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Phase Equilibria Modeling of Low-Grade Metamorphic
Martian Rocks

J. Semprich' (2, S. P. Schwenzer® ("), A. H. Treiman' ("), and J. Filiberto"

'Lunar and Planetary Institute, USRA, Houston, TX, USA, 2School of Environment, Technology, Engineering and
Mathematics, The Open University, Milton Keynes, UK

Abstract Hydrous phases have been identified to be a significant component of Martian mineralogy.
Particularly, prehnite, zeolites, and serpentine are evidence for low-grade metamorphic reactions at
elevated temperatures in mafic and ultramafic protoliths. Their presence suggests that at least part of the
Martian crust is sufficiently hydrated for low-grade metamorphic reactions to occur. A detailed analysis of
changes in mineralogy with variations in fluid content and composition along possible Martian geotherms
can contribute to determine the conditions required for subsurface hydrous alteration, fluid availability,
and rock properties in the Martian crust. In this study, we use phase equilibria models to explore low-grade
metamorphic reactions covering a pressure-temperature range of 0-0.5 GPa and 150-450 °C for several
Martian protolith compositions and varying fluid content. Our models replicate the detected low-grade
metamorphic/hydrothermal mineral phases like prehnite, chlorite, analcime, unspecified zeolites, and
serpentine. Our results also suggest that actinolite should be a part of lower-grade metamorphic
assemblages, but actinolite may not be detected in reflectance spectra for several reasons. By gradually
increasing the water content in the modeled whole-rock composition, we can estimate the amount of water
required to precipitate low-grade metamorphic phases. Mineralogical constraints do not necessarily
require an elevated geothermal gradient for the formation of prehnite. However, restricted crater excavation
depths even for large impact craters are not likely sampling prehnite along colder gradients, suggesting
either a geotherm of ~20 °C/km in the Noachian or an additional heat source such as hydrothermal or
magmatic activity.

Plain Language Summary There is evidence that greater amounts of water were present on a
younger Mars as compared to the dry conditions observed today. Water not only shapes the surface and
forms river beds, deltas, and lakes but also reacts with the existing rocks to form characteristic minerals.
Understanding how these minerals formed gives us useful information about how much water may be
present in the Martian crust, which is also important for possible habitable environments. Our knowledge
about Mars has increased greatly with the data from rovers and orbiters, but we still only have a limited
amount of rocks available. Therefore, we use computer models to simulate how rocks from Mars would
behave if they were exposed to higher temperatures, pressures, and water. We can estimate how much water
is needed to form certain minerals, and that helps us to understand the conditions on Mars over geologic
timescales and how and why it is different from Earth.

1. Introduction

Our understanding of Martian mineralogy and geology has improved significantly by extensive data acquisi-
tion from imaging spectrometers and in situ investigations from various analytical instruments on the Mars
rovers Spirit, Opportunity, and Curiosity. The presence of igneous rocks varying from basaltic to ultramafic
compositions is inferred from the widespread occurrence of pyroxenes, olivine, and plagioclase, as observed
by visible/near-infrared (VNIR), thermal infrared, and gamma ray spectrometers such as Observatoire pour
la Minéralogie, 1'Eau, les Glaces, et 1'Activité, Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM), Thermal Emission Spectrometer, and Gamma Ray Spectrometer (e.g., Bibring et al., 2006;
Boynton et al., 2007; Christensen et al., 2001; Murchie et al., 2007), in situ rock analyses on Mars (e.g.,
Briickner et al., 2003; Gellert et al., 2006; Ming et al., 2008; Schmidt et al., 2014; Squyres et al., 2012;
Zipfel et al., 2011), and Martian meteorites of the shergottite, nakhlite, and chassignite group (Bridges &
Warren, 2006; Meyer, 2013; Treiman, 2005; Treiman & Filiberto, 2015) and related basaltic meteorites
(Agee et al., 2013). In addition, numerous alteration minerals have been identified, including clays,
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chlorite, mica, prehnite, epidote, zeolites, serpentine, carbonates, sulfates, hydrated (opaline) silica, oxides,
scapolite, and Cl-rich amphibole (e.g., Arvidson et al., 2014; Carter et al., 2013; Changela & Bridges, 2010;
Ehlmann et al., 2009; Filiberto et al., 2014; Gendrin et al., 2005; Giesting & Filiberto, 2016; Hicks et al.,
2014; Milliken et al., 2008; Murchie et al., 2009; Poulet et al., 2005; Squyres et al., 2008; Treiman, 2005;
Vaniman et al., 2014). The presence of hydrous phases indicates multiple diverse aqueous environments
and episodes of activity. Most of these hydrous minerals are associated with surface weathering processes,
evaporation, diagenesis, and impact-generated hydrothermal systems, as also predicted by thermochemical
models (Bridges et al., 2015; Bridges & Schwenzer, 2012; Filiberto & Schwenzer, 2013; Griffith & Shock,
1997; Schwenzer et al., 2016; Schwenzer & Kring, 2013). The occurrence of prehnite, epidote, serpentine,
and zeolites, however, is an indication for low-grade metamorphic reactions at deeper levels of Mars' crust.

Although present-day surface conditions on Mars are unfavorable for the permanent presence of liquid
water (Carr & Head, 2010), there is geomorphic evidence for at least episodic water activity, particularly dur-
ing early Mars in the Noachian period (4.1-3.7 Ga), in the form of valley networks, alluvial fans, and lake
beds (Fassett & Head, 2008; Harrison & Grimm, 2005; Howard et al., 2005; Irwin et al., 2005). In many of
these environments, water was present for an adequate time to alter the mineralogy and precipitate hydrous
phases. Studying these minerals, their assemblages, and their geologic context combined with our knowl-
edge about thermodynamics and kinetics of mineral formation in terrestrial systems provides useful
information about the conditions of aqueous alteration and low-grade metamorphism such as pressure, tem-
perature, and the composition and amount of fluid (e.g., Ehlmann et al., 2011). By linking the mineralogy to
geomorphology, Carter et al. (2013) distinguished several formation processes: (1) surface weathering; (2)
detrital deposition, evaporation and formation in fluvial-lacustrine environments; (3) hydrothermal altera-
tion where heat is provided by volcanism, impact cratering (Abramov & Kring, 2005; Filiberto & Schwenzer,
2013; Schwenzer & Kring, 2013), or crustal cooling of early Mars (Parmentier & Zuber, 2007); and (4) diag-
enesis of sediments and low-grade metamorphism at depth. Although there is no sharp boundary between
diagenesis and metamorphism, this study will focus on minerals such as prehnite, epidote, and serpentine,
which are commonly categorized as low-grade metamorphic phases on Earth.

While clays are the dominant water-bearing mineral in most of these environments, rocks associated with
impact craters seem to be enriched in prehnite and chlorite, which are found mainly in ejecta blankets, cra-
ter walls and rims, and central uplifts of fresh craters possibly revealing altered Noachian crust (Carter et al.,
2013; Ehlmann et al., 2009, 2011; Loizeau et al., 2012). Prehnite, in particular, is a distinct indicator of altera-
tion at higher temperatures (~150-300 °C), suggesting hydrothermal and/or low-grade metamorphic forma-
tion conditions (Ehlmann et al., 2011). Serpentine is formed at similar temperatures but from ultramafic
protoliths, while analcime commonly precipitates at lower temperatures (<200 °C) and is an indicator for
zeolite-facies metamorphism (Ehlmann et al., 2011; McSween et al., 2015). Epidote, which was only detected
in a few locations by remote sensing (Carter et al., 2013), can form at temperatures >150 °C. All of these
minerals form by prograde metamorphic reactions along geothermal gradients, with temperature and pres-
sure increasing with depth while the porosity and water content of the rocks decrease. However, they may
also precipitate due to shorter-lived hydrothermal activity with hotter fluids circulating in the deeper crust,
interacting with the preexisting rocks. Impact-induced hydrothermal systems can have life spans of several
tens to hundreds of thousand years depending on crater size (Abramov & Kring, 2005) and have been pro-
posed for several craters on Mars (Carrozzo et al., 2017; Mangold et al., 2012; Marzo et al., 2010; Osinski
et al., 2013). Although characteristic metamorphic minerals occur in distinct alteration assemblages, for
example, prehnite-chlorite-silica (Ehlmann et al., 2011), it cannot be determined by spectral observations
from orbit if they are in thermodynamic equilibrium with each other; it is therefore difficult to differentiate
hydrothermal alteration from low-grade metamorphism. It has been argued that the detection of hundreds
of exposures of prehnite, chlorite, and zeolites specifically in crater ejecta (Carter et al., 2013; Loizeau et al.,
2012) cannot be explained by the formation of hydrothermal systems, which mainly affect the center of the
crater, and low-grade metamorphic reactions at depth within the Martian crust have been proposed (Carter
et al., 2013; Ehlmann et al., 2011). On the other hand, materials in the vicinity of a crater, such as the ejecta
blanket, can be affected by aqueous alteration (Schwenzer & Kring, 2013). In contrast to hydrothermal
alteration induced by relatively large amounts of water flushing through a rock within a restricted time
period in an open system, low-grade metamorphic reactions occur gradually with depth and a relatively
limited amount of water approaching a closed system where bulk rock equilibrium is attained.
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A number of thermochemical studies predicted the formation of alteration minerals from basaltic and
ultramafic protoliths, predominantly in hydrothermal or diagenetic contexts (Bridges & Schwenzer,
2012; Filiberto & Schwenzer, 2013; Griffith & Shock, 1997; Schwenzer et al., 2016; Schwenzer &
Kring, 2009, 2013; Zolotov & Mironenko, 2016), but focused on temperatures below 300 °C, relatively
high water to rock ratios, and pressures equivalent to less than 10 km in crustal depth. Petrogenetic grids
for terrestrial mafic and ultramafic rocks have been used to help recognize low-grade metamorphic
assemblages (Ehlmann et al., 2011; Viviano et al., 2013) and for plotting Martian whole-rock composi-
tions (McSween et al., 2015).

