formation of pyrite within and beneath the carbonate mounds. With de-
creasing flow conditions, exposure of the soils is leading in some cases
to extremely acidic soil, often with pH < 1, and potentially devastating
effects on local ecosystems. A range of very rare iron and aluminium
hydroxysulfates have formed in these highly acidic environments due
to oxidation under high evaporation conditions in the arid zone. The
presence of locally high net acidities is considered to be a result of the
effective fractionation of acidity from alkalinity in the groundwater:
stored acidity is built up in the reducing soils by the precipitation of py-
rite, whilst alkalinity (from artesian groundwater as well as sulfate re-
duction) is transported to the surface to form travertine mounds upon
degassing of CO,.

The distribution of ASS hazard is linked to groundwater chemistry.
The areas of acidification correlate with the presence of carbonate
mounds formed from water with moderately high Ca and SO4 as well
as excess CO, derived, at least in part, from mantle degassing. Spring
discharges in the eastern part of the study area do not have travertine
mounds as the groundwaters are of Na-HCO3 type with very low con-
centrations of Ca and SO,. In the arid environment evaporation has led
to the formation of rare Na carbonates and bicarbonates as a result of
very high HCO3:Ca ratios. These mineral phases may be a useful guide
to areas of degassing along buried deep crustal lineaments.

The spring environments highlight a deep sub-surface connection to
the critical zone that has been active in some cases for millions of years:
controlling the flux of dissolved components and gases in fluids from
deep sedimentary basins and concentration within and above highly re-
ducing sediments at the discharge zone. This coupling of flow systems
to shallow biogeochemical cycles has been strongly influenced by geo-
chemical evolution in deep aquifer systems and the incorporation of
even deeper endogenic mantle-derived gases particularly CO,. This
study demonstrates the influence of sub-surface processes and linkages
between deep and shallow fluids, sometimes down to hundreds of km,
on biogeochemical cycling in the critical zone, and the need to consider
the earth in a much more holistic way.
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