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ABSTRACT

We report for the first time in situ observations of a relatively rare secondary iron arsenate-sulphate mineral named
bukovskyite — Fe3*,(As>*04)(S5*04)(OH)+7(H,0) - found in a shock melt vein of the Tissint Martian meteorite. It is
hypothesised that the mineral formed when high concentrations of aqueous H*, Fe(lll), SO4 and AsO4 were maintained for
long periods of time in microenvironments created within wet subsurface Martian clays. The aqueous H*, Fe(ll1), SO4 and
AsO; species arose from the microbial oxidation of FeS, with concurrent release of sequestrated As. The availability of
aqueous AsO4 would also be complemented by dissolution by-products of the microbial reduction of Feoxides influenced
by dissolved organic matter that alters the redox state and the complexation of As, thus shifting As partitioning in favour
of the solute phase. This hypothesis is substantially supported by SEM analysis of a 15um spherical structure comprising
of a carbonaceous outer coating with an inner core of FeS; (pyrite) that showed the pyrite surface with spherical pits, and
chains of pits, with morphologies distinct from abiotic alteration features. The pits and channels have a clustered, geometric
distribution, typical of microbial activity, and are closely comparable to biologically mediated microstructures created by
Fe- and S-oxidising microbes in the laboratory. These microstructures are interpreted as trace fossils resulting from the
attachment of bacteria to the pyrite surfaces.
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1. INTRODUCTION

Speculation about the source and nature of the organic carbon component in Martian meteorites continues. Competing
theories include terrestrial contamination (Jull et al., 1998: Stephan et al., 2003), abiotic geophysical processes (Treiman,
2003; Zolotov and Shock, 2000; Steele et al., 2007) and the detritus of past life (McKay, 1996). The new Tissint Martian
meteorite offers a rare opportunity to examine the carbon component of a fresh, relatively uncontaminated, Martian basalt.
Stepped combustion mass spectrometry has confirmed that much of Tissint’s organic material is of Martian origin with
total carbon abundances of 173 ppm (5!3C = —26.6 %o) and 12.7 ppm nitrogen (3*°N = —4.5 %o) (Aoudjehane et al., 2012).

An abiotic (igneous) origin for the reduced organic component in Tissint was initially proposed by Steel et al., (2012).
This was based on observations of macro molecular carbon inclusions within feldspathic glass phases in a number of
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Martian meteorites. Subsequent investigations led the authors to revise this interpretation and current thinking now favours
fluid precipitation (Steele et al., 2013). An independent study by Lin et al., (2013) found two petrographic settings for
organic carbon in Tissint, characterised by a) the complete filling of fractures in olivine and pyroxene and b) an entrained
component in shock-melt veins. Raman spectral analysis indicated a kerogen-like material with elemental ratios of H, N,
O, S, P, Fand ClI to C comparable to the coal reference and distinctly higher than graphite standards. C isotope analysis
revealed the organic carbon component was characterised by light C isotopes (6*3C = -13.0 to -33 %o) which accorded well
with the earlier isotope data from Aoudjehane et al., (2012). The clear petrographic settings for the organic carbon together
with the C isotope results led the authors to conclude that a) the organic carbon component was deposited from organic-
rich fluids and was not magmatic in origin, b) was unlikely to have originated from chondritic debris and c) was more
likely of biogentic origin (Lin et al., 2013).

Our earlier studies of the Tissint Martian meteorite are consistent with the latest findings of Lin et al., (2013) and Steele et
al., (2013). We identified the presence of a number of 5-50um carbonaceous globules both embedded in the rough
pyroxene substrate but also in an unbound state, having been dislodged during the experimental fracturing process (Wallis
et al., 2012). SEM and EDS elemental spectra for 11 selected globules confirmed that they comprise of a carbonaceous
outer coating with an inner core of FeS, (pyrite) and are characterised as immiscible globules with curved boundaries
(Wallis et al, 2014a). Raman spectral characteristics imply a level of crystallinity and disorder of the carbon component
consistent with previous reports of organic carbon in Tissint (Steele et al., 2012). D-band spectral characteristics further
imply a complex precursor carbon component comparable to the precursor component of materials of known biotic source
(plants, algae, fungi, crustaceans, prokaryotes). Correlation between peak metamorphic temperatures and Raman D-band
(T'p) parameters further indicate that the carbonaceous component was subjected to a peak temperature of ~250 °C
suggesting a possible link with the hydrothermal precipitation processes responsible for the formation of remarkably
similar structures observed in hydrothermal calcite veins in central Ireland (Lindgren et al.,2011). This link was confirmed
by the petrographic setting of the organic carbon component that showed examples of organic carbon completely
occupying the cracks and cleavage around pyrite crystals, suggesting that pyrite had acted as an attractive substrate for the
collection of organic material in a hydrothermal setting.