Phase diagrams established for terrestrial mafic rocks, however, may not adequately represent Martian
basalts, since compositional differences influence mineral stability fields. In addition, petrogenetic grids
and A(Al,03), C(Ca0), and F(FeO+MgO) diagrams do not address compositional variations as precisely
as thermodynamic calculations due to the recalculation of chemical components in ACF projections (e.g.,
FeO + MgO; no plotting of Na,O-bearing phases). Furthermore, variations in fluid content can be addressed
by thermodynamic modeling, but not with ACF diagrams. We compute phase assemblages for specific
whole-rock compositions over a range of pressures and temperatures and use Martian crustal compositions
including the shergottite-like Bounce Rock (Zipfel et al., 2011), a basalt from Gusev crater (McSween et al.,
2004), two alkaline volcanic rocks (McSween et al., 2006; Stolper et al., 2013), and a poikilitic shergottite that
resembles an ultramafic protolith composition (Lodders, 1998). We show that mineral stability fields and
proportions are strongly dependent on protolith compositions. By systematically varying the water content,
we can predict the formation of hydrous phases along possible Martian geotherms and determine the
amount of water required to precipitate the observed low-grade metamorphic minerals. This allows us to
estimate how much fluid could be stored in the Martian subsurface, and how this affects subsurface rock
properties, and possible habitable environments.

2. Methods

2.1. Model Parameters

All phase diagrams are calculated with the Gibbs free energy minimization software Perple_X 6.8.1
(Connolly, 2005) using an internally consistent thermodynamic data set (Holland & Powell, 1998; 2002
update). The oxides MnO, P,Os, and Cr,0; are not considered due to their relatively low abundances
and/or an incomplete set of solid solution models defining the compositional space as TiO,-Na,O-CaO-
K,0-FeO-MgO0-Al,03-Si0,-H,0-0, (TINCKFMASHO). The sum of all considered oxides is normalized to
100% by Perple_X at every pressure-temperature condition. We compute sections of a phase diagram for a
specified starting composition, so-called pseudosections, in the range of 0-0.5 GPa and 150-450 °C. Fluid
is treated as pure H,O, which is justified by the fact that CO, is a negligible fluid component at temperatures
below 400 °C at least in terrestrial environments (e.g., Massonne, 2010; Willner et al., 2013), and we consider
subsurface conditions where the fluids are not in contact with the Martian atmosphere. We use the
Compensated-Redlich-Kwong equation of state (Holland & Powell, 1998). In Perple_X, all properties of
water are obtained by the specified equation of state and therefore vary with conditions. The amount of
Fe** in Perple_X is represented by the O, content, which was chosen at values between 0.12 and 0.15 to
account for phases with Fe** end-members such as epidote, clinopyroxene, and pumpellyite. While this is
a fixed value, and not a bulffer, it represents the oxygen fugacity of the system at conditions similar to a
quartz-fayalite-magnetite (QFM) buffer. Table 1 lists all solid solution models, ideal solutions, and pure
phases selected for our phase equilibria calculations. Vesuvianite, andradite, grossular, and Na-phlogopite
were excluded due to their calculated stabilities exceeding their stabilities in naturally occurring rocks,
and they have not been detected on Mars. To simplify the phase diagrams, we also excluded riebeckite, zoi-
site, and anthophyllite since they are only stable at conditions not relevant for low-grade metamorphism
on Mars.

2.2. Input Parameters

2.2.1. Protolith Compositions

In a first step, we calculate pseudosections for water-saturated conditions using the compositions of an
average mid-ocean ridge basalt (MORB; Gale et al., 2013) and Bounce Rock (Zipfel et al., 2011) to represent
a basaltic shergottite (Table 2). The MORB composition allows an assessment of our model with respect to

SEMPRICH ET AL.



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Planets

10.1029/2018JE005869

Table 1

List of Minerals Used in Phase Equilibria Calculations Including Independent End-Members of Solid Solutions, Their
Abbreviations as They Appear on All Figures, and References for Solid Solution Models (Except for Pure Minerals and

Ideal Solutions)

Mineral or solid solution,

abbreviation used in Perple_X

Formula of end-members

Abbreviation

Reference

Amphiboles
Actinolite, Act(M)

Clinoamphibole, GITrTsPg

Pyroxenes
Clinopyroxene, Cpx (HP)

Orthopyroxene, Opx (HP)

Feldspar
K-feldspar, Kf

Plagioclase, Pl(h)

Phyllosilicates
Chlorite, Chl(W)

Biotite, Bio (TCC)

tremolite:
Ca;Mg5Sig022(0H),
actinolite:
Ca;Mg3Fe;Sig025(0H),
glaucophane:
Na;Mg3Al,Sig022(0H),
magnesioriebeckite:
Na,Mg3Fe;Sig022(0H),
tremolite:
Ca;MgsSig022(0H),
Fe-tremolite:
CazFessigozz(oH)z
pargasite:

NaCazMg4Al3516022(OH)2

tschermakite:
Cap;Mg3Al4Sis0,2(0H),
glaucophane:
Na;Mg3Al,Sig022(0H),

diopside:
CaMgSi206
hedenbergite:
CaFeSi206
Jadeite:
NaAlSi,Oq
Ca-tschermaks:
CaAl,SiOg
acmite:
NaFeSi206
enstatite:
Mg>Siz06
ferrosilite:
Fe251206
Mg-tschermaks:
MgAlL,SiOg

microcline:
KAISi3Og
albite:
NaAlSi;Og
high-albite:
NaAlSi30g
anorthite:
CaAIZSi203

clinochlore:
MgsAl,Siz010(0H)g
daphnite:
F65A125i3010(OH)8
amesite:
Mg4Al4Sir010(0H)g
Al-free-chlorite:
MgeSiy010(OH)g
annite:

KFe3AISi3O 10(OH)2
phlogopite:

Act

Amp

Cpx

Opx

Pl

Chl

Bt

Massonne and Willner (2008)

Wei and Powell (2003) and
White et al. (2003)

Holland and Powell
(1996, 1998)

Holland and Powell
(1996, 1998)

Thompson and
Waldbaum (1969)

Newton et al. (1980)

White et al. (2014)

Tajémanova et al. (2009)
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Table 1 (continued)

Mineral or solid solution,
abbreviation used in Perple_X Formula of end-members Abbreviation Reference

KMg3AlSi3010(OH)2
eastonite:
KMg,Al38i,010(0H),

White mica, Mica (M) margarite: Ms Massonne and
CaAl4Si2010(OH)2 Willner (2008)
muscovite:

KAI3Si3010(0OH);
paragonite:
NaAl;Siz0;0(0H),

Stilpnomelane, Stp(M) stilpnomelane: Stp Massonne and
K5A15F6488i670168(0H)48‘36H20 Willner (2008)
magnesio-stilpnomelane:

