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Key Points:

e The olivine-carbonate unit in Nili Planum can be reproduced in a top down aqueous
alteration scenario through reactive transport modeling.

e The alteration must occur in a water limited environment to prevent phases not observed
in ortibal spectra from forming in high quantities.

e Lower temperature alteration favors the production of a thicker unit consistent with
previous observations.
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Abstract

In Nili Planum, the olivine-bearing unit covering large portions of this region is variably altered
to produce the most expansive carbonate detection on Mars. The mechanism of carbonation is
unknown. Here we test the conditions necessary to form the olivine-carbonate unit using the
reactive transport model (RTM), CruchFlow. The continued presence of olivine requires a short
duration of alteration, and/or limited fluid-rock ratios. Furthermore, temperatures must have been
low to form a layer of the olivine-carbonate unit consistent with the observed thicknesses. Water
availability must have been insufficient to prevent significant amounts of unobserved phases
from forming, (e.g., talc, serpentine, and brucite) which would be consistent with alteration
pathways on Earth that form carbonate from olivine. The Perseverance rover can make
measurements of this unit, providing the data necessary to constrain its formation conditions
further.

Plain Language Summary

In Nili Planum (the area of Mars where Jezero crater-the landing site of the Perseverance rover-is
located), there is a unit of rock containing large proportions of olivine which has been irregularly
altered to carbonate. Here we explore the hypothesis that the carbonate formed from the reaction
of olivine with liquid water and use computer modeling to determine the conditions that would
have been present to form this unique unit. We find temperatures must have been low and water
must have been present in very low amounts otherwise the layer would be smaller (higher
temperature) or contain other minerals we don’t see (more water). These results help us
understand the conditions that were present on early Mars. The measurements from Perseverance
will help provide further data necessary to understand the origin of this unit further.

1 Introduction

The olivine-carbonate unit in Nili Planum is the most extensive carbonate exposure on Mars
(Ehlmann et al., 2008). This unit is composed of olivine-enriched rocks of basaltic composition
(Edwards & Ehlmann, 2015; Salvatore et al., 2018), variably altered to carbonate (Edwards &
Ehlmann, 2015; Tarnas et al., 2021), and has a friable, clastic texture (Rogers et al., 2018)
(possibly consistent with an airfall pyroclastic deposit (Kremer et al., 2019)). The hypotheses for
carbonate formation in Nili Planum include: (1) alteration of the olivine through surface
weathering (Brown et al., 2020; Doran et al., 1998; Kelemen et al., 2020), (2)
hydrothermal/subsurface alteration (van Berk & Fu, 2011; Brown et al., 2010; Edwards &
Ehlmann, 2015; Viviano et al., 2013), and (3) direct precipitation (Horgan et al., 2020; Ruff et
al., 2014). The detection of carbonate indicates that conditions, including the presence of liquid
water, were conducive to its formation at some point during or after the emplacement of the unit
in the Noachian (Ehlmann et al., 2008).

During the Late Noachian/Early Hesperian period, there is abundant evidence for warm and wet
conditions, including fluvial features on the surface (e.g., Carr, 1996; Irwin et al., 2008) as well
as alteration minerals such as smectite clays, hydrated silica and carbonate (Bibring et al., 2006;
Edwards & Ehlmann, 2015; Murchie et al., 2009). However, robust 3D climate models do not
support the presence of liquid water on the surface for extended periods (i.e., Forget et al., 2013;
Wordsworth et al., 2013, 2015). This is due to the faint young sun (Sagan & Mullen, 1972) that
would have fostered a cold and icy background climate throughout much of Early Mars' history
(Head & Marchant, 2014). Previous researchers have shown punctuated heating events, such as
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impacts (Palumbo & Head, 2018; Segura et al., 2002, 2008; Toon et al., 2010), volcanism
(Halevy & Head 111, 2014), and changes in eccentricity and obliquity (Palumbo et al., 2018), can
give rise to the temperatures necessary to form fluvial features. However, it is unknown if such
punctuated events can produce liquid water in contact with rock long enough to create hydrous
mineralogy.

To test the hypotheses that olivine carbonation occurred (via reaction of aqueous fluid with
rocks) in a near-surface environment on Mars during the Late Noachian/Early Hesperian, we use
a reactive transport model (RTM) to simulate gravity-driven flow of water through a mafic
porous medium enriched in olivine (as established by remote sensing and now Perseverance
Rover observations) (Mandon et al., 2021). We vary ambient climatic/atmospheric conditions
and protolith composition and assess the resulting mineralogy. Results are compared to previous
work that constrained the unit's composition and mineralogy through remote sensing (Brown et
al., 2020; Salvatore et al., 2018). Our results can further be compared to measurements from the
Perseverance rover, which has been exploring rocks in Jezero Crater since 2/18/2021.

