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Abstract

Characterizing the structure and composition of clay minerals on the surface of Mars is important for reconstructing past aqueous processes
and environments. Data from the CheMin X-ray diffraction (XRD) instrument on the Mars Science Laboratory Curiosity rover demonstrate a
ubiquitous presence of collapsed smectite (basal spacing of 10 Å) in ~3.6-billion-year-old lacustrine mudstone in Gale crater, except for
expanded smectite (basal spacing of 13.5 Å) at the base of the stratigraphic section in a location called Yellowknife Bay. Hypotheses to explain
expanded smectite include partial chloritization by Mg(OH)2 or solvation-shell H2Omolecules associated with interlayer Mg2+. The objective
of this work is to test these hypotheses by measuring partially chloritized and Mg-saturated smectite using laboratory instruments that are
analogous to those on Mars rovers and orbiters. This work presents Mars-analog XRD, evolved gas analysis (EGA), and visible/shortwave-
infrared (VSWIR) data from three smectite standards that were Mg-saturated and partially and fully chloritized with Mg(OH)2. Laboratory
data are compared with XRD and EGA data collected from Yellowknife Bay by the Curiosity rover to examine whether the expanded smectite
can be explained by partial chloritization and what this implies about the diagenetic history of Gale crater. Spectral signatures of partial
chloritization by hydroxy-Mg are investigated that may allow the identification of partially chloritized smectite in Martian VSWIR reflectance
spectra collected fromorbit or in situ by the SuperCam instrument suite on theMars 2020Perseverance rover. Laboratory XRDand EGAdata of
partially chloritized saponite are consistent with data collected fromCuriosity.The presence of partially chloritized (withMg(OH)2) saponite in
Gale crater suggests brief interactions between diagenetic alkaline Mg2+-bearing fluids and some of the mudstone exposed at Yellowknife Bay,
but not in other parts of the stratigraphic section. The location of Yellowknife Bay at the base of the stratigraphic section may explain the
presence of alkalineMg2+-bearing fluids here but not in other areas ofGale crater investigated byCuriosity.Early diagenetic fluidsmay have had
a sufficiently long residence time in a closed system to equilibrate with basaltic minerals, creating an elevated pH, whereas diagenetic
environments higher in the section may have been in an open system, therefore preventing fluid pH from becoming alkaline.
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Introduction

Phyllosilicates are an important mineral group in ancient (~3.5–
4.1 Ga, based on impact crater counting) Martian strata because
they are indicative of water–rock interactions and can help constrain
aqueous conditions that may have been habitable by microbial life.

Orbital visible/shortwave-infrared (VSWIR) reflectance data collected
by the Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activité
(OMEGA), and the Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) indicate that smectite is the most common
phyllosilicate group on the Martian surface, and Fe/Mg-smectite
(e.g. nontronite and saponite) is much more common than
Al-smectite (e.g. montmorillonite) (e.g. Poulet et al., 2005; Mustard
et al., 2008; Ehlmann et al., 2011). The types and diversity of
phyllosilicates, however, depend on the geologic environment,
where phyllosilicates in igneous settings are dominated by Fe/Mg-
smectite and chlorite, and phyllosilicates in sedimentary rocks and
stratigraphic sections generally contain a mix of Fe/Mg-smectite and
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Al-phyllosilicates (e.g. montmorillonite and kaolinite) (Ehlmann
et al., 2011; Ehlmann et al., 2013).