K5AlsMg4gSig70168(0H)4g-36H20

Serpentine, Atg (PN) antigorite: Atg Padrén-Navarta
Mg488134085(OH)62 etal. (2013)
Fe-antigorite:

FeygSi34085(0H)e2

Talc, T tale: Tlc ideal

Mg3Sis010(0H),
Fe-talc:
Fe3Si4010(0OH);,
talc-tschermaks:

Mg,Al,Si3010(0H),

Zeolites

analcime NaAlSi,04-H,0 anl pure

laumontite CaAl,Si401,-4H,0 Imt pure

stilbite CaAl,Si;015-7H,0 stb pure

wairakite CaAl,Siz04,-2H,0 wrk pure

Other silicates

prehnite CayAl,Siz019(0H), pure

Pumpellyite, Pu(M) pumpellyite: Pmp Massonne and
Ca4MgA15516021(OH)7 Willner (2008)
ferro-pumpellyite:

Ca4FeAISSi6021(OH)7
ferri-pumpellyite:
Ca4MgFeSSi6021(OH)7

Epidote, Ep (HP11) Fe-epidote: Ep Holland and
cazFezAlsi3012(OH) Powell (2011)
clinogoisite:

C32A13Si3012(OH)

Olivine, O (HP) forsterite: Ol Holland and Powell
Mg,SiO, (1996, 1998)
fayalite:

Fe28i04

Spinel, Sp (WPC) spinel: Sp White et al. (2003)
MgA1204
hercynite:

FGA1204
ulvospinel:
FezTiO4
magnetite:
Fe3O4

titanite (sphene) CaTiSiOs ttn pure

quartz Si0, qz pure

lawsonite CaAl,Si,0,(OH),-H,0 Iws pure

nepheline NaAlSiO4 nph pure

Oxides/Hydroxides

Ilmenite, IIGy ilmenite: IIm ideal
FeTiO;;
geikielite:
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Table 1 (continued)

Mineral or solid solution,
abbreviation used in Perple_X Formula of end-members Abbreviation Reference

magnetite Fe304 mag pure
Brucite, B brucite: Brc ideal
Mg(OH),
Fe-brucite:
Fe(OH)2

In our computed phase equilibria diagrams, Kf is predominantly albite; therefore, we use Ab as abbreviation.

previous studies of low-grade metamorphic metabasic rocks (e.g., Massonne & Willner, 2008; Willner et al.,
2013). Using the composition of Bounce Rock enables us to compare mineral stability fields of terrestrial and
Martian basalts.

Bounce Rock, which was analyzed by the Alpha Particle X-ray Spectrometer (APXS) on the Mars
Exploration Rover (MER) Opportunity on Meridiani Planum, shows textural, mineralogical, and chemical
properties similar to basaltic shergottites (Zipfel et al., 2011) and is therefore considered a reasonable repre-
sentative for a Martian basaltic composition. To ensure the lowest amount of soil/dust contamination, we
use the bulk chemistry measurement of Case, the abraded target on Bounce Rock (Zipfel et al., 2011). The
analyzed composition of Bounce Rock has significantly less Al,03 and Na,O and more FeO and CaO than
the MORB (Table 2).

In addition to a shergottite basalt (Bounce Rock), we study representatives of the compositional range of
reported igneous compositions from Mars varying from olivine-rich basalts to alkali-enriched mugearite,
and a silica-poor cumulate. Since most of these compositions were analyzed at different locations, they
reflect possible regional geological differences on Mars, which influence the formation and stability of
low-grade metamorphic phases. All in situ measurements are bulk rock estimates from APXS analyses taken
from a variety of surfaces ranging from abraded, to Rock Abrasion Tool (RAT) brushed, to as is.
Consequently, the reported analyses contain various amounts of Martian dust, which is basaltic with high
S and CI and therefore most influences compositions that differ from the Martian average (Schmidt et al.,
2018). Nevertheless, we use the reported compositions without corrections for dust because (1) a comparison
to previous results (e.g., McSween et al., 2015) is consistent, (2) the bulk composition is merely a starting

Table 2
Whole-Rock Compositions and Bulk Rock Estimates From APXS Analyses for Mid-Ocean Ridge Basalt and Martian
Protoliths Used in Our Calculations

N-MORB? Bounce Rock? Humphrey® Backstay" Jake M® ALH A77005°

Si0, 50.42 516 46.1 49.6 513 422
TiO, 1.53 0.74 0.52 0.93 0.65 0.39
ALO; 15.13 10.5 10.6 133 15.7 2.9
FeO® 9.81 14.4 17.9 13.7 10.8 20.1
MgO 7.76 6.8 122 8.32 44 28.2

Ca0 1135 121 7.7 6.05 6.7 32
Na,O 2.83 1.7 2.59 416 7.0 0.47
K,0 0.14 0.1 0.06 1.07 217 -

Note. Bounce Rock represents a basaltic shergottite, Humphrey an olivine-rich basalt, Backstay a mildly alkaline basalt,
and Jake_M a Martian mugearite. ALH A77005 is a poikilitic shergottite resembling an ultramafic composition. FeO is
the total iron in the composition. The sum is normalized by Perple_X taking into account the variable water content in
the modeled phase diagrams.

4Gale et al. (2013). bAPXS analysis by MER Opportunity (e.g., Zipfel et al., 2011).  “Extrapolated from APXS analyses
by MER Spirit (e.g., McSween et al., 2004). “APXS analysis by MER Spirit (e.g., McSween et al., 2006). °APXS ana-
lysis by MSL Curiosity (e.g., Stolper et al., 2013). fLodders (1998). ®Total iron.
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point and all oxides vary significantly more with water content and metamorphic conditions compared to
differences that result from dust contribution to the initial composition, and (3) certain components such
as Cl and S are currently not considered in our calculations.

Humpbhrey is the least altered example of Adirondak class basalts, as analyzed after being RAT abraded by
APXS on Spirit at Gusev Crater (McSween et al., 2004). It is an olivine-rich picritic basalt containing up to
25% megacrystic olivine (McSween et al., 2004). Experimental results suggest that the Adirondak class
basalts represent fractionated magmas (Filiberto et al., 2008). Compositionally, Humphrey has significantly
higher FeO and MgO compared to Bounce Rock and lower SiO, and CaO (Table 2). Also, it contains more
Na,O than Bounce Rock but less than MORB.

Backstay is a trachybasalt (i.e., hawaiite) from the Columbia Hills in Gusev crater; texturally, it is apha-
nitic and has been interpreted to represent lava or a dike rock (McSween et al., 2006). The APXS analysis
was obtained by Spirit after a RAT surface brushing. Its SiO, and MgO contents are between those of
Bounce Rock and Humphrey, but it has higher Al,O; than either and even lower CaO than Humphrey
(Table 2). It also shows significantly higher amounts of Na,O and K,O than Bounce Rock, Humphrey,
and MORB.

Jake_M, the first rock analyzed by the Curiosity rover in Gale crater, is compositionally distinct from all
other Martian igneous rocks but similar to terrestrial mugearites, which form in ocean island and rift settings
(Stolper et al., 2013). We use the average APXS composition given by Stolper et al. (2013), which has been
obtained at the surface without any dust removal. Jake_M has SiO,, Al,O3, and FeO contents similar to
MORB but lower MgO and CaO and significantly higher Na,O and K,O.

The poikilitic shergottite ALH A77005 (Lodders, 1998) was chosen because it is a representative Martian
ultramafic rock: silica-undersaturated, Al-poor but FeO and MgO-rich, with low CaO and alkalis (Table 2).
2.2.2. Water Content

Based on gamma ray spectrometry, the Mars surface layer in the low-latitude and midlatitude regions of
Mars contains hydrogen equivalent to 1.5%-7.5% H,O (Boynton et al., 2007). While these reflect surface
or near-surface values of present-day Mars, and the water content in earlier time periods and the deeper sub-
surface is not known, we see this range as a valid starting point and adopt similar values for our calculations.
Curiosity's Dynamic Albedo of Neutron (DAN) instrument yields mean estimates of the water equivalent of
hydrogen between 1.5-1.7 wt % for the top layer (10-20 cm) and 2.2 to 3.3 wt % for the bottom layer with
water content being as high as ~5 wt % locally along the rover's traverse in Gale crater (Mitrofanov et al.,
2014). These values are for sediments in a region where low-grade metamorphic phases have not been
reported by VNIR spectra but also give an estimate of water availability. There is evidence that clay minerals
have been uplifted in impact crater central peaks from depths of at least 7 km, and possibly even deeper
(Flahaut et al., 2012; Mustard et al., 2008; Sun & Milliken, 2015), suggesting that the water contents obtained
by DAN can be extrapolated to these depths. Our aim is to study the changes in mineralogy ranging from
very low water content up to water saturation, which is why we have chosen to vary the amount of water
from 0 to 6 wt %. Our modeled protolith compositions are water saturated between 5 and 6 wt % H,0, except
for the cumulate (7-8 wt %).