In this study we report the results of SEM, optical microscopy and Raman spectroscopy on the Tissint Martian meteorite.
Our results show the presence of a relatively rare secondary iron arsenate-sulphate mineral found in a shock melt vein of
the meteorite. The presence of this mineral is interpreted as arising from microbial activity, a position substantially
supported by SEM images of a pyrite grain showing morphological alteration features distinct from abiotic alteration
features, and closely comparable to biologically mediated microstructures created by Fe- and S-oxidising microbes in the
laboratory. These results confirm the observations and interpretations of Steel et al., (2013) and Lin et al., (2013) insofar
as Tissint’s organic carbon component arose from fluid precipitation. More significantly, they support the conclusions of
Lin et al., (2013) that the precipitated organic carbon component had a biogentic origin. Direct evidence of the activity of
Fe- and S-oxidising microbes on pyrite surfaces strongly supports the findings of McKay et al., (1996).

2. EXPERIMENTAL METHODS

To further examine the viability of the hypothesis being considered, scanning electron microscopy was utilised to first
identify the presence of enriched arsenic domains in one polished 30um thin section (section A) and one polished thick
section (Section C) of Tissint that were prepared at the School of Earth and Ocean Sciences, Cardiff University. Details of
these sections are provided in Wallis et al., (2014a). Once identified, Raman spectroscopy was then utilised to constrain
the observed mineral species.

Further SEM studies were undertaken for the purpose of identifying the presence of bacterial etch pits in the surface of
pyrite grains present in the meteorite. SEM studies were conducted using the FEI (Phillips) XL30 FEG ESEM
(Environmental Scanning Electron Microscope) FEG (Field Emission Gun) at the School of Earth and Ocean Sciences at
Cardiff University. The unit incorporates a secondary electron detector (SE), a back scatter electron detector (BSE) and a
gaseous secondary electron detector (GSE). It also has an Oxford Instruments INCA ENERGY (EDX) x-ray analysis
system. Image recording is viaa SONY video graphics printer or digital by processing image frames in a 16 bit framestore
computer for output to hard drive. Optical microscopy was conducted using an RM-1POL polarising light microscope with
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360° rotating analyser. Image capture was via a 9M pixel digital trinocular camera unit processed by View7 PC software
for output to hard drive.

Independent studies using a separately sourced sample were undertaken using a Hitachi S-3700N Field Emission Scanning
Electron Microscope at the NASA Marshall Space Flight Centre. High resolution Raman spectra were acquired using a
Renishaw inVia microRaman system at the School of Chemistry, Cardiff University, UK. Laser focusing of the sample
was performed using a research grade Leica analytical microscope fitted with a 100x objective and a 514.5 nm Argon laser
line. Data processing was via the Wire2 software application for data output to hard drive.

3. RESULTS

An arsenic enriched domain was observed in EDAX elemental maps in the vicinity of a ~10 um wide glass shock vein.
Black glass melt pockets and veins are characteristic of Tissint. Figure 1 (a) shows an optical light montage in cross
polarised transmitted light of a typical glass shock vein cutting through the pyroxene groundmass and passing through an
olivine crystal. The white grains are maskelynite while the glass shock veins show up as black. Figure 1 (b) shows a similar
image of the shock vein containing the arsenic signature with the site of interest highlighted. Also shown beneath it is a
typical olivine crystal with a melt inclusion and radiating cracks. Figure 1 (c) shows an enlarged image of the vein now
seen to enclose a mineral inclusion that is again shown in higher magnification in figure 1 (d).

Raman spectroscopy provided an unambiguous identification of the glass melt inclusion as comprising of an iron arsenate
sulphate mineral (bukovskyite). Figure 1 (e) shows Raman spectra of the grain compared with similar spectra (Rruff ID:
R050630) for the iron arsenate sulfate mineral, bukovskyite — Fe3+2(As5+04)(S6+04)(OH)+7(H20) — sourced from
Kutna Hora, Bohemia, Czechoslovakia by the University of Arizona Mineral Museum. Comparison of the spectra provides
an unambiguous identification with distinct bands in the 2000-1200 cm™ range - assigned to the vs (SO4)? antisymmetric
stretch (8-Fe-OH bend) - with corresponding coincident bands in the 900-1000 cm™ range (assigned to vz (AsOs)*
antisymmetric stretch or libration of water molecules and the v1 (SO4)? symmetric stretch) (Loun et al., 2011).

Further strong bands assigned to the v and vi (AsO4)% antisymmetric and symmetric stretch at 800-900 cm™ together with
lower wavelength bands at ~400 cm? assigned to the v (SO4)? bend, the v4 (AsO4)* bend or the Fe-OH and Fe-O stretch
were similarly present. One prominent feature at ~ 1040 cm™ that is assigned to the vs (SO4)? antisymmetric stretch (5-Fe-
OH bend) (Loun et al., 2011) was evident in the observed spectra but was only observed in weakened form.

The presence of a secondary iron arsenate-sulphate in the Tissint Martian meteorite suggests an As mobilisation and
sequestration process operating in the surface or near surface layers of Mars. The ecology of arsenic on early Mars could
provide evidence of previous microbial activity or in the alternative constrain our understanding of early Martian surface
conditions.

