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Abstract

Understanding calcium sulfate mineral formation is crucial to understanding
depositional environments and diagenetic conditions on and near the martian surface
where calcium sulfates with varying hydration states have been well documented (e.g.
Nachon et al., 2014; Vaniman et al., 2014). Calcium sulfate minerals — anhydrite
(CaS0g), bassanite (CaSO4- 0.5H20), and gypsum (CaSO4- 2H,0) — are of particular
interest because they serve as good indicators of past aqueous environments on Mars.

Traditionally, gypsum was traditionally thought to form at low temperature,
independent of salinity due to kinetic effects, while anhydrite is traditionally understood
to form at higher temperatures (>50°C), even though anhydrite is more
thermodynamically stable at low temperatures in high salinity, low water activity
brines. Closed-system batch experiments conducted by various workers (e.g. Posnjak,
1940; Freyer and Voigt, 2003; Ossario et al., 2014) over the last century have confirmed
these assumptions. However, recent flow-through experiments conducted by Dixon et
al. (2015) demonstrated low temperature anhydrite formation in high salinity brines in
flowing hydrodynamic systems over a three-week period while gypsum formed in
closed system batch reactor experiments under identical conditions. They hypothesized
that anhydrite may form at low temperatures in flow-through experiments due to the
constant source of high salinity, low-water activity brine, while gypsum initially
nucleates in the batch reactors, increasing the activity of water as calcium and sulfate
ions are consumed. Other workers have suggested that anhydrite, bassanite, and
gypsum form via complex nucleation, aggregation, and growth processes (e.g. Van

Driessche et al., 2012; Stawski et al., 2016). These pre-cursor nucleation and
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aggregation phases may be affected by hydrologic flow rates (Dixon et al., 2015), as
well as different mineral substrates present in the system (Bystriansky et al., 2016). In
this study, we aim to further investigate the role of hydrologic conditions on anhydrite
formation at low temperature in flowing brine by testing Dixon et al.’s hypothesis. We
also test the effects of varying mineral substrates on calcium sulfate formation by
conducting similar experiments reacting calcite (CaCO3) + MgSO. and MgCl, brines.
We analyzed the reaction products with powder X-ray diffraction, Raman spectroscopy,
visible/near infrared spectroscopy, transmission electron microscopy, and scanning
electron microscopy.

Our jarosite + brine experimental results confirmed that different calcium sulfate
minerals form in flow-through experiments compared to batch experiments, despite
identical solution chemistries, reaction time, and temperature conditions. Over a range
of CaCl: concentrations and water activities, anhydrite is only observed in flow-through
experiments, while gypsum is observed in both batch and flow-through experiments.
Akaganeite is also formed in abundance in all flow-through and batch experiments.
Preliminary TEM data show calcium enrichment associated with nanoscale minerals on
the edges of jarosite in flow-through experiments. Gypsum was the only calcium sulfate
phase identified in batch reactor experiments, where it formed relatively large (>1um)
lath-shaped gypsum crystals in the batch experiments that were not observed in flow-
through experiments. These differing mineral assemblages and textures observed in
flow-through compared with batch experiments confirm that hydrologic conditions are
primary variables affecting calcium sulfate mineralization. No anhydrite was formed in

flow-through experiments reacting calcite + sulfate-rich brine, further suggesting



anhydrite formation in jarosite + brine flow-through experiments is controlled by
mineral substrate or by the presence of other ions in solution in addition to
hydrodynamic conditions.

Previous studies have interpreted anhydrite veins on Mars as forming at depth
from pre-existing gypsum indicating significant burial had occurred prior to diagenesis
(Vaniman et al., 2014; Bristow et al.,, 2015). However, our experimental results
demonstrate that anhydrite can also form at low temperature from jarosite alteration in
CaCl, brines without a pre-existing gypsum phase if there is groundwater flow.
Akaganeite is also observed deposits on Mars. Ultimately, our findings can provide much
needed data for interpreting the timing and evolution of depositional environments and
diagenetic conditions for the sedimentary rocks at Gale Crater and other locations where
calcium sulfate minerals have been observed (e.g. Grotzinger et al., 2015; Stack et al.,

2016).



Introduction

Traditionally, gypsum (CaSOj4- 2H>0) is thought to form at low temperature,
independent of salinity due to kinetic effects, whereas anhydrite (CaSOa) only forms at
higher temperatures (>50°C), even though anhydrite is more thermodynamically stable
at low temperatures in high salinity, low water activity brines. Closed-system batch
experiments conducted by various workers (Posnjak, 1940; Zen, 1965; Hardie, 1967;
Freyer and Voigt, 2003; Ossario et al., 2014) over the last century have confirmed these
assumptions. However, recent flow-through experiments conducted by Dixon et al.
(2015) demonstrated low temperature anhydrite formation in high salinity brines in
flowing hydrodynamic systems over a three-week period.