2.2.3. Geotherms and Pressure-to-Depth Conversion

Radiogenic heat production in Mars was likely much greater in the Noachian period, which would have
caused a higher global geothermal gradient. However, estimating thermal gradients for specific locations
is complicated by changes in radiogenic heat production in various geologic provinces (McSween et al.,
2015). Heat flow estimates in the Noachian epoch range from >35 to 60 mW/m?, which correspond to ther-
mal gradients between >14 °C/km and 20 °C/km (McGovern et al., 2004). McSween et al. (2015) calculate a
Noachian geotherm of 12 °C/km for the Nili Fossae region, where many of the low-grade metamorphic
phases have been reported. Based on these estimates, we choose geotherms of 10 °C/km, 13 °C/km, and
20 °C/km, along which we calculate low-grade metamorphic equilibrium assemblages at varying
water contents.

Depths below the surface are calculated from the lithostatic pressure via the formula P = pgh; for Mars, we
use a mean crustal density of 2,960 kg/m> (Turcotte et al., 2002) and g of 3.727 m/s? for Earth, we use
3,200 kg/m3 and 9.8 m/s>.
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Figure 1. Pseudosections showing stable phases of water-saturated compo-
sitions of (a) MORB and (b) Bounce Rock, measured by MER Spirit and
equivalent to a basaltic shergottite. Table 1 provides a list of all solid solution
models and abbreviations used in our models and figures, while whole-rock
compositions are listed in Table 2. Very small phase fields are shown only
as a bold line and are not labeled. The depth scale for Earth and Mars is
calculated using the formula P = pgh using a mean crustal density of

2,960 kg/m3 and g of 3.727 m/ s? for Mars and 3,200 kg/m3 and 9.8 m/s” for
Earth. Possible geotherms of 10 °C/km, 13 °C/km, and 20 °C/km are
represented by the bold black lines. Colors represent fields with the follow-
ing phases: pumpellyite, red; pumpellyite and epidote, purple; epidote, blue;
prehnite, yellow; prehnite and epidote, green; and prehnite and pumpel-
lyite, orange. Zeolites are represented by the following textures: stilbite,
hatched; laumontite, crosses; and wairakite, diagonal lines.

3. Results
3.1. Phase Relations

Figure 1 shows pseudosections for the MORB and Bounce Rock composi-
tions (Table 2), calculated for water saturation at P-T conditions of
0-0.5 GPa and 150-450 °C. Solid solutions selected for all phase equilibria
calculations are given in Table 1. The phase fields for our MORB composi-
tion (Figure 1a) are similar to the pseudosections for low-grade metabasic
rocks presented by Massonne and Willner (2008) and Willner et al. (2013).
Chlorite and Ca-rich amphibole (actinolite) are stable over the whole P-T
range. Feldspar is the main Na-bearing phase and dominated by albite
component (>95%) but increases in anorthite with higher temperatures.
Clinopyroxene is a solid solution of hedenbergite and diopside with lesser
proportions of acmite and is present over a large P-T range, except for
temperatures between 280 °C and 350 °C and pressures less than
0.3 GPa. Pumpellyite and stilpnomelane are restricted to temperatures
below 250 °C-300 °C, over most of the pressure range. At temperatures
above 300 °C, biotite is the dominant potassium-bearing hydrous phase
(but restricted to <1 vol % due to low K,O in the composition), while mus-
covite is only present at a limited range of ~270-350 °C above 0.3 GPa.
Prehnite is stable at pressures <0.25 GPa and temperatures <280 °C.
There is a very limited field of coexistence of pumpellyite and prehnite,
as noted previously for Earth rocks, leading to the suggestion that the
mineral pair should not be used to represent a metamorphic facies (Frey
etal., 1991; Willner et al., 2013). Zeolites are present in the lower tempera-
ture and pressure region, transitioning from stilbite to laumontite to wair-
akite with increasing temperature. Epidote forms at temperatures above
225 °C and is stable over a large portion of the phase diagram but disap-
pears at 400 °C (at P < 0.15 GPa). Lawsonite is stable at pressures above
0.3 GPa at relatively low temperatures (<280 °C). The predominant
Ti-bearing phase is titanite, which is replaced by ilmenite at higher
temperatures (~400 °C).

Although the composition of Bounce Rock yields metamorphic mineral
assemblages (Figure 1b) similar to those of MORB, their mineral propor-
tions differ significantly. Actinolite, chlorite, and feldspar (albite) are pre-
sent for both compositions over the whole P-T range; the pumpellyite field
is reduced at higher pressures but expands with increasing temperatures
(Figures 1b and 2a). Prehnite stability is increased toward slightly higher
pressures and higher temperatures. As a result, there is more overlap of
the pumpellyite and prehnite phase fields than in the MORB composition
(Figure 1). Clinopyroxene is present over the whole P-T range. Zeolites
show variations in their phase stability fields. Epidote is precipitated
at slightly higher temperatures and absent at lower temperatures
(Figure 2b). The lawsonite and mica fields are reduced compared to the
MORB composition. Stilpnomelane is the low-T potassium-bearing
hydrous phase and is replaced by biotite at higher pressures. As in the
MORB composition, titanite is the predominant Ti-bearing phase, only
replaced by ilmenite at high-T and low-P.

The metamorphic mineral assemblages of the Humphrey composition
(phase diagram in supplementary materials) are dominated by chlorite,
clinopyroxene, albite, and actinolite. Prehnite and epidote are absent,
while the pumpellyite stability field is restricted to pressures above
0.4 GPa. Analcime is the stable zeolite instead of more Ca-bearing zeolites.
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Figure 2. Variations of phase stability fields with protolith compositions for
(a) prehnite and pumpellyite and (b) laumontite and epidote. The

prehnite field is largest in Bounce Rock, which also results in a smaller
pumpellyite field. Laumontite is only present in MORB and Bounce Rock,
while the other compositions either have analcime or no zeolites. The bold
black lines represent geotherms at 10 °C/km, 13 °C/km, and 20 °C/km.

The mineral assemblages of the Jake M composition (phase diagram in
supporting information) contain clinopyroxene, albite, chlorite, and ana-
Icime over most of the P-T range. Actinolite and other zeolites are absent.
The pumpellyite field is extended to both higher temperatures and pres-
sures compared to both MORB and Bounce rock, which causes reduced
prehnite stability (Figure 2a). Epidote precipitates at higher temperatures
(~300 °C) compared to Bounce Rock and MORB, and the Epidote-out
reaction occurs at lower temperatures. Due to the higher potassium
content in the whole-rock composition, biotite is more abundant (14-20
vol %) and is present over a large P-T range.

Most phase fields for the Backstay composition (phase diagram in the sup-
porting information) are dominated by albite, chlorite, and clinopyroxene.
The only stable zeolite is analcime, which is present at lower tempera-
tures. The pumpellyite and prehnite fields are comparable to those for
MORB (see also Figure 2a). Actinolite is a stable phase mostly outside of
the pumpellyite stability field. Epidote is precipitated at 270 °C-300 °C
and disappears at ~370 °C-470 °C. Biotite (up to 10 vol %) replaces stilpno-
melane at temperatures above 200 °C.

The alteration mineralogy of the poikilitic shergottite (phase diagram in
the supporting information) is dominated by serpentine (antigorite),
olivine, and clinopyroxene, with minor amounts of chlorite, spinel, and
ilmenite. Small proportions of brucite (~2 vol %) are present at tempera-
tures up to ~350 °C.