4. BUKOVSKYITE

Bukovskyite is a relatively rare secondary iron arsenate-sulphate first analysed by Antonin Bukovsky (Bukovsky, 1915)
and later by Slavik (1925) and Ulrich (1930). Its structure consists of octahedral-tetrahedral Fe-arsenate chains with
sulphate tetrahedral bonded to the chains and free HO molecules via a complicated network of hydrogen bonds (Majzlan
et al., 2012). It occurs in substantial quantities as the main secondary mineral in medieval dumps near the municipality of
Kutna Hora, in the Czech Republic. While it has also been described at several other localities, Kutnd Hora is the only site
where the mineral occurs in substantial quantities. Novak et al., (1967) conducted the first modern description of
bukovskyite using X-ray diffraction, chemical analysis, TEM, and IR spectroscopy. At the time it was proposed that
bukovskyite was the arsenate analogue of destinezite (Fe2(P0O4)(SO4)(OH)-6H20), but this has since been refuted by Johan
(1986) and it is now considered an alteration product of arsenopyrite.

The oxidation of arsenopyrite has been the subject of several laboratory studies (e.g. Buckley and Walker, 1988;
Richardson and Vaughan, 1989; Nesbit et al., 1995; Nesbit and Muir, 1998). Further studies have concentrated on the
precipitation mechanisms and stability of scorodite (FeAsO4-H,0) - the most common arsenopyrite oxidation product (e.g.
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Dove and Rimstidt, 1985; Nordstrom and Parks, 1987; Krause and Ettel, 1988). Haffert et al., (2010) reported the presence
of bukovskyite at the Golden Port mine in New Zealand, where it occurs with scorodite and As-rich hydrous ferric oxides
on the interior of waste dumps. These authors concluded that bukovskyite and zykaite arose in the Golden Port mine as
products of weathering resulting in elevated concentrations of sulphates that remained wet most of the time.
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Figure 1 (upper) shows optical light images of a 30um thin section of Tissint in cross polarised transmitted light. Black glass shock
veins and pockets show up as black with maskelynite phases in white. (a) typical glass shock vein cutting through the pyroxene
groundmass and olivine crystal (b) shock vein containing the arsenic signature with the site of interest highlighted, note also the presence
of a typical olivine crystal with a melt inclusion and radiating cracks (c) enlarged image of the vein showing enclose mineral inclusion
and (d) same, in higher magnification. Field of view (a) 2.5mm (b) 1mm (c) 250 um (d) 100 um. (Lower) shows Raman spectra of
mineral grain compared with similar spectra (Rruff ID: R050630) for the iron arsenate sulfate mineral, bukovskyite —
Fe3*2(As®04)(S8*04)(OH)*7(H20) — taken from Kutna Hora, Bohemia, Czechoslovakia. Sample courtesy of the University of Arizona
Mineral Museum.

In contrast, Majzlan et al., (2012) found that the Fe:As:S (2:1:1) ratio of bukovskyite precipitating gels varied widely and
were deplete in S relative to the ideal 2:1:1 stoichiometry. They concluded that bukovskyite cannot originate by simple
weathering and decomposition of pyrite or arsenopyrite and that some additional control over the chemical composition
and final crystallisation mechanisms must exist (Majzlan et al., 2012).

There are a number of examples of the formation of trace bukovskyite occurring that involve biological processes, most
notably biologically induced mineralisation. Marquez et al., (2006) studied a two-step oxidation pre-treatment process
involving a combination of bacterial and pressure oxidation of ores mined in the S&o Bento deposits in Brazil. They
observed the presence of minor and trace amounts of zykaite (Fes(AsO.)3(SO4)(OH)-15 H,0) and bukovskyite as
secondary products of the bacterial oxidation of gold ores. At the type locality of the Kank deposit in the northern part of
Kutna Hora, two types of associations and dumps are distinguishable (Majzlan et al., 2012). The first type are composed
of large rock fragments with open space between them and are associated with scorodite, kankite and zykaite with
nonarsenate secondary minerals including gypsum and jarosite. In the second type the rock fragments are completely filled
by earthy to clayey material together with anthropogenic material including charcoal, timbers and burnt clay. These areas
are associated with abundant bukovskyite and rare parascorodite (FeAsO4-H,0). This observation has led to the suggestion
that clay minerals create sealed microenvironments where high concentrations of aqueous H*, Fe(lll), SO4 and AsO. are
maintained for long periods of time (Majzlan et al., 2012).

While the precise processes responsible for the formation of bukovskyite remain unknown, it is not possible to
unambiguously associate the formation of this mineral with biological activity. Nonetheless, the initial mobilisation of
arsenic from As enriched Fe oxides, the subsequent sequestration of As by precipitating sulphides under anoxic conditions
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followed by the oxidation to sulphide of sulphate species and the formation of relatively rare As secondary phases are all
processes commonly associated with bacterial activity.

5. A MICROBIAL MODEL FOR BUKOVSKYITE ON MARS

The working hypothesis considered here is that Fe3*2(As®*04)(S%*04)(OH)*7(H20) (bukovskyite) formed when high
concentrations of aqueous H*, Fe(lll), SO4 and AsO, were maintained for long periods of time in microenvironments
created in wet surface and subsurface Martian clays. These ingredients arose as dissolution products of the microbial
reduction of Fe-oxides and subsequent microbial oxidation of FeS, with concurrent release of sequestrated As to solute
phase.

