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Abstract

Remote sensing observations and rover missions have documented the presence of sulphate-rich mineral associations on Mars. Many of these minerals
are paleo-indicators of hydrous, acidic and oxidising environments that must have prevailed in Mars” distant past, contrary to the present conditions.
Furthermore, occurrences of silica together with high Cl and Br concentrations in Martian soils and rocks represent fingerprints of chemically atypical
fluids involved in processes operating on the surface or at shallow depth. From field observations at representative active volcanoes in subduction
settings, supported by geochemical modelling, we demonstrate that volcanic hydrothermal systems are capable of producing Mars-like secondary
mineral assemblages near lakes, springs and fumaroles through the action of acidic fluids. Water-gas-rock interactions, together with localised flow
paths of water and fumarolic gas emitted from associated subaerial vents, lead to deposition of a range of sulphates, including gypsum, jarosite,
alunite, epsomite and silica. Evaporation, vapour separation and fluid mixing in (near-) surface environments with strong gradients in temperature
and fluid chemistry further promote the diversity of secondary minerals. The mineralogical and chemical marks are highly variable in space and
time, being subject to fluctuations in ambient conditions as well as to changes in the status of volcanic-hydrothermal activity. It is concluded that
active processes in modern volcanic-geothermal systems may be akin to those that created several of the sulphate-rich terrains in the early history

of Mars.
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Introduction

High concentrations of sulphur, chlorine and bromine found by
Viking, Pathfinder and MER (Mars Exploration Rovers Opportu-
nity and Spirit) in soil and rock weathering rinds indicate that
substantial volcanic degassing of volatile-rich magmas probably
occurred on Mars throughout time (Gellert et al., 2004, 2006;
Haskin et al., 2005). The presence of sulphates at Meridiani
Planum, Valles Marineris and Gusev crater suggest that aqueous
alteration by low pH sulphate-rich fluids was involved (Clark
et al., 2005; Zolotov & Mironenko, 2007; Ming et al., 2008). Al-
though none of the SNC (shergottite, nakhlite and chassigny)
Martian meteorites are pervasively altered, minor amounts of
sulphates and halogens like Cl and Br suggest that hydrother-
mal briny aqueous fluids have interacted with the host rocks
and secondary phases formed afterwards upon the evapora-
tion of these solutions (Bridges et al., 2001; Sutton et al.,
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2001; Greenwood, 2005). High silica abundances in soils from
Meridiani Planum, Gusev crater and in some chasmata of Valles
Marineris are most likely a product of intensive acid rock leach-
ing processes and silica precipitation from saturated thermal
fluids (Glotch & Bandfield, 2006; Milliken et al., 2008; Squyres
et al., 2008; Weitz et al., 2010; Wendt et al., 2011). These ob-
servations suggest that low-pH acid-sulphate weathering was a
major alteration pathway at some point during Mars’ geological
history (Bibring et al., 2006; Ming et al., 2006; Zolotov & Miro-
nenko, 2007). In contrast to Earth, where the carbon cycle is a
major controlling factor in surface geochemistry, it seems that
sulphur cycling processes dominated on Mars at least during
part of its evolution (Gaillard et al., 2013). Hot and acidic fluids,
enriched in sulphur and halogens, are typically encountered on
terrestrial volcanoes, and the styles and distribution of mineral
alteration at volcanic settings (Africano & Bernard, 2000; van
Hinsberg et al., 2010) have been compared to those inferred for

https://doi.org/10.1017/njg.2015.12 Published online by Cambridge University Press


http://dx.doi.org/10.1017/njg.2015.12
mailto:a.rodriguezbadilla@uu.nl
https://doi.org/10.1017/njg.2015.12

Mars (Varekamp, 2008; Hynek et al., 2013; Marcucci et al., 2013;
Marcucci & Hynek, 2014). Even though volcanism has been an
important process in shaping Mars’ surface, especially during
its early geological history (Wilson et al., 2001; Neukum et al.,
2004; Dohm et al., 2009; Carr & Head, 2010), its relevance to
the formation of sulphate-rich mineral associations remains to
be confirmed. In this paper we explore the possibility that for-
mation conditions of sulphate-rich assemblages, together with
Cl, Br and Si0, enrichments on Mars, were similar to those of
terrestrial volcanic hydrothermal systems, based on a concise
literature review of representative Martian and terrestrial occur-
rences, and supported by geochemical modelling. The working
hypothesis is that volcanic geothermal systems can serve as po-
tential analogues to some of the sulphate-rich terrains on Mars
and that both the style and extent of aqueous alteration can be
assessed by comparing Martian systems with terrestrial counter-
parts. Although meteorite impacts could have created transient
thermal anomalies in the Mars crust, leading to impact-induced
hydrothermal systems that were fed by ice melting or by pre-
existing subsurface fluids (Abramov & Kring, 2005; Barnhart
et al., 2010), this scenario is not considered here.

Mars observations

Global mapping using morphological (Tanaka et al., 1992) and
spectral (Christensen et al., 2001; Bibring et al., 2005) data has
revealed that volcanic products cover vast areas of the Martian
surface. Volcanic landforms are not uniformly distributed but
are rather concentrated in a few large volcanic provinces located
at Tharsis and Elysium Rises (Hodges & Moore, 1994), around
the ancient Hellas impact basin (Williams et al., 2009) and at
Syrtis Major (Grott et al., 2013). The oldest volcanic surfaces
(ca. 4 to 3.7 Ga) are mainly present on the highland shields
such as Hadriaca and Tyrrhena Montes, northeast from the Hel-
las impact basin (Grott et al., 2013). Volcanism in the highlands
probably terminated around 1 Ga at the latest (Williams et al.,
2009). More recent volcanic activity has been limited to Tharsis
and Elysium. The youngest lavas in the latter volcanic province
were emplaced in the Cerberus plains a few million years ago
(Vaucher et al., 2009). Even though only a few Noachian vol-
canic terrains have been preserved, Martian volcanism was most
likely intense during its early history and gradually decreased
over time with episodic periods of higher activity (Werner,
2009; Hauber et al., 2011; Robbins et al., 2011; Xiao et al.,
2012). Since the sulphur composition of Martian basalts is rel-
atively high (Lodders, 1998; Mc Sween et al., 2006, 2008), the
crystallisation of Martian lavas must have released significant
amounts of sulphur-rich volatiles. Reaction of volatile sulphur
compounds with water in magmatic vapours, ice or groundwater
would inevitably produce acidic fluids. Similar to Earth, likely
environments for surface discharge of sulphur-rich volcanic flu-
ids are fumaroles, solfataras and hot springs.
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Potential volcaniclastic facies