3.2. Compositional Variations in the Modeled Phase Diagrams

In the following section we will discuss how compositional differences in
the protolith influence modeled mineral stability fields with the main
focus on low-grade metamorphic minerals detected on Mars. Neither pre-
hnite nor pumpellyite are stable phases along realistic geotherms for
basaltic compositions such as Humphrey at water-saturated conditions
and within the P-T space considered. We attribute this to the high percen-
tages of FeO and MgO in the protolith, causing the formation of large
amounts (~40 vol %) of chlorite, which consumes Al,03; but not CaO.
This results in the presence of significant amounts of clinopyroxene with
higher portions of CaO (~22-26 wt %) compared to actinolite (~12 wt %),
thereby destabilizing other Ca-bearing mineral phases. The pumpellyite-
prehnite pair forms in all other mafic compositions but shows variations
in their stability fields (Figure 2a). Compositions with a combination of
high Al,O5 (13-15 wt %) and low CaO (6-7 wt %), such as Jake_M and
Backstay, are favorable for a large pumpellyite stability field at the
expense of prehnite. The Bounce Rock composition, on the other hand,
with high CaO (> 12 wt %) and lower Al,O5 (10.5 wt %) yields the largest
prehnite stability field. Higher CaO, as in Bounce Rock, results in a larger
stability field for epidote, while the compositions of Jake_M and Backstay
yield reduced epidote stability both in the lower- and higher-temperature

regions (Figure 2b). Compositions with CaO contents lower than ~8 wt % but Na,O higher than 2.5 wt %
(Humphrey, Jake_M, and Backstay) are favorable for the formation of the sodic zeolite analcime instead
of the more Ca-rich zeolites stilbite, laumontite, and wairakite.

3.3. Effect of Water Content on Formation of Hydrous Phases

In order to explore how changes in volatile content influence the modeled mineralogy, we vary the water
content of the system from 0 to 6 wt % along specific geotherms of 10 °C/km, 13 °C/km, and 20 °C/km
(Figure 1b). An example is shown in Figure 3 for the Bounce Rock composition and a 13 °C/km
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Figure 3. Phase fields along a 13 °C/km geotherm (see Figure 1b) for the composition of Bounce Rock with varying water
content from 0 to 6 wt%. Colors represent the degree of variance ranging from 8 phases (darker blue) to 10 phases (white).

geotherm. To better compare when hydrous phases appear in the protoliths, we have chosen a point on the
13 °C/km geotherm at 200 °C and a corresponding pressure of ~0.15 GPa.

In the Bounce Rock composition, the smallest amount of water results in the formation of actinolite. Biotite
and epidote precipitate at ~1 wt % water, respectively. At higher values of 1.5 wt % H,O, the first chlorite
appears. Prehnite formation requires ~2.5 wt % H,O in the system, while pumpellyite requires 3.2 wt %.
Laumontite forms at water contents as high as ~4 wt %. For some minerals, these values vary significantly
along the geotherm (see Figure 3). At higher P-T, for example, biotite forms at less than 1 wt % H,0O, and
chlorite is precipitated at <1.5 wt %. Pumpellyite also requires less water at temperatures lower than
200 °C. In the Humphrey composition, actinolite and biotite are present at very low water content. The first
chlorite forms at ~1.2 wt % H,O, while analcime requires ~5.2 wt %. In the composition of Jake_M, biotite is
present at very low water content, while epidote precipitates at 0.8 wt %. Chlorite and pumpellyite require 0.9
and 1.3 wt %, and analcime forms at 1.6 wt % H,O. In the Backstay composition, biotite is stable at very low
water content, while actinolite forms at 0.4 wt %. Chlorite, epidote, and pumpellyite require 1.2, 1.9, and
3.7 wt %, respectively. Prehnite and analcime are not present at conditions of 200 °C, 0.15 GPa, and a
13 °C/km geotherm. In cumulate ALH A77005 composition, amphiboles (predominantly tremolite) precipi-
tate at very low water contents, while chlorite and antigorite form at 0.5 and 2.7 wt%, respectively. Talc forms
at ~0.9 wt % H,O but is not stable above 4.7 wt % H,O.
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In summary, actinolite (and tremolite in the cumulate), chlorite, biotite, and epidote require relatively low
water contents in the whole-rock compositions and are the first hydrous phases to precipitate. The forma-
tion of prehnite and pumpellyite depends strongly on composition and requires 1-3 wt % H,0. Zeolites pre-
cipitate at the highest water contents, varying with protolith composition from as little as 1.6 wt % in the
composition of Jake_M to 4-5 wt % in the Bounce Rock and Humphrey compositions. Serpentine precipi-
tation requires at least 2.7 wt % water. This value is relatively constant along the geotherm and therefore
gives a good minimum estimate for the amount of water in the Martian subsurface where serpentine
is present.

3.4. Modeled Phases Along Geotherms

Figure 4 shows mineral abundances in vol % for the most representative phases modeled, along geotherms of
10 °C/km, 13 °C/km, and 20 °C/km, for the Bounce Rock composition and whole-rock water contents of 2.9
and 4.7 wt %. Actinolite is a ubiquitous phase at all conditions but gradually decreases with increasing meta-
morphic grade and when prehnite and chlorite are stable phases. At lower water contents, epidote is present
along most of the geotherm, thus coexisting with pumpellyite and prehnite (Figures 4a, 4c, and 4e). At
higher water contents, epidote precipitates at ~260 °C, producing a phase field where prehnite is stable with
chlorite, actinolite, clinopyroxene, albite, and partly with laumontite. This field is larger along the hotter
geotherms and is most prominent for 20 °C/km at 4.7 wt % H,O (Figure 4f). The zeolites stilbite and laumon-
tite are only stable at higher water content with stilbite restricted to the very low P-T range along the
10 °C/km and 13 °C/km geotherm (Figures 4b and 4d) and absent along the 20 °C/km geotherm (Figure 4f).

Based on the findings for the composition of Bounce Rock, we extract phase abundances for all other com-
positions along the 20 °C/km geotherm (Figure 5). The Jake_M composition is dominated by analcime, clin-
opyroxene, biotite, and albite at both lower (2.9 wt %) and higher (4.5 wt %) water contents. However, the
amount of analcime is significantly higher at elevated water levels (Figure 5b). In addition, prehnite is only
a stable phase at higher water contents where its coexistence with epidote is limited. For the Humphrey com-
position, we have extracted phases at higher water contents. At 2.97 wt % H,O (Figure 5¢), the major hydrous
phases are actinolite and chlorite, which form the main assemblage together with clinopyroxene and albite.
Olivine is still present over the whole P-T range. Higher water contents (5.5 wt % H,0O, Figure 5d) result in
significantly higher chlorite abundance. Analcime is a stable phase at least up to 350 °C. Neither prehnite
nor pumpellyite occur in the Humphrey composition at the studied P-T conditions, while epidote stability
is restricted to relatively low temperatures and lower amounts of water. The Backstay composition is domi-
nated by albite at lower and higher water content (Figures 5e and 5f). The most abundant hydrous phase is
chlorite. Pumpellyite and prehnite are present at higher water content (4.7 wt %, Figure 5f) but not as abun-
dant as in the Bounce Rock composition.

The silica-poor composition is dominated by olivine at a water content of ~3 wt %, while chlorite, amphibole
(mainly tremolite), and talc are more abundant hydrous phases than antigorite. At higher water content
(5.2 wt % H,0), antigorite (serpentine) is the dominant hydrous phase while talc is not stable.

4. Discussion

4.1. Limitations of our Model

Our calculations are based on thermodynamic equilibrium, which is not always achieved in realistic geolo-
gical processes, especially at low temperatures where reaction rates may be slow. However, since we assume
arelatively closed system at depth, where fluid is present in pore space with time to react with the subsurface
rocks, we consider phase equilibria calculations a good approximation to model low-grade metamorphic
processes on Mars. The identification of phases such as prehnite and serpentine on the surface of Mars sug-
gests the availability of a sufficient amount of fluid below the surface to equilibrate low-grade metamorphic
assemblages at least locally. We use several simplifications such as calculating with a pure H,O fluid and not
considering CO,, Cl, and S, as well as variable oxidization states. Deep waters on Earth are expected to
increase in salinity (e.g., Moller et al., 1997; Nurmi et al., 1988), resulting in reduced activities of H,O, which
should be addressed in future modeling.