Arsenic (As) is a ubiquitous element known to have a high affinity for newly precipitating Fe oxides where it is both
incorporated and subsequently stabilised within the mineral structure during aging and transformation (Jessen et al., 2005;
Roberts et al., 2004). The sorption of As on Fe oxides occurs in both ionic outer, and specific inner, surface complexes
(Sun and Doner, 1998; Waychunas et al., 1993) resulting in solid phase As enrichment in Fe oxide precipitating sediments.

The potential for humic substances to influence the redox state and the complexation of As, thus shifting As partitioning
in favour of the solute phase is commonly seen on Earth. In the sediments of South Asia, hot spots of As enriched aquifers
are commonly observed in the vicinity of organic rich buried peat layers. These peat layers comprise of a complex mixture
of polyfunctional organic molecules derived from the decomposition of plants, animals and microorganisms (Wang and
Mulligan, 2006). While the precise composition of these mixtures varies, they all share common moieties such as polar
carboxyl, hydroxyl, amino, sulfhydryl and phenol groups (Aiken et al., 1985). Increasing concentrations of these common
moieties were found to increase the chemical reduction of Fe(I11) complexes and oxidise HS, supporting the assumption
that they are indeed the redox active moieties involved in the redox reactions (Bauer, 2008).

In our model, accumulated sedimentary organic material would react with Fe oxides resulting in the mobilisation of arsenic.
Under anoxic conditions, sequestration of As may arise from As precipitation in sulphide compounds, the formation of
thioarsenic aqueous species or As adsorption (and possibly co-precipitation) onto Fe(ll) sulphides (Henke, 2009) forming,
for example, FeS,/As complexes. Figure 3 provides a notional representation of pyrite surface sites and different kinds of
interactions namely a) outer-sphere complexation of a non-specific nature and b) inner-sphere complexation of a metal. In
this case the figures shows specific interaction with a sulphur surface site.

Pyrite - FeS;
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Fe,**(As*0,)(S*0,)(OH)*7(H,0)
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2
Activity §20;

3+
Fe Pyrite oxidising
bacteria
Migration of components Fe*
to hydrothermal settin 2-
y & 2504

Figure 2. Schematic representation of the proposed chemical processes that result in the formation of bukovskyite in closed
microenvironments. The mechanism proceeds via anoxic microbial pyrite oxidation and culminates in the accumulation of bukovskyite
forming ingredients and conditions. Components of the model would then migrate from sedimentary layers to a hydrothermal
environment where organic matter would precipitate on pyrite grains.
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The availability of aqueous AsO. would be complemented by dissolution by-products of pyrite oxidising bacteria giving
rise to a ready supply of H*, Fe(l11) and SO4 species as indicated by the following chemical reactions:

FeS; + 6 Fe3* + 3 H,0 -> S,03% + 7 Fe** + 6 H* eq. 1
S,03* + 8 Fe** + 5 H,0 -> 2 SO, + 8 Fe?* + 10 H* eq. 2

The iron (I1) ions are oxidised by the bacteria:

bacteria

Fe?* —> Fe¥" +e

High concentrations of these species together with AsO, would then be maintained for long periods of time in
microenvironments supported in fine Martian clays. Figure 2 shows a schematic representation of the proposed chemical
processes resulting in the formation of bukovskyite. Components of the model would then migrate from sedimentary layers
to a hydrothermal environment where organic matter would precipitate on pyrite grains.

Leblanc et al., (1996) reported the accumulation of iron-arsenate and arsenate-sulphate precipitates in the acidic stream
(pH 2.2-4) of the Carnoulés Pb-(Zn) mine in Garde, France. Here, rod-shaped and sheathed bacterial forms were
responsible for ferruginous bacterial accretions, morphologically similar to stromatolites.

Stromatolites represent the most ancient records of life on Earth by fossil remains which date from more than 3.5 billion
years ago.

Also found within the accretions were living Thiobacillus-type bacteria. Thiobacillus ferrooxidans oxidise Fe (II) for
energy for growth. Bennett and Tributsch, (1978) reported a strong correspondence between the attachment of Thiobacillus
ferrooxidans to pyrite surfaces and the presence of residual etch pits during bacterial leaching experiments. The presence
of some bacteria in the etch pits confirmed a causal link between the pits in the pyrite surface and the bacteria. Since the
T. ferrooxidans microbes require oxygen as their terminal electron acceptor, it appears unlikely they would have been
present on early Mars. However, purple and green sulphur bacteria (i.e. both Fe- and S-oxidisers) are anaerobic and
potentially well suited to Martian conditions.