The sediments analysed by the Opportunity rover at Eagle crater
(Meridiani Planum), which were grouped under the name Burns
Formation (ca. 3.7-3.5 Ga), appear to be aeolian, but others
exhibit textural features strongly indicative of subaqueous sed-
iment transport (Squyres et al., 2004; Grotzinger et al., 2005;
McLennan et al., 2005) or massive weathered ice deposits (Niles
& Michalski, 2009). Some authors have also associated the sed-
iment deposits with base surges from volcanic explosions or
impact events (McCollom & Hynek, 2005; Knauth et al., 2005).
The presence of textures such as cross-bedding, lamination,
gradation, apparent bomb sag and probably accretionary lapilli
suggests that pyroclastic and perhaps hydro-volcanic processes
constructed Home Plate, Gusev crater (Squyres et al., 2007;
Lewis et al., 2008). Moreover, some layered sediments examined
by Mars Global Surveyor (MGS) appear to thin out with increas-
ing distance from the Tharsis region, which suggests that these
post-Noachian materials could correspond to volcanic ash flows
and air fall deposits from explosive eruptions (Hynek et al.,
2003; Broz & Hauber, 2012).

Sulphate detections

Sulphides are two to three times more abundant in shergottites
than in terrestrial igneous rocks (Lorand et al., 2005), point-
ing to elevated sulphur concentrations in the interior of Mars.
Moreover, surface deposits contain high levels of sulphur (S0s
up to ~37 wt%, average ~6 wt%) mostly in the form of sul-
phates (King & McLennan, 2010). High sulphur concentrations
have been detected in soils of the northern plains by Viking (up
to 10 wt% SOs; Clark et al., 1976; Baird et al., 1976; Toulmin
et al., 1976) in Ares Vallis by Pathfinder (up to 8 wt% SOs;
Rieder et al., 1997; Bell et al., 2000; Economou, 2001; Foley
et al., 2003), in Columbia Hill outcrops (Gusev crater) by MER
Spirit and at Meridiani Planum by MER Opportunity (up to 40
and 25 wt% S0;, respectively; Gellert et al., 2004, 2006; Rieder
et al., 2004; Squyres et al., 2004; Ming et al., 2006; Wang et al.,
2006). The main sulphates identified by Opportunity are jarosite
[(K,Na,H;0)Fe;(S0,4).(0H)s] (Klingelhofer et al., 2004), gypsum
and magnesium sulphates (Squyres et al., 2004; Clark et al.,
2005; Wang et al., 2006).

Northern polar region Gypsum (CaSO,-2H,0) deposits were iden-
tified in the northern polar region dune fields of Olympia
Planum using OMEGA data (Langevin et al., 2005; Fishbaugh
et al., 2007). Later observations revealed that gypsum deposits
are not only restricted to Olympia Planum but are present in var-
ious sediments covering the northern polar cap and the circum-
polar dune field (Massé et al., 2010). The bulk of the observed
gypsum consist of sand-sized grains rather than surficial crusts
or fine-grained deposits, which is more consistent with perco-
lation within aeolian deposits (Fishbaugh et al., 2007; Horgan
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et al., 2009; Massé et al., 2010). Gypsum crystals, either pre-
existing or authigenic, were probably enclosed by ice crystals
during formation of the polar cap, and were then released after
sublimation of the ice (Massé et al., 2010). Irrespective of the
sedimentation mechanisms, gypsum could have formed by the
interaction of Ca (coming from dissolution of Ca-rich phases
like pyroxene and plagioclase) with SO,-rich fluids derived ei-
ther from water-condensed SO, produced by volcanic activity
(Fairén et al., 2004; Tosca et al., 2004) or from weathering of
sulphides in the presence of water under oxidative conditions
(Chevrier et al., 2004; 2006). Although water, sulphur and cal-
cium may have coexisted locally within the sand grains, mass-
balance calculations suggest that sulphide oxidation and/or
S0, coming from volcanic activity could have significantly con-
tributed to gypsum formation (Fishbaugh et al., 2007). In view
of their Late Amazonian age, the gypsum deposits from the
northern polar cap do not easily fit into the global alteration
history of Mars, which conveys that sulphate deposition was
prominent during the Hesperian (Bibring et al., 2006).