This departure from long held assumptions spurred our current work to
understand why anhydrite readily forms in flow-through reactors while gypsum is the
only calcium sulfate phase observed in batch reactors with identical solutions. This
query is important because calcium sulfate minerals with varying hydration states,
anhydrite (CaS0Os), bassanite (CaSOs-0.5H20), and gypsum (CaSOs- 2H-0), are
commonly used to interpret the depositional and diagenetic conditions experienced by
rocks both on Mars and on Earth. Anhydrite would typically be interpreted to reflect at
temperatures exceeding 50° C in high salinity waters, while gypsum is interpreted to
reflect lower temperatures across a wide range of water activities (e.g. He et al., 1994;

Warren et al., 1989).



Observations and previous interpretations of sulfates on Mars

Sulfate minerals are prevalent on Mars and have been identified via orbiters
(Bibring et al., 2006; Langevin et al., 2005), rovers (Squyers et al., 2004; Vaniman et
al., 2014), and within martian meteorites (Bridges et al., 2001; McCubbin et al., 2009;
Gooding et al., 1988; Gooding et al., 1991). These sulfate mineral assemblages have
been used to aid in determining diagenetic conditions experienced on Mars. Jarosite
(KFe3*3(0OH)6(S04)2) is widely distributed on Mars and is also observed on Earth in wet
acid-sulfate systems, indicating past acidic, oxidizing waters on Mars (Glotch and
Rogers, 2007; Elwood Madden et al., 2004). Magnesium sulfates with a range of
hydration states are also common phases observed on Mars (e.g. Vaniman et al., 2004;
Gendrin et al., 2005). Hydrated sulfate minerals detected on Mars are particularly
important because they can be used as an indication of past or ongoing aqueous activity
on the martian surface (Gendrin et al., 2005) and as a starting point for workers
assessing Mars’ habitability (Aubrey et al., 2006; Tosca et al., 2008; Clark, 1978).

Calcium sulfate minerals on Earth can be found in arid, salt-rich depositional
environments and are also commonly observed in mineralized fractures as secondary
diagenetic phases. On Mars, calcium sulfates are particularly compelling as indicators
of past aqueous activity. The three primary calcium sulfate phases — anhydrite,
bassanite, and gypsum — have been identified on Mars in sediments deposited within
Gale crater where the sulfates are found dispersed in the sediment matrix and as the
dominant mineral in complex vein systems (Nachon et al., 2014; Vaniman et al., 2014).
Workers have suggested models of bassanite and anhydrite formation on Mars that

require relatively high temperatures via hydrothermal fluids (Vaniman et al., 2008) or



significant burial (Bristow et al., 2015) to dehydrate gypsum to form bassanite and
anhydrite (Vaniman et al., 2017). However, low temperature conditions are more
relevant to near surface processes on Mars. Analyses of sediments at Yellowknife Bay,
Gale Crater indicate temperatures less than 70°C (Vaniman et al., 2014; Grotzinger et
al., 2014, Bristow et al., 2015; Borlina et al., 2015) and minimal burial diagenetic
alteration (Bristow et al., 2016). Therefore, Vaniman et al. (2017) suggested that the co-
occurrence of gypsum, anhydrite, and bassanite in martian sedimentary strata is a
product of gypsum dehydration as the sediments are re-exhumed at the surface during
extended exposure over many summers rather than as a result of discrete diagenetic
events.

Previous experiments have shown that anhydrite and gypsum can also form at
low temperature through jarosite reacting with CaCl; brines. Dixon et al. (2015)
performed flow-through experiments at 22°C reacting jarosite + 50 wt. % CaCl brine
and found anhydrite precipitating in high salinity brines over 3 weeks while gypsum
formed in otherwise identical batch reactors. They hypothesized that anhydrite may
form at low temperatures in flow-through experiments due to the constant source of
high salinity, low-water activity brine, while gypsum initially nucleates in the batch
reactors, increasing the activity of water as calcium and sulfate ions are consumed.
Other workers have suggested that anhydrite, bassanite, and gypsum form via complex
nucleation, aggregation, and growth processes (Van Driessche et al., 2012; Ossario et
al., 2014; Stawski et al., 2016). These pre-cursor nucleation and aggregation phases
may be affected by hydrologic flow rates (Dixon et al., 2015), as well as different

mineral substrates present in the system (Bystriansky et al., 2016).



Brines on Mars

Jarosite + brine experiments are relevant to Mars because brines represent the
only stable liquid water possible near the martian surface over much of Mars’ recent
history due to low surface temperatures and pressures. The primary evidence for the
presence of brines on Mars comes from the detection of high chlorine and sulfate
abundances (Brass, 1980), orbiter and rover detected hydrated mineral phases
(Langevin et al., 2005; Mangold et al., 2008), and the observation of recurring slope
lineae (Ojha et al., 2014). Salts and chloride minerals that have been detected in situ in
martian soils and dust (e.g. Clark, 1993; Rieder et al., 2004; Yen et al., 2005; Wang et
al., 2006; Hecht et al., 2009) as well as spectra of rocks and soils collected by Mars
rovers (e.g. Christensen et al., 2004; Klingelhofer et al., 2004; McLennan et al., 2005;
Arvidson et al., 2006; Hecht et al., 2009; Rao et al., 2009; Hurowitz and Fischer, 2014;
Toner et al., 2014) and from satellite data (e.g. Glotch and Christensen, 2005; Langevin
et al., 2005; Bibring et al., 2006; Osterloo et al., 2008; Ehlmann et al., 2008; Murchie et
al., 2009; Weitz et al., 2015). Understanding both the composition and behavior of
martian brines is central to larger questions about Mars’ hydrologic cycle and the
possibility of past or current habitable conditions at or near the martian surface. Here,
we investigate the formation of calcium sulfates via brine + mineral interactions to

further understand the role(s) brines may have played in near surface processes.