Martian igneous rocks show a large variation of oxygen fugacities ranging from near iron-wiistite to
greater than quartz-fayalite-magnetite (Herd, 2006; Schmidt et al., 2013). Additional uncertainties are
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Figure 4. Abundances of common low-grade metamorphic minerals in the Bounce Rock compositions, along geotherms
of 10 °C/km, 13 °C/km, and 20 °C/km and fixed water contents of 2.9 and 4.7 wt%. Zeolites are only present for higher
water content. Prehnite is stable for all conditions but does coexist with epidote in the assemblage with lower water
content. Actinolite is calculated to be abundant for all compositions.

added by the unknown oxygen fugacity during metamorphism, which is influenced by the fluid in addition
to the protolith composition, and the error resulting from Fe>*-bearing solid solution models. Addressing

this large range of redox conditions is beyond the scope of this work and should be addressed in
future modeling.
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Figure 5. Modal abundance of low-grade metamorphic phases for the compositions of Jake_M, Humphrey, Backstay,
and ALH A77005 along a 20 °C/km geotherm at lower and higher water contents. The Jake_M composition yields
abundant analcime. Prehnite, pumpellyite, and epidote are not present over most conditions for Humphrey; rather, its
metamorphic mineral assemblages are dominated by chlorite, actinolite, and clinopyroxene. The ALHA77005 ultramafic
rock composition yields talc at lower water contents, which is replaced by antigorite (serpentine) at higher water contents.
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We do not consider some oxides, such as MnO, P,Os, and Cr,0s, which could influence phase stability fields
and mineral abundances, but are not likely to cause fundamental changes in mineralogy. In addition, the
models provided rely heavily on, and are therefore limited by, the quality and availability of thermodynamic
data and solid solution models, which do not always cover the complete compositional range. Furthermore,
the available thermodynamic data has been calibrated for terrestrial compositions and conditions. Mineral
stability fields on Mars may therefore deviate from our calculations. Despite these shortcomings, phase
equilibria models are still a very useful tool to model phase stabilities for protoliths of variable compositions
and provide a more quantitative approach than a comparison of Martian rocks to petrogenetic grids.

4.2. Geothermal Gradient

The majority of detections of hydrated phases are in the southern highlands and Noachian terrains
(Ehlmann et al., 2011), although some craters in the northern plains (which are deep enough to sample
Noachian basement) have exposed phyllosilicates (e.g., Carter et al., 2013). Based on the occurrence of the
vast majority of hydrous phases in Noachian terrains, it has been proposed that most of the hydrous activity
was restricted to that time period and that hydrous alteration declined significantly during the Late
Noachian, with very little signs for aqueous activity in the younger terrains (Bibring et al., 2006; Carter
et al., 2013). For the calculation of progressive metamorphic reactions, we are therefore mostly interested
in possible Noachian geotherms.

McSween et al. (2015) calculated a Noachian geotherm of 12 °C/km for the Nili Fossae region. Comparing
this geotherm to phase diagrams for terrestrial basaltic rocks, they argue that prehnite would not be a stable
phase along this gradient and that at least 16.5 °C/km and >20 °C/km are required to reach the prehnite-
pumpellyite and prehnite-actinolite fields, respectively (McSween et al., 2015). Our calculations show, how-
ever, that prehnite is a stable phase even along a 10 °C/km geotherm for the Bounce Rock composition
(Figures 4a and 4b), although its stability field is limited and it is more abundant along higher geothermal
gradients. We find that the restricting factors for colder geotherms are either differences in observed and
modeled mineralogy (e.g., presence of epidote together with prehnite at colder geotherms; see section 4.4)
or the difficulty in sampling from the greater depths that would be required to precipitate prehnite. For
example, the prehnite stability field in the Bounce Rock composition is reached at ~15-km depth along a
13 °C/km geotherm, while only ~8-km depth are required to form prehnite assuming a 20 °C/km (e.g.,
Figure 1b). Since prehnite has been detected in areas where there is no evidence for tectonic uplift or deep
erosion, the mineral has been most likely transported to the surface by cratering (Ehlmann et al., 2011;
McSween et al., 2015). Given that the diameters of larger craters range from 50 to 75 km in the Nili
Fossae region, the maximum excavation depth would be limited to ~5-8 km (McSween et al., 2015). A hotter
geotherm therefore seems more feasible by the possibility of both excavation and mineralogical constraints.
However, this does not exclude the possibility of additional heat input provided by hydrothermal activity.

4.3. Hydrothermal System or Prograde Metamorphism With Depth

While VNIR spectroscopy has contributed greatly to the identification of hydrous phases on Mars, there is
currently no method to distinguish between minerals formed by hydrothermal alteration versus by low-
grade metamorphism, nor is there a means to determine actual mineral assemblages in a rock. In situ mea-
surements by rovers have increased our knowledge of igneous and sedimentary compositions, but to date
low-grade metamorphic phases have not been detected. While hydrothermal systems are most likely
induced by impact craters (Abramov & Kring, 2005) and are therefore responsible for regional changes in
mineralogy (Schwenzer & Kring, 2009, 2013), the implication of progressive metamorphic reactions with
depth would be a global change of crustal mineralogy given a sufficient amount of water. The majority of
low-grade metamorphic minerals like prehnite, analcime, and serpentine have been found in association
with large impact craters (e.g., Carter et al., 2013; Ehlmann et al., 2011). They could either be excavated parts
of previously altered crust or have formed by impact-induced hydrothermal systems. The detection of low-
grade metamorphic rocks in crater walls and ejecta is seen as an argument for their formation at depth
(e.g., Carter et al., 2013). While hydrothermal alteration shows the highest temperatures and intensity
around the central uplift, it is highly spatially variable (Schwenzer & Kring, 2013) and may therefore not
be distinguishable from prograde metamorphism with depth. On the other hand, the geothermal gradients
combined with the estimated excavation depth may not be sufficient to sample low-grade metamorphic
minerals from deeper crustal levels. However, multiple cratering events may have brought deeper crustal
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rocks to the surface, which may explain the rare occurrence of epidote. The patchy distribution of meta-
morphic minerals has been associated with hydrothermal activity (McSween et al., 2015). On the other hand,
the irregular distribution of hydrous minerals may be a result of various impact events, sampling crustal
layers with varying metamorphic grade combined with the incomplete data available about mineral
abundance and distribution.

Our calculations show that progressive metamorphism with depth is possible even for colder geotherms, but
the presence of phases such as prehnite and serpentine requires at least 2.5 and 2.7 wt % water within the
crust. While a hydrothermal system can contribute to higher fluid flow and availability, groundwater and
deep crustal fluids could have been present at depths of several kilometers during the Noachian if the
ancient geothermal gradient was sufficiently high (Michalski et al., 2013). Due to the lower overburden pres-
sure, pore space on Mars is expected to extend to greater depths than on Earth. Furthermore, permeability,
an important factor for subsurface fluid flow, may extend to ~85 km although the permeability-depth varia-
tion on Mars is not known (Jones et al., 2011). According to our results, the observed low-grade metamorphic
phases could have been formed at relatively low fluid to rock ratios along a geotherm gradient if tempera-
tures were sufficiently high. Additional heat could have been provided by a hydrothermal system or by
igneous activity.

4.4. Observed Versus Modeled Phases

In their global survey, Carter et al. (2013) distinguish among nine hydrous spectral classes: (1) Fe/Me
phyllosilicates, (2) chlorites, (3) Al-rich smectites/micas, (4) Al-rich kaolins, (5) opaline silica, (6) zeolites/
sulfates, (7) serpentines/carbonates, (8) prehnite, and (9) epidote. While prehnite and epidote have very spe-
cific absorption features and are easily identified, others such as Fe/Mg phyllosilicates comprise mineral
groups with similar cation contents and are therefore difficult to distinguish (Carter et al., 2013). Zeolites
and sulfates form in completely different environments but cannot be distinguished very well by their
mineral spectra alone. Serpentines and carbonates also share very similar spectral features and have been
grouped together although they may form in different environments (Carter et al., 2013). Ehlmann et al.
(2009) further distinguish analcime from other zeolites due to its distinctive spectrum. Viviano et al.
(2013) identified talc as a possible phase, especially within or close to the olivine-rich terrain in the Nili
Fossae area.

To further categorize formation environments, Ehlmann et al. (2011) grouped the observed minerals into
assemblages, which seem to be distinctive for certain host craters: (1) prehnite-chlorite-silica, (2)
analcime-silica-Fe/Mg-smectite-chlorite, (3) chlorite-illite (muscovite), and (4) serpentine. In this context,
an assemblage refers to a collection of individual minerals identified in pixels next to each other and not
necessarily in the same CRISM pixel (Ehlmann et al., 2011; Viviano et al., 2013). It should also be noted that
some minerals do not produce diagnostic spectral signatures in the VNIR wavelength range, such as quartz
and feldspars, and can only be detected when hydrated such as opaline silica or contain specific substituents,
as in the case of Fe-bearing plagioclase in lunar samples (Ehlmann et al., 2011). Furthermore, a VNIR reflec-
tance spectrum is usually dominated by features from only one or two phases (Ehlmann et al., 2011), while
the majority of natural rocks are composed of many minerals, which will be underrepresented when ana-
lyzed by remote sensing data alone. The detection of minerals in the spectrum of a pixel or adjacent to each
other does not necessarily imply that they originate from the same protolith nor the same formation envir-
onment or depth range. This section will focus on the identified and modeled low-grade metamorphic
phases rather than clays, sulfates, and carbonates.