Valles Marineris The OMEGA spectrometer also mapped sulphates
in equatorial regions like Valles Marineris (Bibring et al., 2005;
Mangold et al., 2008). The interior layered deposit (ILD) ter-
rains, containing the sulphates, represent important deposits,
tens of kilometres wide and several kilometres thick (Bibring
et al., 2005; Gendrin et al., 2005). Deposition environments
proposed for ILD include colluvial (Nedell et al., 1987), aeolian
(Peterson, 1981), spring deposits (Rossi et al., 2008), volcanic
(Chapman & Tanaka, 2001; Komatsu et al., 2004) lacustrine
(McCauley, 1978; Komatsu et al., 1993, Lucchitta et al., 1994)
and explosive subaerial (Lucchitta, 1987, 1990; Chapman, 2002;
Hynek et al., 2013) or subglacial volcanic settings (Nedell
et al., 1987, Chapman & Tanaka, 2001; Komatsu et al., 2004).
West Candor Chasma (Valles Marineris) is the canyon with the
thickest stack of ILD and one of the largest areas covered by
sulphates (Mangold et al., 2008; Flahaut et al., 2010, 2012;
Fuenten et al., 2014). Sequences of polyhydrated sulphates
(Mg-, Fe- and possibly also Ca-rich) and monohydrated sul-
phates (mostly kieserite, MgS0,-H,0) have been detected by
OMEGA and CRISM in Capri Chasma (Flahaut et al., 2010), Ophir
Chasma and Ophir Mensa (Flahaut et al., 2010; Wendt et al.,
2011), West Candor Chasma and Candor Mensa (Fuenten et al.,
2014). The inferred rather monotonous distribution of these
sulphates over wide areas, and intercalation of monohydrated
and polyhydrated phases suggests that they may have formed
via evaporation of a shallow body of standing water (Flahaut
et al., 2010), rain, snow, ice (Niles & Michalsky, 2009; Weitz
et al., 2010; Wendt et al., 2011) or local groundwater (Grindod
& Balme, 2010). Climate change or volcanism possibly promoted
the stability of liquid water on Mars’ surface (Mangold et al.,
2008, Kite et al., 2013). The presence of kieserite in heavily
eroded scarps suggests that this phase was probably present in
the original rock, where it had formed either during formation
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and diagenesis of sediments or during hydrothermal alteration
at depth (Mangold et al., 2008). Experiments have shown that
kieserite is easily converted to hexahydrite (MgS0,-6H,0) and
epsomite (MgS0,-7H,0) when exposed to water. In contrast,
on renewed desiccation these minerals are not transformed
back to kieserite but form amorphous phases (Vaniman et al.,
2004). Also, dehydration of polyhydrated sulphates is unlikely
to have occurred at any time on the surface of Mars (Roach
et al., 2009), therefore kieserite may not have been preserved
in deposits that experienced cycles of surface hydration
and desiccation. Local associations of amorphous silica and
jarosite in Ophir Chasma (Wendt et al., 2011), Iani Chaos
(Sefton-Nash et al., 2012), Melas Chasma (Bishop et al., 2009),
Juventae Chasma (Milliken et al., 2008; Bishop et al., 2009),
Melas Plateau (Weitz et al., 2010) and Noctis Labyrinthus
(Thollot et al., 2012) have been interpreted as products of
low-temperature acid alteration of basalts.

Meridiani Planum Jarosite, Mg- and Ca-sulphates have been de-
tected in situ by MER Opportunity at Meridiani Planum in the
aeolian and subaqueous sedimentary sequence of the Burns
Formation (Klingelhofer et al., 2004; Squyres et al., 2004; Clark
et al., 2005; Grotzinger et al., 2005; McLennan et al., 2005,
Glotch et al., 2006). Hematite (Fe,0;) nodules in this formation
probably formed during early burial diagenesis of the sediments,
either by replacement of pre-existing sulphates (Christensen
et al., 2004) or by jarosite breakdown (Fernandez-Remolar et al.,
2005; Sefton-Nash & Catling, 2008). Fluid-rock modelling by
Tosca et al. (2005) suggested that assemblages of Fe-, Mg-
and Ca-sulphates together with hematite can be derived from
low-pH and SO,-rich fluids that have interacted with basalts.
Groundwater dissolution of jarosite may have provided Fe3* for
hematite precipitation, but the substantial amounts of jarosite
still present would imply that the water-mediated diagenesis
did not proceed for long enough to convert all the iron into ox-
ides. Hence, water/rock ratios must have been low, possibly due
to water removal via freezing or evaporation (Elwood-Madden
et al., 2004; Squyres & Knoll, 2005).

Gusev and Gale craters The MER Spirit excavated soils exhibit
high albedo and relatively white to yellow colours at several
locations south of Husband Hill in Gusev crater. Alpha particle
X-ray spectrometer (APXS) observations revealed high sulphur
contents, up to 35 wt% SO; (Johnson et al., 2007). Mdssbauer
spectrometry suggested that the soils contain Fe?*-bearing
sulphates in various states of hydration, such as ferricopi-
apite [Fegs;3tFe,3(S04)s(0H),-20(H,0)], hydronium jarosite
[(H30)Fes3*+(S0,),(0H)s], fibroferrite [Fe3*(S0,)(0H)-5(H,0)],
thomboclase  [HFe**(S0,),-4(H,0)] and paracoquimbite
[Fe,3*(S04)3-9(H,0)] (Gellert et al., 2006; Morris et al., 2006;
Ming et al., 2006; Wang et al., 2006; Johnson et al., 2007).
Furthermore, combined Méssbauer and APXS data showed the
presence of Fe-, Mg- and Ca-sulphates in Paso Robles class soils
(Yen et al., 2008). Calcium sulphates in the light-toned salty
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soils suggest that the degree of alteration of local rocks was
more severe and went beyond olivine dissolution (Wang et al.,
2008). The geochemical and mineralogical observations favour
ion transportation by fluids and salt deposition in an open
hydrologic system as a plausible scenario for the deposition of
sulphates in the subsurface regolith (Wang et al., 2006). Mag-
nesium and iron carbonates in some outcrops of volcaniclastic
rocks at Columbia Hill, east of Husband Hill (Carter & Poulet,
2012), may have formed from low-temperature hydrothermal
activity and limited water-rock interaction within a Noachian
ephemeral lake in Gusev crater (Ruff et al., 2014).

Gale crater exposes a thick sequence of bedded de-
posits with an upward transition from phyllosilicate
and phyllosilicate/sulphate-bearing layers to predominantly
sulphate-bearing layers, possibly reflecting a global shift from
near-neutral/alkaline to more acidic conditions (Milliken et al.,
2010). CRISM spectra indicate the presence of mono- and poly-
hydrated magnesium sulphates (Milliken et al., 2010). The sedi-
mentary deposits are probably Early Hesperian in age, and their
geological characteristics could be explained by lacustrine and
aeolian environments (Thomson et al., 2011; Wray, 2013). Af-
ter the impact that formed Gale crater, a hydrothermal system
may have been active for several hundred thousand years, and
a crater lake with associated sediments is likely to have formed
(Schwenzer et al., 2012).