Recent advances in calcium sulfate nucleation and growth
Calcium sulfate nucleation and growth at low temperatures have been studied in

many contexts including foundational mineralogy (Pina, 2009), scale precipitation in



industrial applications (Bystriansky et al., 2016), materials synthesis (Wang et al.,
2012) and planetary geology (Dixon et al., 2015). Notable studies include Sohnel and
Garside (1992) and Mullin (1993) who found that homogeneous nucleation should drive
calcium sulfate mineral formation in supersaturated solutions with no dispersed
particles but that heterogeneous nucleation prevails when foreign particles or surfaces
are present in the system. They found that regions of metastability and the induction
time required for calcium sulfate formation were significantly reduced when particles
were present in the system. Bystriansky et al. (2016) also found that the presence of iron
(Fe**) in the solution reduced induction time and accelerated crystallization and that
reverse osmosis (flow-through) systems require shorter crystallization time than jar
(batch) experiments under otherwise identical conditions.

Pina (2009) studied anhydrite dissolution and growth at low (room) temperature
in pure water and found that both anhydrite dissolution and growth were
crystallographically controlled. In this study, anhydrite grew as monolayer expansions
on the previous anhydrite surface, despite anhydrite’s metastability in the system
relative to gypsum (Pina, 2009). Wang et al. (2012) showed that in homogeneous
systems (no particles present to serve as nucleation sites) amorphous calcium sulfate
and bassanite are precipitated prior to gypsum, then aggregate to form gypsum in bulk,
documenting the first experimental observation of amorphous calcium sulfate and
bassanite forming at low temperature, low salinity conditions prior to gypsum.
Interestingly, the paper also notes a biological example of bassanite formation under
ambient, low salt conditions “courtesy of the humble jellyfish” where bassanite and

gypsum have been identified as the gravity sensors of deep-sea medusae. While these



calcium sulfates are obviously biominerals, they show a significant pathway for the
formation of bassanite and gypsum from solution in ambient conditions.

Calcium sulfate nucleation and growth is governed by complex interplay
between thermodynamics, Kinetics, and — as we suggest here — mineralogy and
hydrodynamic conditions. Recent work suggests that reevaluating long-held
assumptions about low temperature calcium sulfate formation and embracing a more
complicated system that considers heterogeneous nucleation pathways, mineralogy, and
hydrodynamic conditions can yield more realistic interpretations of near surface
processes both on Mars and on Earth.

Here, we aim to further investigate the role of hydrologic conditions on
anhydrite formation at low temperature in flowing brine by testing Dixon et al.’s
hypothesis that anhydrite may form at low temperatures in flow-through experiments
due to the constant source of high salinity, low water-activity brine, while gypsum
initially nucleates in the batch reactors, increasing the activity of water as calcium and
sulfate ions are consumed by varying brine concentration under identical conditions in
flowing and batch (closed) system experiments. We also testthe effects of varying
mineral substrates on calcium sulfate formation by conducting similar experiments

reacting calcite (CaCOs) + MgSO4 and MgCl: brines.



Methods

We conducted flow-through and batch experiments reacting jarosite with CaCl>
brine of varying water activities at room conditions based on established methods
(Dixon et al. 2015). Then, we conducted a second set of flow-through and batch
experiments reacting calcite with MgSO4+MgCl, brine of varying water activities under
the same conditions to compare the effects of different mineral substrates/reactant
sources on calcium sulfate formation and mineralogy. We determined mineral phases
present in experimental samples using powder X-ray diffraction, Raman spectroscopy,
visible/near infrared spectroscopy, and transmission electron microscopy for jarosite +
brine experiments. For calcite + brine experiments, we used powder X-ray diffraction
and scanning electron microscopy to characterize the reaction products.

We used the same batch of K-jarosite (Ko.gsFe293(SO4)204(OH)s) that was
synthesized and studied by Dixon et al. (2015) using the method developed by Driscoll
and Leinze (2005). The material was previously characterized using powder Xx-ray
diffraction and electron probe microanalysis (Dixon et al. 2015). We conducted flow-
through experiments with synthetic K-jarosite + 5 wt. % (aw= 0.98), 20 wt. % (aw= 0.8),
and 50 wt. % (aw= 0.5) CaCl, brine at room temperature and pressure over 10 days to test
the effects of brine concentration on mineral reaction products. Identical 22-day
experiments were also conducted using 5 wt. % and 20 wt. % CaCl; brines, and 22-day
50 wt. % experimental data was taken from Dixon et al. (2015). We also conducted
closed system batch reactor experiments under otherwise identical conditions to compare

mineralogy with flow-through experiments by combining 150 mL of CaCl; brine with



0.5 g of synthetic K-jarosite. We used volumetric flasks covered with parafilm and let the
closed-system experiments react on an oscillating shaker table for 10 days, sampled them,
and then returned the reactors to the shaker table until the experiment reached 22 days.
We vacuum filtered the brine + mineral slurry samples prior to analysis.