Smectite has been identified in abundances of up to ~30 wt.% in
early Hesperian-aged (~3.6 Ga old) lacustrine mudstone in Gale
crater by the CheMin X-ray diffractometer on the Mars Science
Laboratory Curiosity rover (e.g. Vaniman et al., 2014; Bristow et al.,
2018; Rampe et al., 2020a; Tu et al., 2021; Thorpe et al., 2022). The
composition and structure of the smectite identified in Gale crater
changes throughout a 400+ m vertical stratigraphic succession
of fluvial-lacustrine deposits. Trioctahedral Fe3+-bearing saponite,
from oxidation of Fe2+ in the octahedral site, is present at the base of
the section (Treiman et al., 2014).Mixed dioctahedral/trioctahedral
smectite is present in the middle of the section, and fully
dioctahedral nontronite is present in the Glen Torridon region
(Bristow et al., 2018; Bristow et al., 2021; Tu et al., 2021; Thorpe
et al., 2022). All phyllosilicates measured by CheMin have a broad
basal peak at ~10 Å and relatively low K2O content, indicating the
presence of collapsed smectite as opposed to illite (e.g. Bristow et al.,
2018), except for one sample at the base of the stratigraphic section.
This sample, named ‘Cumberland’, was drilled from a formation
called Yellowknife Bay and has a clearly defined basal spacing of
13.5 Å (Vaniman et al., 2014) (Fig. 1). This peak position remained
constant for >150 Martian days in the warm and dry environment
within the CheMin instrument, indicating that the phyllosilicate
did not collapse from dehydration over time.

Constraining the composition and structure of phyllosilicates
on the Martian surface permits the characterization of aqueous
environments in which they formed and development of a more
complete geologic history of the planet. Fe/Mg-smectite commonly
forms from mafic parent material, which is abundant on Mars.
The abundant Fe/Mg-smectites on Mars probably formed from a
variety of processes, including magmatic processes (e.g. deuteric
alteration), hydrothermalism, metamorphism, precipitation in lake
sediments, surficial weathering profiles, and, perhaps, under a
steamy primordial atmosphere (e.g. Ehlmann et al., 2013;
Cannon et al., 2017; Mangold et al., 2019). Al-phyllosilicates, like
montmorillonite and kaolinite, aremore common in pedogenic and
open-system weathering environments where leaching removes
basic cations (e.g. Meunier, 2005; Ehlmann et al., 2013). Chlorite
is indicative of diagenesis or metamorphism, but chlorite can also
form in pedogenic environments (e.g. Barnhisel and Bertsch, 1989;
Meunier, 2005).

Smectite can be partially or fully chloritized in soil environments on
Earth. Partially chloritized smectite (also known as hydroxy-
interlayered smectite) typically forms through the replacement of
solvated cations in smectite interlayer sites by hydroxy-Al, -Mg, or
-Fe polymeric components (Barnhisel and Bertsch, 1989).Hydroxy-Al
smectite is more common on Earth than hydroxy-Fe or hydroxy-Mg
smectite because Al is more abundant in the Earth’s crust than Fe and
Mg. It forms under moderately acidic pH, low organic content,
frequent wetting and drying cycles, and oxidizing conditions. Mg-
and Fe-partially chloritized smectite have been identified on Earth in
alkaline, saline lake sediments (Jones and Weir, 1983) and reducing
sedimentary environments (Lynn and Whittig, 1966), respectively.
Partially chloritized smectite is structurally similar to mixed-layer
chlorite-smectite. Mixed-layer chlorite-smectite is composed of
complete chlorite and smectite layers stacked on top of one another
in the c crystallographic direction. Partially chloritized smectite is
smectite with incomplete gibbsite- or brucite-like sheets (or ‘pillars’
as they are sometimes referred to in the literature) in the interlayer
site (Fig. 2), making partially chloritized smectite a type of incipient

mixed-layer chlorite smectite. This interlayer structure allows the
smectite to swell when treated with ethylene glycol but prevents it
from fully collapsing when heated to 500°C (Barnhisel and Bertsch,
1989).