Because of its ubiquity, acid-sulphate alteration has been
a major feature on Mars’ surface, having produced predomi-
nantly iron, magnesium and calcium sulphates (Gellert et al.,
2004, 2006; Morris et al., 2004, 2006; Tosca & McLennan et al.,
2006; Johnson et al., 2007; Bishop et al., 2009; Ehlmann et al.,
2011; Gaillard et al., 2013). The presence of Fe-sulphates implies
that environmental conditions were rather oxidising and acidic
(pH < 4) (Nordstrom & Alpers, 1999; Nordstrom et al., 2000;
Bigham & Nordstrom, 2000). Since the aqueous solubilities of
iron and magnesium sulphates are high, the abundances of
these minerals point to limited interaction between sulphur-
rich acidic fluids and ferromagnesian minerals such as olivine
and pyroxene. Two scenarios can broadly explain the formation
of abundant sulphate on the Martian surface: (1) alteration of
sulphide-rich rocks (Fernandez-Remolar et al., 2005, Zolotov &
Shock, 2005; Dehouck et al., 2012) and (2) alteration in the
presence of SO, (acid fog or groundwater) (Tosca et al., 2004,
2005; Chevrier & Mathé, 2007; Zolotov & Mironenko, 2007).

Silica-rich deposits

The role of water in the formation of silica-rich deposits on Mars
has been somewhat controversial. Evidence for acid leaching
have been inferred for Meridiani Planum, where the Mini-TES
(Miniature Thermal Emission Spectrometer) of the Opportunity
rover detected as much as 25% of opaline silica (hydrated amor-
phous silica) and/or high-silica glass in outcrop rocks associ-
ated with sulphates (Glotch et al., 2006). This paragenesis is

consistent with aqueous deposition of silica at low pH (Zolotov
& Mironenko, 2007). A similar association of silica-rich phases
(amorphous silica, phyllosilicates or zeolites) and (less abun-
dant) sulphates is present in the western Hellas Basin (Band-
field, 2008). Acid hydrothermal leaching of basaltic rocks has
also been proposed as the formation mechanism for opaline
silica deposits in the Nili Patera caldera on the Syrtis Mayor
volcanic complex (Skok et al., 2010). Additionally, APXS anal-
ysis of light-coloured soils by Spirit at Husband Hill (Gusev
crater) revealed the combination of elevated Si0, contents and
the presence of Fe and Mg sulphates at the sites of Paso Robles
(Yen et al., 2008) and Tyrone (Wang et al., 2008), indicating
that these soils are probably formed by the interaction between
rocks and fumarolic condensates derived from degassing magma
and/or by oxidative alteration of crustal Fe-sulphide deposits
(Yen et al., 2008). Amorphous silica and jarosite associations
have also been identified by CRISM data on plateaus above Ju-
ventae Chasma (Milliken et al., 2008; Bishop et al., 2009), Melas
Chasma (Metz et al., 2009) and Ophir Chasma (Wendt et al.,
2011), where they have been interpreted as the product of acid
alteration of basalts. Extremely high concentrations of amor-
phous silica (>90% Si0,) have been measured by MER Spirit's
APXS in soils next to Home Plate, Gusev crater (Squyres et al.,
2008). The silica phase is opal-A, according to thermal infrared
spectra acquired by the Mini-TES (Squyres et al., 2008). From a
negative correlation between the Si0, contents and Fe*/Fey
values in the soils, the lack of sulphur enrichments and textu-
ral evidence, Ruff et al. (2011) concluded that these silica-rich
deposits probably formed by precipitation from near-neutral pH
thermal springs or geysers.

Chlorine and bromine abundances

Both Martian basalts (meteorites and surface basalts) and the
bulk Martian mantle are inferred to be two to three times richer
in Cl than corresponding terrestrial basalts and mantle (Dreibus
& Wanke, 1987; Filiberto & Treiman, 2009; Taylor et al., 2010).
This could, in theory, imply that chlorine rather than water
is the main volatile in Martian basaltic magmas. However, the
water content in the Martian mantle is still a matter of ongo-
ing discussion (Grott et al., 2013; Gross et al., 2013). Volatile
fugacity ratios in apatites from NWA 6234, an olivine-phyric
shergottite (Filiberto et al., 2012) thought to represent a crys-
tallised primitive melt (Musselwhite et al., 2006), suggest that
the chlorine and water contents of the Martian mantle, parental
to SNC meteorites, are higher than previously thought and sim-
ilar to those of the mantle source of terrestrial mid-ocean ridge
basalts (Gross et al., 2013).

Measurements from the Mars Odyssey gamma-ray spectrome-
ter (GRS) revealed a global chlorine content of 0.49 wt% for the
Mars surface (Keller et al., 2006), consistent with MER lander
measurements of ~0.3 wt% (Rao et al., 2002). Since these val-
ues are considerably higher than the chlorine abundance of the
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Fig. 1. Schematic profile depicting the distribution of fluid types and alteration zones in a crater lake hosting a stratovolcano setting. Modified from Henley

& Ellis (1983), Heald et al. (1987) and Arndrsson et al. (2007).

Martian mantle and crust (0.015-0.039 wt%) (Lodders & Fegley,
1997; Rao et al., 2002; Taylor et al., 2010) and SNC meteorites
(0.0014-0.11 wt%) (Dreibus & Wanke, 1987; Banin et al., 1992),
secondary processes are likely to be responsible for this enrich-
ment (Keller et al., 2006). The NWA 6234 shergottite has a
bulk Cl content of 59 ppm and a Br/Cl molar ratio of 0.0040
(Burguess et al., 2013), comparable to the molar Br/Cl ratios
of 0.0025 for Mars’ bulk composition (Taylor et al., 2010). High
contents of halogens (including Cl and Br) and other elements
with a strong affinity for aqueous solutions in rocks found at
Barnhill (northwestern Home Plate, Gusev crater) point to in-
teraction with briny fluids (Schmidt et al., 2008). The Br/Cl
molar ratios measured at Paso Robles (Gusev crater) by MER
Spirit range from 0.0025 to 0.0399 (Yen et al., 2008). At Merid-
iani Planum, samples measured after the rock abrasion tool
(RAT) exhibited Br/Cl molar ratios of 0.025-0.00091 (Briickner
et al., 2008). APXS analysis of sedimentary rocks at Yellowknife
Bay (Gale crater) yielded Br/Cl molar ratios between 0.097 and
0.016 (McLennan et al., 2014). Comparing all these Br/Cl ra-
tios to both NWA 6234 and Martian bulk values, it is likely
that considerable elemental fractionation between these two
halogens took place on the surface of Mars. APXS analyses on
Martian rocks found on the surface show that bromine concen-
trations are low in basalt samples, but enriched in samples that
have probably undergone weathering, evaporation and diagen-
esis (Rieder et al., 2004; Clark et al., 2005). Zhao et al. (2014)
concluded that the observed variability in Br/Cl ratios is largely
controlled by Br abundances.