Similar flow-through and batch reactor experiments were conducted under
identical conditions using 5 wt. % and 24 wt. % MgSO4+MgCl> brine mixtures (1:1 by
weight) reacted with optical-grade calcite (CaCO3) as the mineral substrate.

We employed powder X-ray diffraction (XRD) to identify the mineral phases
present in both flow-through and batch reactor experiments. We analyzed all samples on
zero-background holders with Bragg-Brentano geometry at the University of Oklahoma
using a Rigaku Ultima IV diffractometer with a Cu tube operated at 40 kV and 44 mA
and a curved graphite monochromator that passes predominantly Cu Ka radiation. All
samples were initially analyzed at 4 seconds/step, and 22 day 5 wt. % and 20 wt. %
samples were reanalyzed at 16 seconds/step to improve peak intensities.

Due to the relative insensitivity of XRD to poorly crystalline or nanocrystalline
phases within the jarosite matrix, we used Raman spectroscopy as a secondary analytical
technique to identify and map mineral phases present in the samples, employing a
Renishaw inVia confocal Raman microscope with 785nm laser at 1% power with 1200
lines/cm grating located at the University of Oklahoma. We conducted spot analyses over
a spectral range of 49-1273 cm with a center position at 700 cm™. The data presented
here was baseline corrected and normalized using WIiRE software.

We also conducted visible/near-infrared spectroscopy at the SET]I Institute to

test the possibility of detecting and resolving calcium sulfate phases in these samples.



VNIR spectra were measured at the SET]I Institute using a FieldSpecProFR device with
a contact probe and solar simulated light source. Reflectance were measured between
0.35-2.5 um. Several spectra were collected of each jarosite + brine sample, and the
spectra were averaged. Collected spectra were compared with spectra of minerals in a
library maintained by Janice Bishop.

Finally, we examined the textural relationships in the reaction products using
transmission electron microscopy (TEM) to evaluate possible nucleation pathways
leading to anhydrite precipitation in flowing brines. We ultrasonicated experimental
samples with isopropyl alcohol for 10 minutes before pipetting 7ml of the solution onto
lacy carbon formvar TEM grids. We then analyzed the experimental samples using 80kV
Zeiss10 (OU), a 200kV JEOL 2000FX (OU), and a 300kV FEI Titan (University of
Arkansas) TEMs.

Calcite + brine experiments were analyzed via XRD and scanning electron
microscopy (SEM) to identify mineral phases and mineral phase relationships in the
experimental samples. We used an FEI Quanta 250 Scanning Electron Microscope with
a Bruker Quantax EDS for mapping.

We analyzed XRD data using Jade software and direct peak comparisons between
experimental samples. Data analysis was completed using Jade 2010 software with the
International Centre for Diffraction Data PDF4+ database. Raman peak positions were
mapped with inVia WIiRE software. Raman peak comparisons were made against data
available in the RRUFF database (Lafuente et al., 2015) for jarosite and calcium sulfate
phases; however, akaganeite peak data were compared with data reported in Ohtsuka

(1996). We used Kaleidoscope and Excel to graph VNIR data and analyze band positions



against standards previously collected at the SETI Institute. We collected images, EDS
data, and diffraction patterns via TEM and analyzed these using Digital Micrograph,

Adobe Photoshop, and ImageJ.
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Figure 1. Experimental setup: a) flow-through experimental setup b) batch reactor
experimental setup on oscillating shaker table.
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Results

Jarosite Experiments

XRD: Akaganeite (FeO(OH,CI)) is observed as a reaction product across all
experiments (Table 1). Antarcticite (CaCl2*6H20) is also observed in most experiments,
but is considered to be present in reaction product specimens due to precipitation of
residual brine in the samples and was likely not present in the dissolution reactors.
Gypsum is present across all flow-through and batch experiments. Bassanite may be
present in trace amounts (less than 1 weight percent) in two flow-through experiments,
but is not observed in any of the batch experiments. We observed anhydrite in all of the

flow-through experiments but anhydrite was not present in any of the batch experiments.
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Table 1. Jarosite + CaClz brine XRD Results — phases with “?” indicate trace

amounts (<1 wt. %). 22-day 50 wt. % experimental data from Dixon et al. (2015).

Anhydrite?