Bristow et al. (2015) hypothesized that the expanded smectite in
Yellowknife Bay could be explained by partial chloritization by
hydroxy-Mg. This idea is supported by the identification of
Mg-rich diagenetic features in Yellowknife Bay (Léveillé et al.,
2014). Furthermore, mafic silicate minerals, olivine and pyroxene,
are abundant across theMartian surface becauseMars is dominated
by basalt and sediments derived from basalt (e.g. Rogers and
Christensen, 2007). As such, aqueous alteration on Mars results
in more Mg2+, Fe2+, and Fe3+ in solution than is typically seen in
continental terrestrial settings (e.g. Hurowitz and McLennan,
2006). The Mars science community has previously lacked the
data necessary to identify partially chloritized smectite on the
Martian surface. The objective of this work was to further
interpret the clay mineralogy of Gale crater to learn more about
past aqueous environments. This work tested the hypothesis that
expanded smectite in Yellowknife Bay is a result of partial
chloritization by hydroxy-Mg, by measuring partially chloritized
and Mg-saturated smectite using laboratory instruments that are
analogous to those onMars rovers and orbiters. Laboratory data are
compared with data collected by instruments on theCuriosity rover
to look for signatures of partial chloritization in Martian data.

Methods

Partial chloritization procedure

The samples studied were nontronite (sample NAu-2 from the
Source Clay Repository of The Clay Minerals Society),
montmorillonite (Source Clay SWy-1), and Fe-saponite (a Mars-
analog smectite sourced from Griffith Park, California (Treiman
et al., 2014), abbreviated to ‘GP’ here). The samples were selected as
starting materials for partial chloritization experiments. The <2 �m
size fraction of all samples was separated via centrifugation.
Na-saturation (Moore and Reynolds, 1997) was performed prior
to partial chloritization to start with a homogeneous interlayer
composition. Each smectite was Mg-saturated (Moore and
Reynolds, 1997) to provide a comparison to data from chloritized
smectite. Mg-saturation was performed by distributing clay in a
0.1 M MgCl2 solution in an ultrasonicator for 2 min, and then
shaking for 24 h. Clay suspensions were centrifuged, replenished
with 0.1 M MgCl2 twice more, and then washed with deionized
water and a 50:50 by volume mixture of deionized water and
ethanol. Mg-saturated smectites were allowed to dry at 60°C for
24 h (Moore and Reynolds, 1997).

Portions of the Mg-saturated smectite samples were chloritized
withMg(OH)2 as the ‘pillars’ in the interlayer site at variousOH:Mg
molar ratios to achieve various levels of chloritization. Molar OH:
Mg ratios of 0.5, 1.0, 1.5, and 1.75 in the solution were chosen to
mimic previous partial chloritization methods (Xeidakis, 1996).
Increasing the OH:Mg ratio causes more Mg(OH)2 pillars to
precipitate in the interlayer site, resulting in a greater degree of
chloritization. Briefly, a clay suspension was made by adding ~0.8 g
Mg-saturated smectite in 50 mL milli-Q water, and 1.5 M NaOH
was added dropwise to desired OH:Mg molar ratios of 0.5, 1.0, 1.5,
or 1.75. The clay suspension was stirred vigorously during titration,
and the final product was centrifuged, washed twice with deionized
H2O to remove soluble salts, and dried at 25°C.
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Figure 1. Yellowknife Bay drill site and CheMin data. (A) Mastcammosaic of Yellowknife Bay with the geologic members and drill sites identified. Image credit: NASA/JPL/MSSS. (B) CheMin
X-ray diffraction patterns of the John Klein and Cumberland drill targets. (C) Portion of John Klein and Cumberland CheMin XRD patterns showing the positions of (001) and (02l) peaks.
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X-ray diffraction