(a) Outer-sphere complexation (b)
of non-specific nature
H H
N a2 H H
o B ¥
H p H O ...... MeZb O
\ i / 7 ; N
(0] MeZ% - O H i H
s : ~
H : H :
o Fe S Fe
7 \
H H Inner-sphere complexation
Fe S S Fe of metal (interacting with S)

Figure 3 a notional representation of pyrite surface sites and different kinds of interactions (a) Outer-sphere complexation of a
nonspecific nature; (b) inner-sphere complexation of a metal, specifically interacting with a sulphur surface site
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6. BACTERIAL ETCH PITS ON PYRITE

Oremland (2003) speculated on the role of dissimilatory arsenate-reducing prokaryotes in a hypothetical microbial ‘biome’
supported by arsenic cycling in the subsurface layers of Mars. Here As(l11) would be recycled to As(V), possibly by
aqueous nitrates permeating through the Martian surface. The activity of anaerobes that use As(V) as their respiratory
oxidant is well documented (Switzer et al., 1998; Huber et al., 2000; Glhring and Banfield, 2001) and include several
extremophiles adapted to high temperature, pH, and/or salinity. Furthermore, some arsenate-reducing bacterium (e.g. strain
OREX-4) can use either arsenate or sulphate as the electron acceptor (Newman et al., 1997) enabling them to operate as
both sulphate-reducing and arsenate-reducing bacterium.

Evidence of the previous activity of bacteria was detected in the form of spherical etch pits and chains of pits on the surface
of pyrite grains coated with carbonaceous material that were previously identified in the pyroxene substrate of Tissint.
These etch pits occurred in clusters, and were comparable to biologically mediated microstructures created by Fe and S-
oxidising microbes in the laboratory.

A correspondence between the attachment of some bacteria to pyrite surfaces and the presence of residual etch pits has
been reported in bacterial leaching experiments using Thiobacillus ferrooxidans by Bennett and Tributsch, (1978). These
authors reported the presence of rounded etch pits, typically between 1-2 um in diameter, often occurring as pairs or chains
with individual pits linearly aligned, or as significant clustered accumulations. In particular, the presence of residual
bacteria in some of the pits was observed, establishing a causal between the two. Similarly, Edwards et al.,

(1998, 1999) reported pitting in experiments using natural populations of microbes from acid mine drainage sites, while
Etzel et al. (2007) showed that the shape of etch pits created by thermophilic Archaea was strongly related to
crystallographic orientation.

Significantly, Wacey et al., (2010) reported on pyrite grains with laminated carbonaceous coatings of early Archean age
from the basal quartz arenite member of the 3.43-3.35 Ga Strelley Pool Formation (SPF) in Western Australia. Here, pyrite
surfaces at the interface with the carbonaceous coatings exhibited spherical pits, chains of pits and channels that were
widespread and had a clustered distribution typical of microbial colonisation. This author interpreted this as trace fossils
formed by the attachment of bacteria to the pyrite surfaces.

Figure 3(a) shows an SEM image displaying the presence of etch pits on the surface of a pyrite grain coated with
carbonaceous material in the Tissint Martian meteorite. This image was previously reported in Wallis et al (2014) and was
taken using a Hitachi S-3700N Field Emission Scanning Electron Microscope at the Marshall Space Flight Centre by RBH.
It is shown here with the contrast improved for the purpose of highlighting surface features present at the interface of the
pyrite and carbonaceous mantle. Figure 3(b) shows the area marked with arrow (i) in the upper image. Here a cluster of
equally spaced spherical etch pits, arranged in linear order, become visible. Figure 3(d) shows an overlay diagram of their
position and spacing. Figure 3(e) shows a similar set of four rounded pits equally spaced in a straight line as indicated by
the four white arrows. For comparison, figure 3 (c) shows a cluster of spherical etch pits in the surface of pyrite taken from
the Strelley Pool Formation (SPF) in Western Australia (Wacey et al., 2010). These pits can be seen to be equally sized
and spaced and linearly aligned.

The significance of the etch pit shape and geometric distribution cannot be overstated since pitting and channelling of
pyrite surfaces can result from the non-biological oxidation of pyrite. For example, pits of approximately 200nm deep x
10pm wide have been observed in pyrite under aqueous, O, saturated, acidic conditions (Asta et al., 2008). Though these
significantly differ from those observed in microbial experiments, they do demonstrate that abiotic process can also affect
surface features. Similarly, the random distribution of pits of size 30-250nm have been observed during HCI and H2SO4
reaction with pyrite (Edwards et al., 1999) and in the radiolytic oxidation of pyrite (Lefticariu et al., 2010). Furthermore,
abiotic oxidation by H202 has also been shown to cause pitting (Lefticariu et al. 2006) though here the pits were larger
(~10um diameter) but did not cluster or form chains of pits. Consequently, the presence of pits alone on pyrite surfaces is
not diagnostic of a biological reaction (Wacey et al., 2010).However, the pits in the pyrite of Tissint are rounded and
clustered, form chains with equal pit spacing, have dimensions within the range typical of microbes and are distinct from
the abiotic features discussed above.
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Figure 3 (a) shows an SEM image of a pyrite grain coated with carbonaceous material located in the substrate of Tissint (Wallis et al.,
2012). The area marked with arrow (i) in shown in higher resolution (b) where a cluster of equally spaced spherical etch pits, arranged
in linear order, become visible. (d) shows an overlay diagram of their position and spacing, while (e) shows a similar set of four rounded
pits equally spaced in a straight line as indicated by the four white arrows. For comparison, figure 3 (c) shows a cluster of spherical etch
pits in the surface of pyrite taken from the Strelley Pool Formation (SPF) in Western Australia (Brasier, 2010). These pits can be seen
to be equally sized and spaced and linearly aligned.
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7. DISCUSSION