2 Materials and Methods

We used the RTM CrunchFlow (Steefel et al., 2015), a Global Implicit Multicomponent Reactive
Transport (GIMRT) solver, that accccounts for advection, diffusion/dispersion and chemical
reactions, both equilibrium and kinetic (Steefel & Lasaga, 1994; Steefel & MacQuarrie, 1996).

Initial conditions for each simulation are a one-dimensional 25 m column with 5 cm
discretization and 40% porosity to allow for fluid flow and account for the unit's observed
friable, clastic nature (Rogers et al., 2018). Porosity, surface area, and mineral volumes evolve
for 100,000 years, with output a every half order of magnitude and 10,000 years or until they
encounter a physically justified error such as pore closure. Permeability was linked to porosity
evolution using the Kozeny-Carman relationship such that if porosity decreases, fluid flow must
decrease. Fluid flows from the top of the column, implying a source from precipitation or
another top-down driven delivery mechanism. The resulting initial darcy flux through the
column was 1.26 m/yr. Liquid saturation is specified at 100% and 1% such that for simulations
with <100% saturation, CO2(gas) is present in the pore space resulting in an open system
(Winnick & Mabher, 2018). We model the atmosphere as pure CO2 with runs at 0.5, 1, and 2 bar,
consistent with estimates for the Noachian period from the MAVEN mission (Kurokawa et al.,
2018).

The initial fluid is consistent with dilute precipitation and does not affect the outcome. We use
the chlorine anion to charge balance the system due to its abundance in Mars soil (Clark et al.,
1982). The pH of incoming water is varied in 1 unit increments from 3 to 9, encompassing pH
values reported for other areas on Mars, including formation of jarosite and the assemblage at the
Phoenix landing site (e.g., Kounaves et al., 2010; McLennan et al., 2005) When testing the pH
effets, we hold Pcoz constant and vary pH by changing alkalinity.

In one set of simulations (referred to as the “restricted set”), we restrict the possible alteration
products to carbonate and amorphous silica. This allows the effects of the changing variables to
be independently assessed, and additional alteration mineralogy is added later. We vary
temperature, pH of incoming water, atmospheric pressure of COz, and primary mineralogy to
determine the effect of each variable on the resulting mineralogy and extent of alteration (Table
1). We test each variable independently and keep all others at base model conditions (Table 1).
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Temperature ranges from 0 °C to 40 °C with intermediate runs at 10, 15, 25, and 30 °C. Below 0
°C, the water is in a solid phase, suspending any reaction.

Within the restricted set, we tested if adding pyroxene and plagioclase would appreciably change
our results and found they did not. Therefore, to simplify the model reactions and runtime, we
substituted these minerals with a nonreactive mineral phase (herein referred to as gray mineral).
This phase is modeled as 75% by volume of non-pore space mineralogy, consistent with
previous work showing 20-25% olivine in these basalts (Edwards & Ehlmann, 2015). Olivine
chemistry is varied from Foaso to Foioo in 10% increments consistent with previous estimates
(Brown et al., 2020; Edwards & Ehlmann, 2015; Hamilton & Christensen, 2005).

We created a few combination scenarios for the primary mineralogy to explore more realistic
scenarios closer to orbital and rover measurements. The combination scenarios all held gray
mineral constant at 75% by volume of non-pore space mineralogy and varied the remaining
mineralogy from 40% forsterite (60% fayalite) to 70% forsterite (30% fayalite).

In a second set of simulations (the “unsuppressed set”), we included secondary mineral
assemblages typical of mafic and ultramafic rocks altering to carbonate, including brucite,
serpentine, and talc. To simplify the kinetics, we focused solely on the magnesium endmembers.

Although many minerals have several dissolution (and precipitation) mechanisms, we chose to
include a smaller subset of possible kinetic reactions and specify the parameters used in Table 2.
We assume that the rate law is reversible through equilibrium for all mineral kinetics listed
herein. Primary mineralogy (forsterite and fayalite) has a specific surface area (SSA) of 3.3x10*
m?/g, and all secondary mineralogy has an initial SSA of 30 m?/g. We obtained thermodynamic
parameters from the database utilized by CrunchFlow, EQ3/6 (Wolery et al., 1990).
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nonreactive gray mineral phase compromising 35% of the volume, and all runs started with 40%
porosity. d) The effects of temperature after 10,000 years.