EXPERIMENT 50 wt. % 20 wt. % 5wt. %
E: TS 0.56 0.88 0.98
Gypsum Gypsum N/A
10-day Akaganeite Akaganeite
Gypsum Gypsum N/A
22-day Akaganeite Akaganeite

Anhydrite Anhydrite
Gypsum

10-day Gypsum Akaganeite Gypsum
Akaganeite Baseanite? Akaganeite
Anhydrite

Anhydrite Anhydrite Gypsum
22-day Gypsum Gypsum Akaganeite
Akaganeite Akaganeite Bassanite?
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XRD Results: 22-day flow through jarosite + 5 wt. % and
20 wt. % CaCl, brines :

25

SQRT(Counts)

| Akdpaneite « Féj0a(OH)sCl; 35
Anhydrite « CaSO,
Jarosite e &Fn;(ﬂ);)z(OH)s |
Gypsum e CaS04+2H;0 |

.

H |

10 15 " 20 %

Two-Theta (deg)

Figure 2. XRD results for 22-day flow-through experimental runs using jarosite +
5 wt. % (green) and 20 wt. % (brown) brines. 16 second/step analyses. Peak
positions for akaganeite, anhydrite, jarosite, gypsum, and bassanite are shown
below patterns. Magnified area shows detail of anhydrite peak adjacent to jarosite
peak at ~ 46° 20.

14



XRD Results: 22-day batch jarosite + 20 wt. % CaCl, brine
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Figure 3. XRD results for 22-day batch experiment runs using jarosite 20 wt. %
brines. Peak positions for jarosite, gypsum, akageneite, and antarcticite are shown
below patterns.
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Raman: Raman spectra collected from experimental samples and jarosite starting
material were collected and compared with anhydrite and gypsum spectra from the
RRUFF database (Lafuente et al., 2015) and an akaganeite spectrum from Ohtsuka
(1996). A broad akaganeite peak is observed between 700-750 cm™. Similarities in peak
shape between the anhydrite and 5 wt. % brine sample are observed in shoulder features
at 1029.8 cm™ and 1049.8 cm™. An anhydrite peak is also observed in the 20 wt. % brine
sample at 1136 cm™. Gypsum peak positions overlap jarosite, anhydrite, or akaganeite

positions, but this phase has been well documented in XRD.
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Figure 4. Raman spectra (785 nm laser) of jarosite + 5 wt. % and 20 wt. % CacCl2
brine flow-through experiments. Spectra of unreacted jarosite (orange), anhydrite
(purple) and gypsum (blue) from RRUFF database (Lafuente et al., 2015), and
akageneite (black, modified from Ohtsuka, 1996) are shown for comparison.

Major peaks for each of the reference phases have been highlighted with the
vertical bars.
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VNIR: VNIR spectra of the samples are dominated by jarosite bands with some
possible gypsum features (Figure 5). Anhydrite does not have features in this spectral
region. Because no secondary phases were definitively identified in the VNIR spectra,

these analyses are not considered further here.
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VNIR Spectra: 22-day Jarosite + CaCl, Brine Experiments
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Figure 5. VNIR spectra of gypsum grains by size (left) modified from Bishop et al.
(2016) and VNIR spectra of jarosite starting material and 22-day jarosite + CaClz
brine experiments (right). Green vertical lines indicate gypsum band locations
from Bishop et al. (2016).
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TEM: Gypsum is the only calcium sulfate phase identified in batch reactor
experiments, forming as relatively large (>1um) lath-shaped crystals observed in TEM
analyses (Figure 6a). Though XRD and Raman analyses suggest gypsum and anhydrite
are both present in flow-through experiments, the large lath-shaped gypsum particles
were not observed in any of the flow-through experiments. Akaganeite is observed around
jarosite grains (Figure 6b) and as matted aggregates (Figure 7a) in both batch and flow-

through experiments.
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+ Ca-
Sulfates?

20 wt. % CaCl, Brine + Jarosite Batch 20 wt. % CaCl, Brine + Jarosite Flow
80KV Zeiss 10 200kV JEOL 2000FX

Figure 6. Significant differences between the morphology of calcium sulfate phases
between (a) batch reactor (large lath shaped crystals) and (b) flow-through
experiments (nanoscale mineral nucleation on jarosite surface) suggests variability

in nucleation processes.
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Figure 7. Mineral phases observed in TEM. (a-c) 22-day 20 wt. % CacClz brine +
jarosite batch experiments. (d-f) 22-day 20 wt. % CaCl: brine + jarosite flow-
through experiments. All images acquired on 200kV JEOL 2000 FX.
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Figure 8. Energy dispersive X-ray spectroscopy of jarosite alteration in jarosite + 20
wt.% CacClz flowing brine experiment (left) and corresponding high angle annular
dark field STEM images (right).
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Carbonate experiments