From the negative correlation between the Cl content of
surface materials, thermal inertia and rock abundance, and the
positive correlation with albedo, Keller et al. (2006) hypoth-
esised that fine, mobile aeolian materials are enriched in Cl.
Nevertheless, the uneven distribution of Cl contents, with en-

richments in the equatorial regions close to Tharsis Montes,
suggests that additional processes must have played a role in
concentrating chlorine on Mars’ surface, such as evaporite de-
position (Clark et al., 2005; McLennan et al., 2005), chemical
alteration through hydrothermal activity (Schmidt et al., 2008;
Yen et al., 2008), acid-fog reactions associated with volcanic
exhalations (Arvidson et al., 2004; Tosca el al., 2004) and pho-
tochemical oxidation (Marion et al., 2010; Hanley et al., 2012;
Kounaves et al., 2014).

Earth observations

Volcanic hydrothermal systems

Hydrothermal systems consist of a body of hot rock whose per-
meability is enough for a fluid to circulate and obtain heat
from the rock under certain temperature and pressure condi-
tions. This scenario can occur in various geological settings.
Volcanic hydrothermal systems are found in areas with active
volcanism where the geothermal gradient and rock permeabil-
ity are usually high. The heat source may be a major magma
intrusion or a complex of dykes or minor intrusions. When
a magma body rises towards the surface, diminishing litho-
static pressures decrease the solubility of volatiles present in
the melt. Also, crystallisation of a cooling magma reservoir
after its emplacement will promote volatile saturation in the
residual melt. In both cases, volatiles can ultimately exsolve,
causing degassing. The volatiles mainly consist of H,0, CO,, SO,,
H,S, HCl, HF and HBr (Symonds & Reed, 1993). These magmatic
components can react with host rocks, escape to the surface
or condense in cold groundwater, creating extremely acid flu-
ids (S0,4-Cl-type waters) (Fig. 1). The acidity comes primarily
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from the bisulphate ion (HSO,~), produced by the aqueous dis-
solution of SO,(; and its disproportionation (Kusakabe et al.
2000; Symonds et al., 2001). In addition, HCl, significantly
contributes to acidity because of its high aqueous solubility. If
local boiling of deep fluids produces vapour that enters shal-
low aquifers, SO,-type waters are produced. Since the pH of
both SO,-Cl- and SO,-type waters is low (<3), their interac-
tion with rocks promotes uptake of cations by the solution and
hydrothermal alteration, which is commonly recorded by min-
eralogical, textural and chemical changes in the original rock.
Which secondary mineral assemblages are formed is a func-
tion of many parameters such as temperature, pressure, type of
primary fluids involved (e.g. meteoric, seawater), acid supply,
rock composition and the water-rock ratio (which is related to
permeability).

Advanced argillic alteration in internal zones of volcanoes
(Fig. 1) is caused by rock leaching with acid waters that contain
residual magmatic volatiles. A porphyritic rock can become com-
pletely silicified, with silica replacing the groundmass as well
as phenocrysts. The silicification is surrounded by alunite-rich
alteration and subsequently by kaolinite (Steiner, 1977; Heald
et al., 1987). Deeper levels may contain phyrophyllite, diaspore
and dickite, and regionally chlorite, albite, calcite and pyrite
alteration (Einaudi et al., 2003). The cation-rich acidic brine
that leaves a silica-rich residue is capable of forming Mg, Fe, Ca
and eventually Al sulphates, depending on water/rock ratios
and temperatures (Tosca et al., 2004; 2005; Tosca & McLennan,
2006). Examples of this alteration style can be observed around
fumaroles and in crater settings with a hyperacid volcanic lake.
At greater distances from the heat source (magma body), an
adularia-sericite-type deposit can form where superficial wa-
ters mix with deeper, heated saline waters in a lateral flow
system. In this case neutral to weakly acidic, alkali chloride
silica-saturated waters are dominant (Heald et al., 1987).

Acid crater lakes

Hyperacid volcanic lakes are surface expressions of volcanic-
hydrothermal systems and are the result of the interaction of
a rising magmatic gas/fluid of deep origin and a body of me-
teoric water derived from rain and/or snow melt. The temper-
atures of the S0,-Cl-type waters of these lakes range from ca.
45 to 60°C, and pH values are commonly below 2 (Pasternack
& Varekamp, 1997; Varekamp et al., 2000). The acid volcanic
lakes and their associated alteration zones in host craters usu-
ally cover areas ranging from a few to tens of km? (Rowe et al.,
1992; Africano & Bernard, 2000; Delmelle et al., 2000; Kempter
& Rowe, 2000). In many cases, active fumaroles are also present
(Fig. 2).

The most active lakes (pH = 1) are hyperacid brines, with
S0, and Cl contents between 1000 and 100,000 ppm, together
with major cations (Al, Fe and Ca) often into the thousands
of ppm (e.g. Delmelle et al., 2000; Kempter & Rowe, 2000;
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Fig. 2. Hyperacid lakes of (a) Pods volcano (Costa Rica) and (b) Kawah

Ijen (east Java, Indonesia).

Varekamp et al., 2000, 2009; Gammons et al., 2005; Martinez,
2008). Volcanoes with well-known examples of such lakes are:
Poas (Costa Rica, Fig. 2a), Kawah Ijen (Indonesia, Fig. 2b), Ru-
apehu (New Zealand), Kusatsu-Shirane (Japan), Rincén de La
Vieja (Costa Rica) and Copahue (Argentina). The SO0,-Cl-type
surface waters in stratovolcanoes are not always confined to
crater lakes but can also be issued from springs on the flank
close to the active crater, either as seepage water from the lake
or as an independent outlet of the subsurface hydrothermal
system.