The mobilisation and sequestration cycle of arsenic (As) is neither purely chemical nor purely microbial. However, the
process is greatly enhanced by the activity of microorganisms that increase reductive Fe oxide dissolution with concurrent
release of As to solute phase. The subsequent sequestration of As under anoxic conditions can then take place via
precipitation in sulphide compounds. The presence of relatively rare secondary iron arsenate-sulphates does however
tentatively suggest microbial activity. Iron arsenate and arsenate-sulphates, together with the alteration product,
bukovskyite, have all been reported in ferruginous bacterial accretions in acidic mine waters in France. (Leblanc et al.,
1996).

Reliance on microfossil morphologies as conclusive indicators of relic life has a controversial history. Even in terrestrial
settings the unambiguous identification of ancient biology has not always been easy to establish. Pflug, (1967) reported
the presence of ‘globular-type A microfossils’ in acid macerated shales of the Fig Tree Group, but this has since been
questioned by Altermann (2001). Walsh (1992) found ~90 um Archaean carbonaceous spheroidal microstructures in the
carbonate cherts of the Kromberg Formation, though Brazier et al., (2006) have since reinterpreted these as selforganised
abiotic structures. Buik (2001) also examined these structures and found that hollow kerogenous filaments associated with
them may indeed be biological. Sugitani (2007) interpreted similar-sized morphological structures in the black chert beds
of the Gorge Creek Group as ‘probable microfossils’.

Significantly however, Javaux, Marshall and Bekker (2010) examined organic-walled microfossils in Mesoarchaean shales
and siltstones in the Earth’s oldest (3.2 billion years) siliclastic alluvial to tidal estuarine deposits. They found unambiguous
evidence in the wall unltrastructure of flattened hollow organic-walled vesicles with visible lumen between the compressed
walls and concluded they must be of biological origin. Of significance, these investigators also reported the presence of
pyrite and arsenopyrite grains in the walls of the microstructures observed during SEM energy dispersive X-ray analysis.
Spheroidal carbonaceous microstructures with sulphide cores have also been observed in Proterozoic and Ordovician
sandstones in Canada (Nardi, 1994) and hydrothermal calcite veins in Carboniferous limestones in central Ireland. Here
the origin of the organic matter cannot be confirmed but is thought to have derived from the surrounding sedimentary
terrain, where the hot hydrothermal fluids generated the migration of organics. (Lindgren et al., 2011).

Nonetheless, the presence of spherical pits, and chains of pits, with a morphology and geometric distribution that is distinct
from abiotic alteration features, and is closely comparable to biologically mediated microstructures created by Fe- and S-
oxidising microbes in the laboratory requires further attention. At present, these features are interpreted as trace fossils
resulting from the attachment of bacteria to the pyrite surfaces.

Proc. of SPIE Vol. 9606 96060V-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/17/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



REFERENCES

Aiken G. R., McKnight D. M., Wershaw R. L., and MacCarthy P. (1985) Humic substances in soil, sediment, and water.
Wiley-Interscience.

Altermann, W. The oldest fossils of Africa—a brief reappraisal of reports from the Archean. J. Afr. Earth Sci. 33, 427-
436 (2001).

Bauer, M., (2008) PhD Thesis. Influence of Natural Organic Matter on the Mobility of Arsenic in Aquatic Systems, Soils
and Sediments. an der Fakultat Biologie/Chemie/Geowissenschaften der Universitat Bayreuth

Brasier, M. D. M cLoughin, N., Green, O. & Wacey, D. A fresh look at the fossil evidence for early Archaean cellular life.
Phil. Trans. R. Soc. B 361, 887-902 (2006).

Buckley AN, Walker W. The surface composition of arsenopyrite exposed to oxidizing environments.Appl Surf Sci
1988;35:227 —240.

Buick, R. in Paleobiology Il (eds Briggs, D.E.G. & Crowther, P.R.) 13-21 (Blackwell Science, 2001).

Bukovsky, A. (1915) The Poisonous Earth from Kutna Hora (in Czech). prebiotic

environment. Phil. Trans. R. Soc. B 361, 1809-1818 (2006).

Dove PM, Rimstidt JD.The solubility and stability of scorodite, FeAsO @2H O.Am Mineral 1985;70:828 —844.

Gihring, T. M. and J. F. Banfield, FEMS Microbiol. Lett. 204, 335 (2001)

Haffert, L., Craw, D. and Pope, J. (2010) Climatic and compositional controls on secondary arsenic mineral formation in
high-arsenic mine wastes, South Island, New Zealand. New Zealand Journal of Geology and Geophysics, 53, 91101.

Henke, Kevin (2009) Arsenic: Environmental Chemistry, Health Threats and Waste Treatment, Wiley Huber,

R. M., M. Sacher, A. Vollmann, H. Huber, D. Rose, Appl. Microbiol. 23, 305 (2000).

Javaux, E.; Marshall, C.; Bekker, A. (2010-02-07). "Organic-walled microfossils in 3.2-billion-year-old shallow-marine
siliciclastic deposits". Nature 463 (7283): 934-938.