XRD: In the 5 wt. % MgSO4 + MgCl. brine flow-through experiments, calcite is
the dominant phase observed with secondary phases either absent or below detection
limits (Figure 10). Residual brine materials epsomite (MgSO11H14) and hexahydrite
(MgSO10H12) are also present. Bixbyite (Mn203), an impurity containing manganese that
originated in the MgCl. brine and was not fully removed through vacuum filtration was
also detected. In the 24 wt. % MgSO4+MgCl> brine flow-through experiments, calcite is
the dominant phase observed, and some gypsum was also detected. Residual brine
material (epsomite and hexahydrite) alongside the impurity bixbyite and possibly another
Mg-Al silicate impurity (Figure 9) were also detected (Figures 9 and 11). Other potential
impurity or alteration phases are noted but not identified. No bassanite nor anhydrite is

observed in any of the carbonate substrate experiments.
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XRD Results: 22-day Flow-Through Calcite + 5 wt. % and
‘24 wt.% MgSO0,+ MgCl, Brine Experiments
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Figure 9. XRD results for 22-day flow-through experimental runs using calcite + 5
wt. % and 24 wt. % brines. Peak positions for calcite, bixbyite, hexahydrite,
gypsum, epsomite, and magnesium-aluminum silicate are shown below patterns.
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XRD Results: 22-day Batch Calcite + 24 wt. % MgCl2+MgS04 Brine Experiment
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Figure 10. XRD results for 22-day batch experiment using calcite and 24 wt. %
brine.
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SEM: We analyzed the 24 wt. % MgSO4+MgClI2 brine + calcite flow-through
experiment sample via SEM imaging and X-ray mapping. No gypsum was observed,
nor was there any significant alteration to calcite grains. Instead, residual brine material

was observed as a coating on calcite (Figure 11).
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Figure 11. SEM image and EDS maps showing calcite coated with MgSO4 and
MgCl2 brine residues.
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Discussion

Results Summary
Our jarosite + brine experimental results confirmed that different calcium sulfate
minerals form in flow-through experiments compared to batch experiments, despite

identical solution chemistries, reaction time, and temperature conditions:

Flow-Through

KFe3(OH)s(SO1)2 )+ 3CaClamg + SH20p == CaSOu + CaS0s-2H120g) + 3FeO(OH,Cl)m + CaCly6H20p + K7+ Cl-
' ! ' T L T Lot T Lo !
Jarosite Anhydrite Gypsum Akaganeite Antarcticite

Batch

KFes(OH)s(SO01)2 5+ 3CaClaag + 5SH20p --> 2CaSOs2H20 + 3FeO(OH.Cl)) + CaCl- 6H20 + K™+ Cl-

T T
Jarosite Gypsum Akaganeite Antarcticite

Over a range of CaCl> concentrations and water activities, anhydrite is only observed in
flow-through experiments, while gypsum is observed in both batch and flow-through
experiments. Akaganeite is also formed in abundance in all flow-through and batch
experiments. Bassanite may be present in trace amounts in two flow-through
experiments but is not observed in batch reactor experiments. Preliminary TEM data
(Figure 8) shows calcium enrichment associated with nanoscale minerals on the edges
of jarosite in flow-through experiments, though more detailed X-ray maps, point
analyses, and transects are needed to fully characterize the nanoscale minerals growing
on/attached to the jarosite. Gypsum was the only calcium sulfate phase identified in
batch reactor experiments, where it formed relatively large (>1um) lath-shaped gypsum

crystals in the batch experiments (Figures 6a and 7a) that were not observed in flow-
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through experiments. These differing mineral assemblages and textures confirm that

hydrologic conditions are primary variables affecting calcium sulfate mineralization.

Implications of gypsum formation in jarosite + brine experiments

Gypsum formed in all of our experiments reacting jarosite + CaCl brine.
Gypsum has also been detected on Mars in several geologic contexts including
circumpolar dune fields (Langevin et al., 2005; Masse et al., 2012), at Columbus Crater
(Wray et al., 2009), at Meridiani Planum (Clark et al., 2005; Glotch and Bandfield,
2006), at Columbia Hills (Lane et al., 2008), and in mineralized vein sets at Gale Crater
(Nachon et al., 2014; Vaniman et al., 2014; Rapin et al., 2016). The gypsum at Gale
Crater is of particular interest in our work because it coexists alongside other calcium
sulfates — anhydrite and bassanite — with differing hydration states. Our results indicate
that gypsum is kinetically preferred in closed-system batch experiments where we
observe aggregation of smaller crystallites into relatively large (1-2 micron) crystal
laths. These lath-shaped gypsum crystals were not observed in flow-through
experiments, though gypsum was detected in these samples via XRD. The lath shaped
gypsum identified in batch reactor experiments exhibited significant electron beam
sensitivity in the 80kV and 200kV TEMs. Similar beam sensitive behavior was
observed around jarosite grains in flow-through experiments on the same instruments.
While not a primary line of evidence, this observation spurred our more detailed
analyses of reaction products around the edges of jarosite grains in flow-through
experiments. The significant morphological differences between calcium sulfate phases

in batch and flow-through experiments suggests separate nucleation pathways for
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calcium sulfate minerals in differing hydrodynamic conditions similar to those
postulated by Bystriansky et al. (2016) where calcium sulfates in jar (batch)
experiments are thought to crystallize via “bulk nucleation,” but heterogeneous

nucleation dominates reverse osmosis (flow-through) experiments.