Sulphates and silica-rich deposits

Amorphous silica, gypsum (CaS0,-2H,0), elemental sulphur (S),
barite (BaSO,) and anatase (Ti0,) are saturated in many of these
waters, and are commonly present as chemical precipitates in
the water column and in lake-bottom sediments (e.g. Delmelle
& Bernard, 1994; Varekamp et al., 2000; Martinez, 2008). In
the bottom sediments of Poas, Kawah Ijen and Copahue hyper-
acid lakes, where rather reducing conditions tend to prevail,
pyrite (FeS;) and other sulphides are also found. Although ag-
gressive leaching usually leaves a bleached, silica-rich residue of
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volcanics in lake-hosting crater areas, silica is supplied by input
of hot fluids. Cooling leads to continuous chemical sedimenta-
tion of amorphous silica, with gypsum as the most abundant
associated sulphate (Fig. 4c).

Furthermore, if we calculate saturation indices for hyper-
acid waters of Pods and Copahue, it appears that in deeper
parts of these volcanic systems, where temperatures are consid-
erably higher, minerals such as hematite (Fe,03), diaspore [a-
AlO(OH)] and alunite [(K,Na,H;0)Al;(S04).(0H)¢] become over-
saturated and thus prone to precipitation. We could confirm
the presence of alunite, in combination with quartz and ele-
mental sulphur, in ancient fumarole fields at Poas and in clasts
ejected during the December 2012 eruption of Copahue. Jarosite
[(K,Na,H;0)Fe;(S0,),(0H);], in association with amorphous sil-
ica and iron oxides has been found at Poés as an alteration prod-
uct between lavas and acid rain. A closer examination of the
alteration products revealed that amorphous silica is present in
the outer parts of the rocks as a patina, and that the alteration
proceeded to form jarosite and eventually iron oxides (Fig. 3).
Jarosite is also abundant around the Rio Agrio spring (T = 52°C,
pH = 0.49) at the Copahue volcano (Fig. 4). Its water has been
saturated with jarosite and alunite since 2000 (Varekamp et al.,
2009).

We found a wide range of other hydrous sulphates
in the springs
and efflorescence
products.
jarosite

environments with hyperacid lakes,

streams that apparently formed as

Efflorescence of gypsum (CaS0,-2H,0), natro-
(NaFe3(S04),(0H)s), khademite (AL(SO,)F-5H,0),
ferricopiapite  (Feq.s7>*Fe,3t(S04)s(0H),-20H,0),
siocopiapite  (MgFe,3*(S04)s(0H),-20H,0) and  voltaite
(K,Fes?*Fes3TAL(SO,)1,-18H,0), as  well as  epsomite
(MgS0,4-7H,0), hexahydrite (MgSO,-6H,0), pentahydrite
(MgS04-5H,0) and kieserite (MgS0,-H,0) are present in
the Copahue area, and epsomite at Poas. Field observations
indicate that their occurrence is related to fumaroles and to
rock crusts where probably limited water-rock interaction, in
combination with evaporation, has taken place. Efflorescence
products on the borders of a hyperacid seepage stream derived
from Kawah Ijen lake include potassium alum (KAL(SO,),-2H,0),
gypsum, alunogen (Al,(S0,);-2H,0), voltaite and melanterite
(FeS0,-7H,0).

magne-

Chlorine and bromine abundances

Halogens (Cl, F and Br) are, after H,0, SO, and CO,, the most
abundant volatiles in volcanic systems on Earth (Aiuppa et al.,
2009). In subareal fumarolic emissions they are commonly
present as their correspondent hydrogen compounds: HCl),
HF ) and HBr(,. These gases dissociate quite easily in water
and are therefore key contributors to the aqueous budgets of
H*, Cl7, F~ and Br~. In SO,-Cl-type waters, chlorine is the
most abundant halogen, followed by fluorine and bromine. The
differences in abundances between the halogens are signifi-
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Fig. 3. (a) Leached lava blocks at Cerro Pelon (Pods volcano, Costa Rica)
showing white crusts of amorphous silica. Iron oxides are abundant in soils.
(b) Electron back-scatter image of one of the blocks. Amorphous silica

precipitation is probably followed by jarosite formation.

cant. In volcanic systems like Poas, Rincon de La Vieja, Co-
pahue and Kawah Ijen (Martinez, 2008; Kempter & Rowe, 2000;
Varekamp et al., 2009; Delmelle & Bernard, 1994), where Cl~ is
normally present in concentrations of tens of thousands of ppm,
F~ abundances are in the order of thousands of ppm and Br~
in concentrations of tens of ppm. Both chlorine and bromine
are hydrophile elements and behave as conservative elements
in most natural systems, meaning that their abundances are
only dependent on dilution and concentration processes. Dur-
ing a very intense period of volcanic activity at Pods at the
end of the 1980s, samples from the hyperacid lake revealed
Br/Cl ratios up to 0.0092 (Martinez, 2008), within the val-
ues for Paso Robles soils (Gusev crater) reported by Yen et al.
(2008).

rf
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Fig. 4. (a)
apite  [Feo.s7°* Fes**(504)6(0H)2+20H20],
[KoFes?+Fes3+Al(S0,)12-18H,0] close to Rio Agrio hot spring, Copahue (Argentina). (b) Efflorescence of potassium alum [KAL(SO,);-2H,0],
gypsum, alunogen [Al>(504)3-2H,0], voltaite and melanterite (FeS04-7H20) at the Banyupahit stream, which is fed by seepage water of the hyper acid

Efflorescence (€aS04-2H,0),

magnesiocopiapite

of  gypsum

natrojarosite
[MgFe43+ (504)6(0H),-20H,0],

khademite
epsomite

[NaFe3(504)2(0H)s], [Al(504)F-5H20],

(MgS04-7H,0)  and

ferricopi-
voltaite

Kawah Ijen lake (east Java, Indonesia). (c) Amorphous silica layers and elemental sulphur chunks within exposed lake deposits of Kawah Ijen.