3 Results

The tested variables had differing effects on the outcome of the model runs (Figure 1). The
variation of the initial pH had the most negligible impact, with differences arising at the very top
of the column early in the run. As the reactions progress, the pH is set by mineral dissolution and
precipitation, approaching neutral throughout the column.

Atmospheric COz2 levels have more impact on the resulting mineralogy. The change from 0.5 to
2 bars COz causes the volume of solid products to increase by ~10%, the volume of solid
reactants to decrease by approximately the same amount, because higher CO:2 levels produce
faster olivine dissolution and carbonate precipitation.

The most sensitive variable is temperature (Figure 1d). Higher temperatures drive both faster
dissolution of olivine and precipitation of carbonate. However, as temperataures approach 40°C,
the rapid carbonate precipitation results in pore closure and near cesssation of flow which
effectively shut down the reactions after just 500 years, preventing further carbonate formation
and restricting the depth interval of alteration to 1.25 m. In contrast, at 0 °C, olivine dissolves
slowly and no carbonate forms.

Based on previous work (Brown et al., 2020; Salvatore et al., 2018), we ran models for a range
of possible olivine forsterite contents (Mg#) (Table 1). We did not directly vary the forsterite
content of the olivine. Instead, we used varying proportions of forsterite and fayalite (Figure 1c),
relying on previously established rate laws (Table 2) for each mineral rather than calculating
rates based on assumptions of the type of mixing in olivine solid solutions. Under an acid
mechanism, fayalite dissolves faster than forsterite by an order of magnitude (thereby producing
more dissolved Fe?* and promoting siderite precipitation over magnesite); the reverse is true
during neutral dissolution. In our models, the solution is buffered to circum neutral regardless of
the pH of the incoming water, causing the neutral olivine dissolution mechanism to dominate.

All runs described above restricted the possible secondary mineralogy to carbonate phases and
amorphous silica. Typical reaction pathways for olivine carbonation move through a mixed
phase of serpentine, brucite, and talc. By allowing these hydrous minerals to precipitate in a
pore-filled fluid flow environment, these phases dominated the resulting facies, resulting in over
more than 40% talc and serpentine by volume. However, restricting water saturation to 1% of the
pore space caused only a small amount of talc to precipitate, and this, decreased with time
(Figure 2).



166

167
168
169
170

171

172
173
174
175
176
177
178
179
180
181

manuscript submitted to Geophysical Research Letters

Pore-filled Fluid Flow at 7.5 meters at 7.5 meters

d. 25

20 A
] —— Forsterite |
“E’ 15 4 Magnesite
% —— Si02(am)
> 5 —— Brucite
g 10 ——— Serpentine
£ Talc
= — )

5 -

o -

0 2000 4000 6000 8000 10000
Time (yrs)
Fixed 1% Saturation at 7.5 meters at 7.5 meters
b- 30
25 1

e\i 20 A —— Forsterite
uE) Magnesite
?3) 15 4 S— SlOZFam)
= —— Brucite
g Serpentine
£ 104 Talc
= )

S i

0 et

0 2000 4000 6000 8000 10000
Time (yrs)

Figure 2. Results from selected unsupressed runs: a) The alteration assemblage produced by
reaction of forsterite-bearing rock with fluid flowing through water-filled pores (later timesteps
reach >40% of phases that are rare or absent in spectral studies of the olivine-carbonate unit).
b) This same run as (a) with only 1% of the pore space filled with water.

4 Discussion

These models explore an alteration regime in which water enters the column from above,
creating mineral dissolution and precipitation reaction fronts that migrate over time. Olivine
preferentially dissolves due to its lower stability, and carbonate and silica precipitate in the pore
space, pressumably as rinds on the grains or pore-filling precipitates. In CRISM data (Figure 3a),
the cohesive exposures of the olivine-carbonate unit (Figure 3b) commonly show spectral
features of both olivine and carbonate (Figure 3d). Nearby dunes (Figure 3c) show strong olivine
spectral signatures but no evidence of carbonate minerals (Figure 3e). We suggest that during
physical weathering and disaggregation of the carbonate-bearing bedrock, carbonate is
preferentially broken into fine grains and removed by eolian processes, while olivine crystals are
preferentially retained locally in dunes. For example, if the carbonate is precipitated as rinds,
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182  saltation of olivine-carbonate grains would cause the much softer carbonate to abrade away,
183  leaving only the olivine (Figure 3g). The abraded carbonate may contribute to carbonate detected
184  in the martian dust (Bandfield et al., 2003).
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186  Figure 3. a. CRISM observation 000093be with surface reflectance in R=2.3, G=1.8, and