4.4.1. Prehnite and Prehnite-Chlorite-Silica

Due to its unique VNIR reflectance spectrum, prehnite can be easily identified and is therefore one of the
most characteristic minerals indicative for low-grade metamorphic reactions. Prehnite exposures have been
reported globally across Mars, and most of these occurrences are near impact craters (Carter et al., 2013) in
ancient terrains (Ehlmann et al., 2011, and references, therein). While the majority of prehnite occurrences
also show the presence of chlorite (Ehlmann et al., 2011), prehnite has also been reported to have the
strongest spectral signature (Viviano et al., 2013). Our models show that prehnite should form from most
protolith compositions (except for Humphrey and the cumulate) at temperatures between ~200 °C to
300 °C (Figures 4 and 5), although slow reaction kinetics may prevent its formation in the lower temperature
range. The highest modal abundance of up to 20 vol % is reached in the Bounce Rock composition at
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geotherms of 13 °C/km and 20 °C/km (Figures 4d and 4f). These conditions seem to be favorable, as prehnite
does not coexist with epidote or pumpellyite, although the latter may be present but difficult to detect by
VNIR spectroscopy (see below).

According to our results, prehnite requires at least ~2.5 wt % H,O to precipitate in Bounce Rock (and
possibly higher amounts in other protoliths). This value gives a minimum estimate for the amount of water
required in the Martian subsurface, which should be locally available. Prehnite stability is also sensitive to
the composition of the fluid phase, with a small amount of CO, resulting in the formation of calcite instead
of Ca-zeolites and prehnite (McSween et al., 2015). While this makes our assumption of a pure H,O fluid a
valid approximation, the dependence of phase stabilities with fluid variation has to be addressed in
future research.

When present in our phase diagrams, prehnite coexists with variable amounts of chlorite in all protolith
compositions and both could have been part of a thermally equilibrated assemblage derived from the same
protolith. However, chlorite is also an abundant phase in other rock types where prehnite is not a stable
phase, for example, the Humphrey composition (Figure 5d), and can be formed by chloritization during
diagenetic processes from trioctahedral smectites (e.g., together with illite). It is therefore not a character-
istic mineral indicative for specific compositions or conditions, and the detection of chlorite and prehnite in
the same spectrum is not a conclusive indicator for both minerals being part of the same assemblage
derived from the same protolith. Prehnite and chlorite have also been associated with hydrated silica
(Ehlmann et al., 2011), but there is no means to identify specific silica phases. Our calculations show that
quartz is a minor component in the Bounce Rock composition over most of the P-T range, and its abun-
dance increases with increasing grade due to metamorphic reactions. Quartz is also expected to form by
hydrothermal alteration of basaltic protoliths (Schwenzer & Kring, 2013). There is a possibility that quartz
has been hydrated after being brought to the surface by impacts or that it is derived from other sources such
as altered basaltic glass (Ehlmann et al., 2009). Our model predicts feldspar (albite) and actinolite to be
modally more significant parts of the prehnite-chlorite assemblage. While feldspar is difficult to detect by
VNIR spectroscopy and is likely present, possible reasons for the nondetection of actinolite are discussed
below (section 4.4.3).

4.4.2. Pumpellyite

Pumpellyite has not been detected in VNIR spectra, possibly because its spectrum is very similar to that of
Mg-rich chlorite (Ehlmann et al., 2009; Viviano et al., 2013). However, its presence has been inferred from
radiative transfer modeling (Poulet et al., 2008) in the central peak of a crater where its modal amount is
estimated to be 20%. Our calculations yield similar abundances at higher water contents and colder
geotherms (10 °C/km and 13 °C/km) for the Bounce Rock composition (Figures 4b and 4d). For most other
compositions and conditions, however, our models do not predict pumpellyite to be a major phase which,
combined with its spectral features, may make its detection from orbit difficult. Since pumpellyite is stable
at lower temperatures but higher pressures, our models predict it to be more abundant than prehnite along
colder geotherms (e.g., Figures 1b, 4b, and 4d). However, it requires more water than prehnite and may
therefore not be present in areas of lower water activity. If there is sufficient water to form zeolites by
low-grade metamorphic processes, pumpellyite should be a present phase, particularly at temperatures
below 250 °C.

4.4.3. Actinolite

Actinolite is a relatively abundant phase in many of our pseudosections (except for the Jake_M and cumu-
late compositions) and is commonly observed in terrestrial low-grade metamorphic rocks (e.g., Banno, 1998;
Bevins & Merriman, 1988; McMullin et al., 2010). Furthermore, it is predicted to be abundant by other
thermodynamic models of low-grade metamorphic rocks (Massonne & Willner, 2008; Willner et al., 2013)
and should be a part of the assemblage when plotting Martian compositions onto ACF projections
(McSween et al., 2015). Although actinolite precipitates at lower water content than prehnite, and should
therefore be present in most hydrated Martian compositions, it has not been detected spectrally in areas
where prehnite and chlorite have been reported (Carter et al., 2013; Ehlmann et al., 2011). However, it
has been identified by CRISM observations together with saponite at Gale crater (Lin et al., 2016). Viviano
et al. (2013) demonstrated that talc can be distinguished from the smectite group mineral saponite but has
a spectrum similar to that of actinolite. While the presence of actinolite may be less likely than talc in the
area studied by Viviano et al. (2013), due to the presence of olivine and absence of pyroxenes, there is the
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possibility that it may not have been identified elsewhere because of the similarity of its reflectance spectrum
to those of smectites.

Our calculations show that actinolite forms at temperatures below greenschist facies conditions and does not
only coexist with epidote but also with many other low-grade metamorphic phases, especially prehnite and
pumpellyite. Jake_M is the only composition where it is not stable (Figures 5a and 5b), but this protolith
composition is not considered to be widespread on Mars (McSween, 2015) and is therefore not likely to be
the origin of all prehnite occurrences detected. Protoliths similar to Backstay (Figure 5f) may contain low
amounts of actinolite where prehnite is present (Figure 5f), making it difficult to detect. On the other hand,
prehnite is also not an abundant phase at these conditions and is probably less likely to appear in VNIR spec-
tra. Since the range of bulk compositions available is relatively limited, there is also the possibility that the
protoliths in the areas where low-grade metamorphic phases have been reported are compositionally differ-
ent from the protoliths we have studied and actinolite is a less abundant phase. Furthermore, the phase
stability of actinolite may be overestimated by the thermodynamic model since it assumes equilibrium even
at low temperatures. Terrestrial metabasic volcanic rocks often preserve their textures at low-grade meta-
morphic conditions resulting in the precipitation of zeolites, prehnite, pumpellyite, chlorite, and epidote
in vesicles that are more accessible to fluids (Cho & Liou, 1987; Starkey & Frost, 1990). The first actinolite
commonly forms around clinopyroxene phenocrysts within the groundmass (Day & Springer, 2005) and
may therefore precipitate later. While this may decrease the modal abundance of the mineral at certain
conditions (especially where it is a minor phase), this does not likely destabilize actinolite over the whole
P-T range and we still expect it to be present for most of the studied compositions as observed in terrestrial
analogues. Since it is an abundant mineral even below greenschist-facies conditions, actinolite should not be
excluded as a possibility when identifying phases from mineral spectra.