Implications of anhydrite formation in jarosite + brine experiments

Our experiments found that anhydrite can also form relatively quickly from
flowing brines reacted with jarosite, even when the activity of water is near or above the
anhydrite stability field, but anhydrite does not form in closed system experiments,
confirming observations reported by Dixon et al. (2015). Anhydrite has been detected in
association with bassanite and gypsum in sediments at Yellowknife Bay, Gale Crater
(Nachon et al., 2014; Vaniman et al., 2014; Rapin et al., 2016). This observation
spurred renewed interest in the kinetics and thermodynamics of the calcium sulfate
system. Though anhydrite is the most thermodynamically stable calcium sulfate phase
in high salinity brines, closed system batch experiments have routinely demonstrated
gypsum formation instead (Posnjak, 1940; Hardie, 1967; Freyer and Voigt, 2003; Fu et
al., 2012). However, Dixon et al. (2015) showed anhydrite formation in flowing high
salinity brine at low temperatures over a relatively brief period (3 weeks) while gypsum
was observed in batch experiments under the same conditions. Here, we have
demonstrated anhydrite formation across a range of salinities in flowing brines, while
gypsum is still the only calcium sulfate to form in batch experiments. In our results,
both anhydrite and gypsum were detected in flow-through experiments. The relatively

broad width of anhydrite and gypsum peaks observed via XRD in jarosite + brine flow-
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through experiments (Figure 2) supports the case for nanoscale calcium sulfate in these
flow-through experiments (Monshi et al., 2012).

We suggest that the formation of anhydrite (and perhaps also gypsum) results
through heterogeneous nucleation of calcium sulfate phases on jarosite grains analogous
to the Bystriansky et al. (2016) finding that calcium sulfates formed via heterogeneous
nucleation on the membrane surface in reverse osmosis experiments. Slight calcium
enrichments were also observed on jarosite surfaces in TEM (Figure 8). Marked textural
differences between the large lath-shaped gypsum particles in batch experiments
contrasted with the nanoscale mineral nucleation at the edges of jarosite grains (Figures
6b, 7d, and 8) also suggests a heterogeneous nucleation pathway for calcium sulfate

formation in flow-through experiments.

Implications of possible bassanite formation in jarosite + brine experiments
We observed possible bassanite formation in two flow-through experiments.

Bassanite, the partially hydrated intermediate calcium sulfate phase, has been proposed
to form on Mars via dehydration (Vaniman et al., 2017) in a warmer paleoclimate
(Vaniman et al., 2008; Vaniman et al., 2009), through diagenesis of gypsum after burial,
or potentially through hydrothermal activity (Vaniman et al., 2008). Rapin et al. (2016)
suggested that bassanite also may form through partial hydration of anhydrite in
aqueous solution. In lab settings, bassanite was observed to form as a metastable
precursor phase to gypsum formation (Van Driessche et al., 2012). However, since
bassanite is a somewhat dubious or trace phase in our experiments, we are not able to

say anything definitively about bassanite formation.
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Implications of akaganeite formation in jarosite + brine experiments

Jarosite + CaCl» brines readily formed akaganeite in all of our experiments. On
Mars, akaganeite has been detected from orbit in several locations (Carter et al., 2015)
and by the MSL rover at Yellowknife Bay, Gale Crater (Ming et al., 2014; Grotzinger et
al., 2014; Vaniman et al., 2014). Akaganeite occurs on Earth in association with jarosite
and acid sulfate systems in chloride rich environments (Johnson, 1977; Bibi et al., 2011)
and as a corrosion product of metallic iron-bearing solid phases and solutions in Cl-rich
environments under acidic oxidizing conditions (Peretyazhko et al., 2016). In lunar
rocks, akaganeite has been identified as a probable alteration product in Apollo 16
samples, but is considered by Taylor et al. (1974) and Haggerty (1978) to have formed
because of contamination by terrestrial water vapor of FeCl,-bearing lunar rocks.
However, more recent experimental work by Shearer et al. (2014) argues that the
akaganeite in question may have a lunar origin after all. Similar terrestrial
contamination questions also plague the interpretation of akaganeite in meteorites
(Bland et al., 1997).

Some workers (Carter et al., 2015) have postulated that the presence of akaganeite
on Mars may be indicative of past or ongoing biologic activity on Mars. However,
while biogenic formation of akaganeite has been recorded on Earth (Chan et al., 2004;
Fortin and Langley, 2005; Xiong et al., 2008; Brayner et al., 2009), our results along
with those of others (Ohtsuka, 1996; Weckler and Lutz, 1998; Rémazeilles and Refait,
2007) show that akaganeite readily forms inorganically in a range of salinities and
hydrodynamic conditions when chloride salts are present and, therefore, is not

indicative of biologic activity. In addition to providing further evidence for inorganic
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formation of akaganeite, a somewhat surprising component of our results was the large
amount (up to ~40 wt. %) of akageneite observed across jarosite + brine experiments.
Pritchett et al. (2012) and Elwood Madden et al. (2012) also reported iron oxides
forming in jarosite dissolution experiments. In flow-through experiments, calcium
sulfate phases may be associated with akaganeite, both of which seem to be growing as
nanoscale minerals around the edges of microscale jarosite grains (Figures 6a, 7d, and
8); more X-ray mapping is needed to confirm this. Akaganeite was also observed
separate from jarosite grains as seen in Figure 6e in addition to on the surface (Figures
7¢,d,f and 8), suggesting akageneite forms via both homogeneous nucleation within the

brine and as heterogeneous growth on the surface of pre-existing jarosite.
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Figure 12. Model of suggested heterogeneous calcium sulfate and akageneite
nucleation and growth and jarosite in flow-through experiments.
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Carbonate experiment results