Random powder mounts of Mg-saturated and Mg(OH)2
chloritized smectite samples were analyzed at ~1% (in dry N2(g))
and ~90% relative humidity (RH) on a non-ambient Anton Paar
stage in a Panalytical X’Pert Pro MPD X-ray diffractometer at the
NASA Johnson Space Center (JSC) from 2 to 80°2� (CoK�), with a
0.02°2� step size, and 10 s step–1. The samples were held at the
desired RH for at least 2 h before analysis. Random powdermounts,
rather than orientedmounts, weremeasured because these aremost
analogous to the patterns measured by the CheMin instrument.
Mg-saturated and chloritized samples were measured on a
CheMin IV XRD instrument, a laboratory analog to the CheMin
instrument on board Curiosity. Mg-saturated nontronite was
measured using an Olympus Terra instrument because the
CheMin IV was not in operation. Samples were heated under
desiccating conditions in N2(g) at 200°C (i.e. ‘heat desiccated’)
prior to analysis to drive off interlayer water and emulate the low
hydration state of smectite on the Martian surface. CheMin IV
measurements were made with dry N2(g) flowing over the samples.
Unlike most laboratory X-ray diffractometers, CheMin IV operates
in transmission mode, and data are collected from 4 to 55°2� (Co-
K�) with a 0.05° step size (e.g. Blake et al., 2012). CheMin uses a
cobalt X-ray source to minimize fluorescence from Fe. Terra is a
field-portable version of CheMin with the similar X-ray source,
angular range and resolution, geometry, and sample handling
system as CheMin (e.g. Sarrazin et al., 2008). Peak positions were
calculated as the centroid position from Lorentz-polarization (LP)-
corrected patterns using the Materials Data Inc. JADE program.

Thermal and evolved gas analysis

Mg-saturated and chloritized smectite samples were analyzed
individually using a Setaram Labsys EVO thermal gravimeter (TG)/
differential scanning calorimeter (DSC)/furnace connected to aPfeiffer
ThermoStar quadrupole mass spectrometer (QMS) at JSC configured
to operate similarly to the Sample Analysis at Mars-Evolved Gas
Analysis (SAM-EGA) instrument on board the Curiosity rover
(e.g. Mahaffy et al., 2012). EGA measures and quantifies the gases

evolved during pyrolysis of a sample. TG/DSC data show sample
weight loss and exothermic/endothermic reactions, respectively,
during sample heating. Although the SAM instrument does not have
TG/DSC capabilities, they are used in this study to better understand
chemical reactions and phase transitions in the Mg-saturated and
chloritized smectite. Samples of ~10 mg were placed in alumina
ceramic crucibles. Sample and identical empty crucibles were placed
inside the furnace, which was then purged with He gas and set to a
pressure of 30 mbar and a flow rate of 10 standard cubic centimeters
per minute (sccm). The crucibles were heated from ~30 to 1000°C at a
heating rate of 35°C min–1. All samples were run in duplicate. EGA
data from mass-to-charge ratios (m/z) of 2–100 were collected and
mass-normalized, but only the results from m/z=18 (i.e. H2O) are
presented here because it is specifically the water-release data that can
be used to identify specific phyllosilicates (e.g. McAdam et al., 2020).

Visible/shortwave infrared (VSWIR) reflectance spectroscopy

VSWIR reflectance spectra (0.35–2.5 �m) were acquired at JSC on
Mg-saturated and chloritized smectite samples with Analytical
Spectral Devices (ASD) FieldSpec3 Hi-Res fiber optic spectrometers
configured with Mug lights. Samples were measured under ambient
laboratory conditions, after desiccation at 25°C in a glove box purged
with dryN2(g) (~150–400 parts permillion by volume (ppmv),H2O, or
0.5–2%RH), and after heating to 200°C under dry N2(g). Samples were
desiccated in the dry N2(g) glove box at 25°C and were heated to 200°C
under N2(g). Samples were held at each temperature until the spectra
showed no changes (22–96 h for samples at 25°C and 24–384 h for
samples at 200°C). For many Mg-saturated samples, there was
insufficient material to exclude contributions from the sample
substrate from the measured reflectance. The substrate material
(LEE Filters Black Foil 280) has no absorptions relevant to the
analysis but is dark, ~4% reflectance over the full range of the ASD
instrument.