Jessen S, Larsen F, Koch CB, Arvin E. Sorption and desorption of arsenic to ferrihydrite in a sand filter. Environ Sci
Technol 2005;39:8045-51.

Johan, Z., (1986) Crystal Symmetry and unit cell of bukovskyite Fe3+2(As5+04)(S6+04)(OH)*7(H20). Neues Jahrbuch
fur Mineralogie, Monatshefte, 445-451.

Krause E, Ettel VA.Solubility and stability of scorodite, FeAsO4@2H20 new data and further discussion.Am Mineral
1988,73:850 —854.

Leblanc, M., Achard, B., Othman, D.B. and Luck, J.M. (1996) Accumulation of arsenic from acidic mine waters by
ferruginous bacterial accretions (stromatolites). Applied Geochemistry, 11, 541-554.

Lin Y., et al. 2013 Nanosims Analysis of Organic Carbon from Mars: Evidence for a Biogenetic Origin. 44th Lunar and
Planetary Science Conference (2013)

Lindgren, P., Parnell, J., Holm, N.G. and Broman, C. (2011) A demonstration of an affinity between pyrite and organic
matter in a hydrothermal setting. Geochemical Transactions, 12 (3). ISSN 1467-4866

Loun, Jan, Jiii Cejka Jiti Sejkora Jakub Plasil, Milan Novak, Ray Leslie Frost, Sara Palmer a Eloise C. Keeffe. A Raman
spectroscopic study of bukovskyite Fe2(AsO4)(SO4)(OH) . 7H20, a mineral phase with significant role in arsenic
migration. Journal of Raman Spectroscopy, 2011, ro¢. 42, €. 7, s. 1596-1600.

M. Mérquez, J. Gaspar, K. E. Bessler, G. Magela, Process mineralogy of bacterial oxidized gold ore in Sdo Bento Mine
(Brasil) Hydrometallurgy, 2006, 83, 114.

Majzlan, J.; Lazic, Biljana; Armbruster, Thomas Michael; Johnson, M.B.; White, M.A.; Fisher, R.A.; Plasil, J.; Loun, J.;
Skodan, R. and Novak, M. (2012). Crystal structure, thermodynamic properties, and paragenesis of bukovskyite,
Fe-2(As04)(S04)(OH)center dot 9H(2)O Journal of Mineralogical and Petrological Sciences, 107(3), pp. 133148.

Nardi S, Binda PL, Baccelle LS, Concheri G: Amino acids of Proterozoic and Ordovician sulphide-coated grains from
western Canada: Record of biologically-mediated pyrite precipitation. Chemical Geology 1994, 111:1-15.

Nesbitt HW, Muir IJ, Pratt AR.Oxidation of arsenopyrite by air, air-saturated, distilled water, implications for mechanism
of oxidation.Geochim Cosmochim Acta 1995;59(9):1773 — 1786.

Nesbitt HW, Muir 1J.Oxidation states and speciation of secondary products on pyrite and arsenopyrite reacted with mine
waters and air.Mineral Petrol 1998;62:123 —144.

Proc. of SPIE Vol. 9606 96060V-11

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/17/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Nordstrom DK, Parks GA.Solubility and stability of scorodite, (FeAsO4@2H20).Dis Am Mineral 1987;72:849 —851.

Novak, F., P. Povondra, J. Vtélensky, Acta Univ. Carol., Geol., 1967, 4, 297-325.

Oremland RS & Stolz JF (2003) The ecology of arsenic. Science 300: 939-944

Pflug, H. D. Structured organic remains from the Fig Tree Series (Precambrian) of the Barberton mountain land (South
Africa). Rev. Palaeobot. Palynol. 5, 9-29 (1967).

Richardson S, Vaughan DJ.Arsenopyrite: a spectroscopic investigation of altered surfaces.Mineral Mag 1989;53:223 —
229.

Roberts L. C., Hug S. J., Ruettimann T., Billah M., Khan A. W., and Rahman M. T. (2004) Arsenic removal with iron(ll)
and iron(l11) waters with high silicate and phosphate concentrations. Environ. Sci. Technol. 38(1), 307-315.
Slavik F. (1925): Nerosty Kutnohorska, jejich vyskyt a vznik. — Sbornik vlastivédnych stati o politickém okrese

kutnohorském. Knihovna pfirucek z vlastivédy kutnohorska a Uhlifskojanovicka, 1, 67-90, Kutn& Hora.

Steele, A., et al., (2012) A Reduced Organic Component in Martian Basalts

Sugitani, K. et al. Diverse microstructures from Archaean chert from the Mount Goldsworthy—Mount Grant area, Pilbara
Craton, Western Australia: microfossils, dubiofossils, or pseudofossils? Precambr. Res. 158, 228—-262 (2007).

Sun X. H. and Doner H. E. (1998) Adsorption and oxidation of arsenite on goethite. Soil Sci. 163(4), 278-287.

Switzer, J., Blum, A. Burns Bindi, J. Buzzelli, J. F. Stolz, R. S. Oremland,Arch. Microbiol.171, 19 (1998).