187  B=1.08 um, (Seelos, 2016) b/c. Full resolution close-up extracted from HiRISE image

188  PSP_006778 1995 (McEwen, 2017). Note the impressive dunes observed in HiRISE from the
189  olivine-rich region (c) compared to the smooth outcrops from the magnesite-rich region (b) d.
190  CRISM spectra of carbonate-bearing (red) and spectrally neutral regions (black) and their ratio
191  (blue). The ratio spectrum shows diagnostic absorptions due to magnesite near 2300 and 2500
192  nm. e. CRISM spectra of olivine-bearing (magenta) and spectrally neutral regions (black) and
193  their ratio (green). The ratio spectrum shows diagnostic absorptions due to Fe?* in olivine near
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1000 nm. f. A simplified stratigraphic column for this area (Bramble et al., 2017; Ehlmann &
Mustard, 2012; Scheller & Ehlmann, 2020). The mafic capping unit is shown on the top in
maroon/red color; the olivine-carbonate unit is below this in a green and yellow speckled color
with banding shown in the unit; below this is the Noachian basement unit shown in blue with
ridges (Pascuzzo et al., 2019), megabreccia, and layering in the western portion. Olivine dunes
are depicted on top of the basement unit. g. Blow-up of the black box in panel F. The olivine
grains physically erode the magnesite layer through saltation, causing only the olivine to remain
in the dunes.

The olivine-carbonate unit in Nili Planum has an average thickness of ~10 m, with some partial
sections in Libya Montes measuring up to ~104 m (Kremer et al., 2019). We find that
carbonate/silica precipitation causes pore closure in high-temperature runs, preventing further
alteration. The layer thickness produced by higher temperature runs, with high water availability,
is small and therefore is inconsistent with the observed thickness of the unit. Low temperatures
(>0 °C) are more conducive to forming thicker units consistent with the observed mineralogy.
However, when incorporating precipitation of hydrous silcate minerals, runs at higher water
availability form talc, serpentine and brucite. There have been small amounts of talc found in this
region (Brown et al., 2010; Viviano et al., 2013). However, these detections are not widespread
or in the modeled quantities (up to ~40%). Previous researchers suggested that low water activity
during olivine alteration to carbonate would prevent large quantities of talc, serpentine and
brucite (Kelemen et al., 2020). Similarly, simulations wtih minimal amounts of water show a
short period in which a small volume percentage of talc forms, but carbonate and amorphous
silica continue to dominate the modeled alteration mineralogy shortly after (Figure 2b). Thus, the
observed mineralogy in this region is consistent with a top-down alteration mechanism, given
low water availability and low temperatures.

The initial volume of olivine controls the amount of carbonate that can form. Our model runs
showed plagioclase and pyroxene do not dissolve significantly in relevant timescales (short
enough that relict olivine is present) under these conditions. Olivine is substantially less stable
and preferentially dissolves, providing the necessary components (Fe?*, Mg?*) to form the
carbonates. The plagioclase and pyroxene were replaced with gray mineral to simplify model
calculations. The less olivine present, the less carbonate formed. Once the olivine is completely
reacted, the previously precipitated carbonate then becomes undersaturated and dissolves,
consistent with the co-occurence of olivine and carbonate in this unit. As the olivine dissolves
from the top of the column downward, it ceases to be present in the topmost portion of the
column. Without olivine present to provide iron and magnesium ions, the carbonate soon
dissolves and moves down the column, following closely behind the olivine, consistent with the
co-occurrence of the olivine and carbonate in this unit (Ehlmann et al., 2008). Over long
timescales, this can create a portion of the column above the olivine and carbonate that still
contains the less reactive primary mineralogy but does not have carbonate. This domain may
represent the equivalent of the mafic capping unit stratigraphically above the olivine-carbonate
unit (Figure 3f); the capping unit and olivine-carbonate unit share many of the same physical
characteristics, extent, and formation hypotheses (Hundal et al., 2020). Further modeling focused
on formation of the capping unit, together with geomorphic observations, could investigate
whether the two layers share an emplacement and alteration origin.