In the calcite + brine experiments, gypsum is observed as a reaction product in
the 24 wt. % MgSO4 + MgCl. flow-through experiment; no other calcium sulfates were
formed in other experimental runs including batch reactor experiments. The absence of
anhydrite in these flow-through samples supports our hypothesis that anhydrite
formation in jarosite + brine flow-through experiments is controlled by mineral
substrate or by the presence of other ions (iron or potassium) in solution in addition to
hydrodynamic conditions. Though not a directly analogous study because it was
performed at higher temperature (95°C), Guan et al. (2009) reported that high potassium
ion concentration (>0.173M) resulted in anhydrite formation through gypsum
dehydration and posited that this could be due to potassium inhibiting bassanite
nucleation and growth. Recent work by Bystriansky et al. (2016) indicated that, when
iron ions are present in solution in batch and flow-through reverse osmosis experiments,
calcium sulfate scale crystallizes more quickly. In this work, reverse osmosis
experiments yielded faster calcium sulfate crystallization than batch tests, and
Bystriansky et al. (2016) attributes this difference to heterogeneous nucleation on the
membrane surface in reverse osmosis experiments and bulk crystallization in the batch

experiments.

Implications for Mars
Jarosite and abundant salts have been extensively documented on the martian
surface by both orbiters and rovers (King and McLennan, 2010; Wray et al., 2010;

Squyers et al., 2012; Hausrath and Brantley, 2010; Arvidson et al., 2006; Vaniman et al.,
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2014; Nachon et al., 2014; Ojha et al., 2014; Toner et al., 2015). Anhydrite has been
observed in association with jarosite at Gale Crater (Vaniman et al., 2014; Nachon et al.,
2014). In the Sheepbed Mudstone, the mineralogical assemblage jarosite, anhydrite,
bassanite, and akageneite is observed, which suggests that this formation may have
experienced flowing chloride brines in a near-surface diagenetic environment (Rampe et
al., 2015). Therefore, the mineralogical assemblages observed in our experiments can be
applied to the study of the diagenetic histories of martian rocks.

The presence of anhydrite in flow-through experiments with relatively high
activities (aw = 0.98 - 0.8) of water negates Dixon’s hypothesis that anhydrite nucleates
due to sustained low water activity in high salinity, flowing brine. Instead, anhydrite was
observed forming in all three brine concentrations after 22 days of reaction, despite
significantly higher water activities in the 20 and 5 wt.% brines. Again, no anhydrite was
observed in any of the batch reactor experiments, suggesting hydrodynamic effects are
key for anhydrite formation and growth at low temperatures in the presence of jarosite.

Previous studies have interpreted anhydrite veins on Mars as forming at depth
from pre-existing gypsum indicating significant burial had occurred prior to diagenesis
(Vaniman et al., 2014; Bristow et al., 2015). However, our experimental results
demonstrate that anhydrite can also form initially from jarosite alteration in CaCl; brines
without a pre-existing gypsum phase at lower temperatures if there is groundwater flow.
Akaganeite is also observed in these deposits, suggesting that chloride-rich brines could
have been active in these rocks. Linking calcium sulfate phase nucleation to specific
hydrodynamic conditions gives us information about the open or closed nature of the

aqueous system in which the observed calcium sulfate minerals may have formed.
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Ultimately, our findings can provide much needed data for interpreting the timing and
evolution of depositional environments and diagenetic conditions for the sedimentary
rocks at Gale Crater and other locations where calcium sulfate minerals have been
observed (Grotzinger et al., 2015; Stack et al., 2016; Borlina et al., 2015; Anderson et al.,

2015; Grant et al., 2014).
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Conclusions

Our results suggest that anhydrite can readily form at low temperatures from
calcium-rich brines reacting with sulfate released from jarosite, calling into question
previous interpretations that assumed anhydrite only forms at moderate-high
temperatures or over long periods of high salinity diagenesis. This is particularly
relevant to anhydrite detected on Mars because it presents an alternative means of
forming anhydrite that does not require elevated temperatures due to burial and gypsum
dehydration. We posit that, given certain mineralogical substrates, anhydrite could form
near the martian surface in flowing high salinity groundwater conditions. Our argument
is further supported by the abundant akaganeite observed in our experiments and on

Mars in association with both calcium sulfates and jarosite.
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