Discussion

The vast literature on surface mineralogy of Mars, summarised
above, lends support to the hypothesis that volcanic interaction
with subsurface hydrologic reservoirs below and on the surface
has played an important role in creating secondary mineral as-
semblages in Martian geological history. Importantly, the pres-
ence of sulphate-rich deposits, silica and iron oxides together
with enrichments in the halogens Cl and Br suggests that the
fluids involved were probably highly acidic and rich in elements
like Fe, Al, Ca, Si, S, Cl and Br. These fluids are probably similar
to SO,-Cl- and SO,-type waters in volcanic hydrothermal sys-
tems on Earth, which therefore provide opportunities to study
the formation of Mars-type mineralogies in situ.

We have highlighted the relevance of volcanic settings with
hyperacid lakes and associated acid springs, streams and fu-
marolic exhalations, in view of the range of secondary min-
eral associations that volcanic hydrothermal systems produce.
Although documented examples are mostly from settings in

160
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the subduction zone, different from the Martian context where
plate tectonics probably do not operate and volcanism may have
been associated with mantle plumes (Grott et al., 2013), fluid-
rock interaction processes on Earth can probably explain many
of the sulphate-bearing mineral associations found on Mars.

Mineral assemblages

The acidity of SO,-Cl-type waters in volcanic hydrothermal
systems makes them highly reactive and capable of leaching
cations from the phenocrysts and groundmass of surrounding
volcanic rocks, so that often only a residue of amorphous silica
or kaolinite [Al,Si,05(0H),] is left. From these enriched waters,
Ca-, Al-, Fe- and Mg-sulphates can form as product of subse-
quent water-rock interaction and/or evaporation. These asso-
ciations are not very different from evaporite mineralogies on
Mars, which seem to be dominated by Mg, Fe and Ca sulphates
and silica phases, probably due the basaltic compositions of the
crust, prevailing acidic regimes and relatively low water/rock
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ratios (Tosca et al., 2004; Tosca & McLennan, 2006). In contrast,
seawater evaporites on Earth are typically dominated by halite,
calcite, anhydrite and various K and Na-chlorides and sulphates
(Braitsch, 1971).

Siliceous deposits on Earth are mostly formed as a residue
of acid rock leaching in volcanic terrains (advanced argillic
alteration) or as precipitates from hot near-neutral to alkaline
aqueous solutions saturated with amorphous silica in the distal
parts of volcanic hydrothermal systems or from acid volcanic
lakes receiving an input of hot solutions. Siliceous sinters are
excellent indicators of the presence of hydrothermal reservoirs
with temperatures >175°C (Fournier & Rowe, 1966). On Mars,
there is evidence for silica formation both as a product of acid
leaching and as precipitate from acid and alkaline hot fluids
(Miliken et al., 2008; Mustard et al., 2008; Ruff et al., 2011).

As recently documented for gas-dominated settings at active
volcanoes in Nicaragua (Hynek et al., 2013; Marcucci et al.,
2013), environmental parameters such as temperature, pH, rock
and fluid composition, and fluid-rock ratio will exert strong
controls on the nature and extent of the alteration mineralogy.
Local variability in secondary mineral assemblages is further
promoted by steep gradients in temperature, pH and oxidation
state.

Chlorine and bromine fractionation

Hydrobromic acid (HBr(.)) is a stronger acid than hydrochloric
acid (HCly), so the former tends to dissociate less in aque-
ous solutions than the latter. Evaporation is therefore expected
to fractionate Cl and Br in a solution. For example, when the
acidy of a crater lake increases in response to increased input
of volatiles and heat, HCl(; could be expelled with the vapour
phase to a greater extent than HBry), increasing the Br/Cl ratio
of the water. The association of Br and Cl with S, together with
textural evidence for a volcaniclastic origin of deposits in Gusev
crater (Squyres et al., 2007; Yen et al., 2008) suggest that acid
fluids from a volcanic system could have had a major role in
the formation of soils in this area. At Meridiani Planum, vari-
able chloride and bromide concentrations have been attributed
to low water availability (Clark et al., 2005) as this would im-
ply that bromides (the most soluble salts) could have migrated
further than chlorides. Alternative Br-Cl fractionation mech-
anisms involving acid solutions in an active volcanic setting
should also be taken into account. In contrast, the secondary
mineralogy at Gale Crater indicates that the fluids involved in
the water-rock interaction were probably neutral (McLennan
et al., 2014).