4.4.4. Zeolites

With the exception of analcime, the majority of zeolites cannot easily be spectrally distinguished from
sulfates, making the identification of specific minerals difficult (Carter et al., 2013; Ehlmann et al., 2009).
Based on the shape and position of certain bands, Carter et al. (2013) conclude that 80% of the minerals
detected within the group are zeolites and unspecified zeolites have been reported in the Nili Fossae region
(Ehlmann et al., 2009). Zeolites can form in a variety of settings such the interaction of meteoric waters with
volcanic rocks, geothermal activity, and at low-grade metamorphic conditions (e.g., Wilkin & Barnes, 1998,
and references therein). Since the majority of zeolites is likely formed by surface processes at temperatures
below 150 °C, we are not able to model these low-temperature occurrences and will therefore only focus on
low-grade metamorphic zeolites. Common zeolites in the modeled metabasic rock compositions are stilbite,
laumontite, and wairakite, although the latter requires higher temperatures at low pressure and is not stable
along any of the proposed geotherms (Figures 1b, 4, and 5). If the rock composition has enough CaO and
H,O0, our calculations predict laumontite to be the most stable zeolite along the chosen geotherms.
However, the VNIR reflectance spectrum of laumontite is similar to those of other zeolites (McSween
et al., 2015) and may therefore be difficult to be spectrally identified.

4.4.5. Analcime and Analcime-Silica-Smectite-Chlorite

Analcime shows a unique feature in VNIR reflectance spectra and can therefore be distinguished from other
zeolites (Ehlmann et al., 2011). It has been detected in a few craters in the Nili Fossae region and is
commonly associated with silica, smectites, and chlorite (Ehlmann et al., 2011; Viviano et al., 2013).
Analogous with other zeolites, analcime can form by surface, hydrothermal, and low-grade metamorphic
processes. The occurrence of hydrated silica in the vicinity has been taken as indicator that analcime formed
by near-surface processes or hydrothermal activity rather than low-grade metamorphic reactions (Ehlmann
etal., 2011; McSween et al., 2015). In the presence of quartz, analcime dehydrates to albite +H,O at tempera-
tures below 200 °C and pressures below 0.3 GPa (Liou, 1971). McSween et al. (2015) suggested that the detec-
tion of albite (by thermal infrared spectroscopy) near occurrences of analcime (Milam et al., 2010) is an
indicator for this dehydration reaction. However, albite is a very common mineral in low-grade meta-
morphic rocks and would also be an expected phase in the prehnite-chlorite assemblage (e.g., Massonne
& Willner, 2008; Willner et al., 2013). The presence of albite therefore cannot be used as a definite indication
for analcime dehydration reactions. In the absence of quartz, analcime dehydrates to albite, nepheline, and
H,0 at temperatures between 500 °C and 600 °C (Liou, 1971). This is a more likely scenario for our phase
equilibria models using basaltic compositions such as Humphrey, where analcime is a stable phase up to
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~350 °C (Figure 5d). A very unusual case is the composition of Jake_M (Figures 5a and 5b) where analcime is
not only stable over the whole P-T range but is also very abundant (>40 vol %) at higher water content (4.5 wt
% H,0; Figure 5b). This is due to the high Na,O but low CaO content in the whole-rock composition, which
destabilizes other Ca-bearing zeolites. Mugearites are relatively rare on Earth, and we do not have a good
analogue for its low-grade metamorphic phases. However, analcime-rich mugearites were reported (e.g.,
Wilkinson & Hensel, 1991) supporting the high modal amounts of analcime in our thermodynamic model.

Ehlmann et al. (2009) noted that locations where they detected hydrated silica and/or analcime correspond
to areas that were characterized as quartzofeldspathic using thermal infrared spectroscopy (Bandfield, 2006).
While Ehlmann et al. (2009) interpret the hydrated silica to be a result of eolian transport, the observed
mineralogy could also be derived of a suite of more differentiated magmatic rocks with high amounts of
feldspar and phases such as analcime derived from a composition like Jake_M and quartz, which occurs
in compositions similar to Bounce Rock.

4.4.6. Epidote

Epidote is a rare phase on Mars and has only been reported in small exposures of a few CRISM pixels (Carter
et al., 2013). In terrestrial environments, it forms by hydrothermal processes (e.g., Campos-Alvarez et al.,
2010) and under greenschist to amphibolite facies conditions (Willner et al., 2013). It also occurs in contact
metamorphic rocks as albite-epidote hornfels and is therefore not always associated with actinolite. Our
phase equilibria calculations suggest that epidote forms at temperatures above 250 °C and higher water
content for all compositions except for Humphrey and the cumulate (Figures 4 and 5). At lower water avail-
ability, however, epidote does seem to be stable toward lower temperatures and even occurs in the
Humphrey composition. This is in accordance with results from thermochemical modeling in hydrothermal
systems, where epidote is a stable phase in the Humphrey composition at low water/rock ratios (Schwenzer
& Kring, 2013). The relative absence of epidote (but presence of prehnite) may therefore be explained by
reactions at relatively high water contents and temperatures below ~250 °C for compositions of Bounce
Rock, Jake M, and Backstay, and temperatures above ~170 °C at any water content for Humphrey.
Alternatively, epidote may not always be a detectable phase, as its abundance is limited to <5 vol % in com-
positions similar to Backstay and Jake_M.

4.4.7. Serpentine

Serpentine is often found in close proximity with pure or mixed olivine spectra (Carter et al., 2013) and was
detected both in crater materials and in bedrock units (Viviano et al., 2013). Serpentine formation is a result
of hydration of ultramafic rocks and requires ~2.7 wt % of water according to our models. However, at
~3wt% H,0, it is not the most abundant hydrous phase and chlorite, amphibole, and talc are more common
(Figure 5g). The relatively low abundance of serpentine at lower water content may make its detection
difficult despite it being present in the rock and may not necessarily imply a dry rock composition. When
present, serpentine is often associated with magnesium carbonates (Ehlmann et al., 2009), although a discri-
mination between the two is made difficult by similar features of their spectra (Carter et al., 2013). In the
presence of a CO,-bearing fluid magnesite should be formed in ultramafic rocks rather than brucite, which
has to be addressed in future research.

4.4.8. Talc

Based on findings from talc deposit spectra in the Pilbara region, Australia, Brown et al. (2010) suggested
that talc may be present instead of saponite in the olivine-rich region of the Nili Fossae area. By further scru-
tinizing mineral spectra, Viviano et al. (2013) concluded that talc is distinguishable from saponite and may
be a possible and probable phase particularly where associated with carbonates. It is noteworthy, however,
that the VNIR reflectance spectrum of actinolite resembles that of talc (see section 4.4.3). The formation of
talc and magnesite has been associated with carbonation of serpentine in the presence of CO, (Viviano et al.,
2013). Complete carbonation of serpentinite seems to be most effective at small fluid to rock ratios and
temperatures below 200 °C, while higher fluid flux at these temperatures can result in decarbonation and
silicification processes and carbonation is less likely at higher temperatures even at higher fluid to rock ratios
(Klein & Garrido, 2011). While this seems a probable process on Mars given the availability of CO, in the
atmosphere and the low temperatures, our phase equilibria models provide an alternative, where the
presence of talc is restricted by the water content of the rock (0.9-4.7 wt % H,0). However, the influence
of a variable fluid composition on talc stability has not been investigated and has to be addressed in
future models.
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5. Conclusions

Using phase equilibria models, we can show that compositional differences in Martian protoliths greatly
influence phase stability fields for low-grade metamorphic rocks. Our models reproduce all low-grade meta-
morphic hydrous minerals like prehnite, chlorite, unspecified zeolites, analcime, and serpentine, which
have been detected on Mars by visible/near-infrared spectroscopy. Prehnite, the most characteristic low-
grade metamorphic mineral reported up to date does form in most (but not all mafic) compositions and
where present requires at least 2.5 wt % water in the system. Serpentine is restricted to ultramafic composi-
tions and forms at >2.7 wt % water. In compositions with higher CaO, zeolites such as stilbite and laumontite
are present, whereas lower CaO results in the presence of analcime. Alteration minerals from the composi-
tion of the Martian mugearite, Jake M, include very high proportions of analcime. Pumpellyite may be pre-
sent, especially at lower temperatures, but its VNIR spectrum is difficult to distinguish from that of chlorite.
By thermodynamic constraints, actinolite should be a stable phase at most low-grade metamorphic condi-
tions, but it may be difficult to detect in VNIR spectra. Talc could be present as a result of restricted water
content in addition to a carbonation reaction of serpentine. While prehnite does form along colder geother-
mal gradients of 10 °C/km and 13 °C/km, the presence of a hotter geotherm of 20 °C/km is more likely due to
the restricted excavation depth of larger craters ranging between 5 and 8 km. Alternatively, additional heat
could have been provided by a hydrothermal system or volcanic activity. The effect of variations in fluid
composition and oxygen fugacity on phase stabilities has yet to be addressed by thermodynamic modeling.
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