Previous observations have shown the carbonate contains both iron and magnesium (siderite and
magnesite), where magnesite predominates (Brown et al., 2010; Edwards & Ehlmann, 2015;
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Tarnas et al., 2021). Due to the pH buffering caused by dissolution, the neutral mechanism for
olivine dissolution dominates in all of our models, causing increased forsterite dissolution rates
over fayalite dissolution. The dominance of this mechanism causes us to predict magnesite to be
more abundant than siderite. (In addition, high supersatution is required for siderite precipitation
(Tosca & Jiang, 2020), but kinetic limitations on mineral precipitation are not incorporated in our
modeling). Early results from the Perseverance rover show olivine in the region has a Fo# of 70
(Wiens et al., 2021); Figure 1c shows modeling results of using this olivine composition, in
which magnesite precipitates quickly, then dissolves when the forsterite is exhausted. Siderite,
however, is predicted to precipitate more slowly and persists for longer. Amorphous silica also
forms from the dissolution of olivine in our model, signatures of which have been found in the
spectra of the olivine-carbonate unit (Tarnas et al., 2019).

The models used here do not account for transient water availability, temperature, and other
conditions. Therefore, the timescales of these results should be considered as cumulative time
under these conditions rather than necessarily subsequent years. Nevertheless, the timescales for
this alteration are still relatively short, even in cold and low water activity environments such
that the formation of the olivine-carbonate assemblage takes only a few thousand model years.
Carbonate minerals in mafic Martian meteorites recovered from the Antarctic ice capmay h ave
formed under similar conditions (Jull et al., 1988; Velbel et al., 1991).

4 Conclusions

This study modeled various conditions of top-down, aqueous alteration scenarios to reproduce
the mineralogy of the olivine carbonate unit in Nili Planum. Modeling successfully reproduced
mineral assemblages inferred in previous orbital spectroscopy studies(Brown et al., 2010, 2020;
Edwards & Ehlmann, 2015; Salvatore et al., 2018; Tarnas et al., 2019, 2021). The alteration
mineralogy precipitates in the pore space of the initial rock, forming a rind on the original
mineral grains. Saltation of these grains during aeolian erosion removes the rind, pulverizing the
carbonate into dust (Bandfield et al., 2003) and the olivine into sand. The simulations that
successfully reproduced the approximate thickness of the olivine-carbonate unit incorporated low
temperatures and low water availability (as previously suggested by (Kelemen et al., 2020)).
There must be low water availability to prevent unobserved phases from forming in substantial
amounts. We show that the olivine-carbonate unit formed in a relatively short cumulative period,
while longer timespans led to complete dissolution of both olivine and carbonate. The formation
of this unit creates a layer with the same higher-stability primary mineralogy and without
carbonate above it; we suggest this may be related to the mafic capping unit that regionally
overlies the olivine-carbonate unit. The results from the Perseverance rover will provide a higher
resolution geochemical dataset for this region to compare to these results to constrain the unit’s
formation conditions further.
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Olivine Fo# 40 100 100

Pco2 0.5 bar 2 bar 0.5 bar 453
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pH 3 9 Unspecified (neutrédy
Vol. Olivine 20% 100% 100
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Table 2. Name, formula, and kinetic parameters used for each reaction in the model. Minerals listed
twice have multiple mechanisms included. The rates are reported as log(k) values at 25 °C. The
activation column lists activation energies in units of kcal/mole. The mechanism column states which
mechanism from Palandri and Kharaka (2004) is reported.

Mineral Formula Rate (25 °C) Activation Energy Mechanism”
(kcal/mole)
Magnesite” MgCOs -9.34 5.62 Neutral
Siderite FeCOs -8.658 25.881 --
Amorphous SiO2 (am) -12.77 16.42 Neutral
Silica”
Forsterite” Mg2SiO4 -10.64 18.88 Neutral
Forsterite” Mg2SiO4 -6.85 16.06 Acid
Fayalite” Fe2SiO4 -12.80 22.56 Neutral
Fayalite” Fe2SiO4 -4.80 22.56 Acid
Brucite” Mg(OH)2 -8.24 10.04 Neutral
Brucite” Mg(OH)2 -4.73 14.10 Acid
Serpentine” MgsSi20s(OH)s  -12.40 13.53 Neutral
Serpentine” MgsSi20s(OH)s  -5.70 18.04 Acid

Talc” MgsSizO10(OH)2  -12.00 10.04 Neutral