Geochemical modelling

To illustrate a formation sequence of secondary minerals as a
product of the reaction between S0,-Cl-type waters and sur-
rounding igneous rocks, we modelled a reaction path with
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PHREEQC (Parkhust & Appelo, 1999), in which a basaltic-
andesite from the last eruption of the Copahue volcano (22
December 2012) was reacted with water from the Rio Agrio acid
hot spring (sample collected on 19 March 2013) at 25°C. This
hot spring (T = 52°C, pH = 0.49) is close to the active crater of
Copahue and most likely represents the fluids circulating within
this volcanic hydrothermal system (Varekamp et al., 2009). This
reaction path model is essentially a titration model in which
small amounts of rock are progressively added to a fixed mass
of water. The reaction progress is a parameter employed here to
describe how evolved a system is in terms of moles of rock that
have reacted with the amount of water. The modelling results
strongly depend on the phases (secondary minerals) that are
allowed to precipitate or that are supressed. Choices were made
based on a survey of the secondary mineralogy in the field.
The sequence of minerals that are stabilised as func-
tion of the water/rock ratio or reaction progress is shown
in Fig. 5. At lower reaction progress values (< 0.01 mole
rock/kg water) the mineral association consists of amor-
phous silica and anatase. Gypsum appears at intermedi-
ate reaction progress values (0.01-0.1 mole rock/kg wa-
ter). Finally, at higher reaction progress values (> 0.1
mole rock/kg water) jarosite [KFe;(SO,),(0OH)s], jurbanite
[Al(OH)S0,-5H,0], hematite (Fe,03), alunite [KAl;(S04).(0H)s],
kaolinite [A1,Si,05(0H),] and eventually smectites (Mg and K
montmorillonites) are formed. In general, the initial alteration
stages are dominated by sulphates (low reacted system) and
the later ones by smectites (high reacted system). The mineral
assemblage at low to intermediate reaction progress is in good
agreement with field observation at the Rio Agrio spring sur-
roundings. To evaluate the temperature effect in the overall
water-rock interaction, reaction path models were also car-
ried out at 50, 75 and 100°C (not shown). The results in-
dicate that jarosite does not form above 50°C and hematite
takes over as the main Fe-bearing phase. In addition, Na-alunite
[NaAl;(S0,),(0H)e] together with alunite form at lower reaction
progress values and phillipsite (zeolite) appears at 75°C.
Experiments and models simulating alteration of basaltic
rocks with sulphuric acid solutions have shown similar alter-
ation trends for iron and calcium sulphates, and have supported
the hypothesis that Martian sulphate terrains are the prod-
uct of a limited water-rock interaction under extremely acid
environments (Tosca et al., 2004; Golden et al., 2005; Tosca
& McLennan, 2006; King et al., 2011; Hausrath et al., 2013;
McCollom et al., 2013; Marcucci et al., 2013). Our model shows
overall similarities with experimental results on basaltic mate-
rial at lower reaction progress values but differs with respect
to the appearance of aluminium sulphates (alunites and jur-
banite). Alunite group minerals were also found to be stable in
thermochemical models of interaction between fumarole con-
densate and dacite rock (Africano & Bernard, 2000) and are
probably quite common among the secondary sulphates in the
summit regions of active andesitic volcanoes where magmatic
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fluids escape (Zimbelman et al., 2005; Scher et al., 2013). The
low abundance of aluminium sulphates on Mars has been taken
as an indication for limited water-rock interaction (Tosca &
McLennan, 2006).

Alternative formation mechanisms for sulphate-rich
assemblages

Acid mine drainage (AMD) has also been proposed as a terrestrial
analogue setting for Martian sulphate-rich terrains. Rio Tinto, in
Spain, is probably one of the most studied examples (Fernandez-
Remolar et al., 2005, 2011; Fernandez-Remolar & Knoll, 2008).
In AMD environments, acid fluids commonly originate by means
of pyrite oxidation. Since pyrite is a common secondary mineral
in volcanic hydrothermal systems where reducing conditions
prevail, its oxidation clearly has the potential to generate acid
conditions similar to AMD systems. The source of the sulphur
that lead to the formation of the massive sulphate deposits
within Valles Marineris has been related to the presence of
crustal sulphide deposits (i.e. pyrite) (Burns & Fisher, 1993;
Chevrier et al., 2004, 2006). While metal sulphide deposits have
not been directly detected on the surface of Mars, their presence
has been hinted at for a long time (Clark et al., 1982; Burns &
Fisher, 1990, 1993; Baker et al., 1991; Chevrier et al., 2006).
Permian acid-saline lake deposits in Kansas (USA), and their
modern counterparts in southwestern Australia, show many
analogies to the Martian Burns Formation in terms of miner-
alogy and sedimentary structures (Benison & Goldstein, 2001;
Benison, 2006; Benison et al., 2007; Baldridge et al., 2009;
Story et al., 2010). The waters of these lakes are very shallow,
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inducing significant seasonal fluctuations in evaporation rates,
which provide a mechanism to separate the most soluble salts
(Mg-sulphates and Mg bromide) from less soluble compounds in
residual brines. There are important compositional differences
with acid volcanic hydrothermal systems. While the Australian
lakes typically exhibit a Na-Mg-Cl-S0, composition with vari-
able but locally large amounts of Ca, K, Al, Fe, Siand Br (Benison
& Bowen, 2006), the volcanic brines have an Al-Fe-Ca-S0,-Cl
composition and have a higher potential of forming Al and Fe
sulphates. In contrast, Mg-sulphates could be more common in
the Australian brines.

The extension and scale of mineral alteration and precipi-
tation of secondary minerals from hot fluids associated with
a magmatic body are not necessarily the same for Mars and
Earth systems. The lower surface gravity on Mars (about 38%
that of the Earth) results in a smaller lithostatic pressure gra-
dient, implying differences in buoyancy-driven processes such
as the ascent of magma diapirs (Grott et al., 2013). Since the
density contrasts between magmas and host rock are consid-
ered to be similar on both planets, magma bodies should rise
more slowly on Mars and, in order to reach crustal levels be-
fore cooling and solidification, they should be larger than on
Earth (Wilson & Head, 1994). Moreover, as Wilson and Head
(1994) predicted, the minimum water content of Martian mag-
mas needed to generate an explosive eruption is 0.0014 wt%,
two orders of magnitude lower than the amount in their ter-
restrial counterparts (0.24 wt%). Finally, because of the thin-
ner Martian atmosphere, particles from an explosive eruption
would have travelled over greater distances on Mars than on
Earth, so that geomorphological features associated to explosive
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volcanism might differ between the two planets (Broz & Hauber,
2012, 2013). From these considerations it is conceivable that
volcanic hydrothermal processes and products of acid systems
have occurred at larger scales on Mars.

Concluding remarks

Surface expressions of volcanic hydrothermal systems on Earth
share many similarities with Mars" sulphate-rich terrains in
terms of alteration mineralogy and element distributions. Be-
cause volcanism has been an important process in Mars’ geolog-
ical history, it is likely to have produced a similar range of ag-
gressive fluids that can be observed in the surface environment
of active terrestrial volcanoes where the effects of interaction
with rocks and mobilisation elements are directly observable.
Hence, examining secondary mineral assemblages, styles of al-
teration, mechanisms of fluid-solid interactions and distribu-
tions of mobile components in volcanic settings will shed light
on processes that could have occurred on Mars, and will help
establish for which of the many Martian sulphate-bearing sites
volcanic hydrothermal systems make good analogues.
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