Ulrich, F. (1930): Contributions to the topographic mineralogy of Bohemia Il. Vestnik Statniho geologickeho ustavu CSR,
7, 98-110 (in Czech)

Walsh, M. M. Microfossils and possible microfossils from the early Archean Onverwacht Group, Barberton Mountain
Land, South Africa. Precambr. Res. 54, 271-292 (1992).

Wang S. L. and Mulligan C. N. (2006) Effect of natural organic matter on arsenic release from soils and sediments into
groundwater. Environ. Geochem. Health 28(3), 197-214.

Waychunas G. A., Rea B. A., Fuller C. C., and Davis J. A. (1993) Surface-Chemistry of Ferrihydrite .1. Exafs Studies of
the Geometry of Coprecipitated and Adsorbed Arsenate. Geochim. Cosmochim. Acta 57(10), 2251-2269.

Newman, D.K., Kennedy, E.K., Coates, J.D., Ahmann, D., Ellis, D.J., Lovley, D.R. and Morel, F.M.M. Dissimilatory
arsenate and sulfate reduction in Desulfotomaculum auripigmentum sp. nov. Arch Microbiol (1997) 168 : 380— 388

Jull AJ.T. (1998) Science 279, 366-369.

Stephan, T., et al., (2003) Meteor and Planet Sci 38, 109.

Treiman, A.H., Submicron magnetite grains and carbon compounds in martian meteorite ALH84001: Inorganic, abiotic
formation by shock and thermal metamorphism. Astrobiology 3, 369 (2003).

Zolotov, M. Y.. E. L. Shock, An abiotic origin for hydrocarbons in the Allan Hills 84001 martian meteorite through cooling
of magmatic and impactgenerated gases. Meteorit. Planet. Sci. 35, 629 (2000).

Steele et al., Meteoritics & Planetary Science 42, 1549 (2007).

McKay D. et al. (1996) Science 273, 924-930.

Aoudjehane, H. C. et al. 2012, Tissint: The First Martian Meteorite Falll of the Century in Morocco. 75th Annual
Meteoritical Society Meeting.

Wacey, D., et al., Earliest microbially mediated pyrite oxidation in ~3.4 billion-year-old sediments, Earth Planet.
Sci.Lett. (2010),

Bennett, J.C., Tributsch, H., 1978. Bacterial leaching on pyrite crystal surfaces. J.Bacteriol. 134, 310-317

Edwards, K.J., Schrenk, M.O., Hamers, R.J., Banfield, J.F., 1998. Microbial oxidation of pyrite: experiments using
microorganisms from an extreme acidic environment.Am. Miner. 83, 1444-1453.

Edwards, K.J., Goebel, B.M., Rodgers, T.M., Schrenk, M.O., Gihring, T.M., Cardona, M.M.,Hu, B., cGuire, M.M.,
Hamers, R.J., Pace, N.R., Banfield, J.F., 1999. Geomicrobiology of Pyrite(FeS2) dissolution: case study at Iron
Mountain, California. Geomicrobiol.J.16, 155-179.

Etzel, K., Huber, H., Rachel, R., Schmalz, G., Thomm, M., Depmeier, W., 2007. Ptritesurface alteration of synthetic single
crystals as effect of microbial activity andcrystallographic orientation. Adv. Mat. Res. 20-21, 350-353.

Proc. of SPIE Vol. 9606 96060V-12

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/17/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Lefticariu, L., Pratt, L.M., Ripley, E.M., 2006. Mineralogic and sulfur isotopic effectsaccompanying oxidation of pyrite
in millimolar solutions of hydrogen peroxide attemperatures from 4 to 150 °C. Geochim. Cosmochim. Acta 70,

4889-4905.
Lefticariu, L., Pratt, L.A., LaVerne, J.A., Schimmelmann, A., 2010. Anoxic pyrite oxidationby water adiolysis products —

a potential source of biosustaining energy. EarthPlan. Sci. Lett. 292, 57-67

Asta, M.P., Cama, J., Soler, J.M., Arvidson, R.S., Luttge, A., 2008. Interferometric study of pyrite surface reactivity in
acidic conditions. Am. Mineral. 93, 508-519

Steele, A, etal., 2013 Organic Carbon Inventory of the Tissint meteorite. 44th Lunar and Planetary Science Conference

(2013)
Wallis, J., N. Chandra Wickramasinghe ; Daryl H. Wallis ; Nori Miyake ; Max K. Wallis, et al. “Possible biological

structures in the Tissint Mars Meteorite ", Proc. SPIE 8521, Instruments, Methods, and Missions for Astrobiology

XV, 85210R (October 24, 2012) Wallis 2014a
Wallis, J., Wickramasinghe, N.C., Wallis, D.H., Miyake, N., Wallis, M.K., and Hoover, R.B. (2014) Chemical and

Structural Composition of Organic Carbonaceous Structures in Tissint: Evidence for a Biogenetic Origin

Proc. of SPIE Vol. 9606 96060V-13

Downloaded Fram:-http://proceedings.spiedigitallibrary.org/ on 11/17/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx


https://www.researchgate.net/publication/300347232