Results

This section describes the XRD patterns, EGA traces, and VSWIR
spectra of the Mg-saturated and chloritized smectite samples. The

Figure 2. Structural diagram of smectite and partially chloritized smectite. Left: diagram of saponite, a trioctahedral smectite, showing water molecules and solvated cations in the
interlayer site; right: diagram of partially chloritized saponite, showing water molecules, solvated cations, and short domains of brucite sheets in the interlayer site.
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results are separated by smectite type (i.e. Griffith Park saponite,
NAu-2 nontronite, and SWy-1 montmorillonite). The results focus
on: (1) the position of the (001) peaks in XRDpatterns for comparison
with the (001) peak in the Cumberland sample drilled onMars; (2) the
temperatures at which H2O was released in EGA for comparison with
SAM EGA traces in Cumberland; and (3) changes in VSWIR spectra
with increasing degree of chloritization.

X-ray diffraction

For all three smectites, partial chloritization led to changes to the
(001) peak positions and no changes to the (02l) and (06l) peaks
(Table 1; see also Table S1 in the Supplementary material),
demonstrating that the chloritization procedure did not disrupt
the b-axis of the smectite crystal structure. For each set of patterns
measured under different conditions, a broad peak at ~7.4 Å
appeared when smectite standards were subject to chloritization.
The appearance of the (002) peak is a result of changes to the layer
structure factor of smectites (e.g. Moore and Reynolds, 1997) as
Mg(OH)2 layers replace exchangeable interlayer sites. As described
in more detail below, an increase in OH:Mg ratio in the
chloritization procedure generally caused an increase in (002)
height intensity to the (001) intensity (i.e. a decrease in the (001)/
(002) intensity ratio), indicating a greater degree of chloritization
with increase in OH:Mg ratio. The measured positions of the (001)
peaks typically showed that complete chloritization was achieved
with OH:Mg=1.5 and 1.75.

Griffith Park saponite

In all XRD measurements, the GP saponite has a (02l) peak at
~4.60 Å and a (06l) peak position of ~1.53 Å (Fig. 3; see also

Table S1 and Fig. S3 in the Supplementary material), consistent
with trioctahedral smectite (e.g. Brindley, 1952; Moore and Reynolds,
1997; Vaniman et al., 2014). For samples measured at 90% RH on the
Panalytical XRD, the Mg-saturated sample was the most expanded
with a position of 15.4 Å, whereas the chloritized samples had
d001� 14.3–15.0 Å (Fig. 3A). When measured under N2(g) on the
Panalytical, the Mg-saturated and chloritized samples had similar
d001 values, from ~13.8 to 14.1 Å (Fig. 3B). Heat-desiccated samples
measured under N2(g) on the CheMin IV showed that chloritized
samples with greater OH:Mg ratios were the most expanded with
d001� 13.6–13.8 Å, the Mg-saturated sample is the least expanded
with a d001 of 9.9 Å, and the least chloritized sample (OH:Mg=0.5)
has an intermediate d001 of 12.2 Å (Fig. 3C). A weak, broad peak at
~4.9 Å is apparent in chloritized samples with OH:Mg=1.0, 1.5, and
1.75 in all patterns measured on the Panalytical and CheMin IV. The
position of this peak is consistent with a (003) reflection.

NAu-2 nontronite

All XRD patterns from NAu-2 have a (02l) peak at ~4.53 Å and a
(06l) peak at ~1.51 Å (Fig. 4; see also Table S1 and Fig. S2 in the
Supplementary material), which are diagnostic of dioctahedral
smectite (e.g. Brindley, 1952; Moore and Reynolds, 1997;
Vaniman et al., 2014). The Mg-saturated NAu-2 nontronite
sample measured at 90% RH on the Panalytical was the most
expanded with a (001) peak position of 15.4 Å, and the
chloritized nontronite samples have smaller d001 at 13.7–14.5 Å
(Fig. 4A). When measured under dry N2(g) on the Panalytical, the
Mg-saturated NAu-2 sample has a very broad (001) peak with a
maximum at 13.9 Å, suggesting a range of hydration states. The
chloritized nontronite samples measured under N2(g) on the
Panalytical show an increase in d001 with the increase in extent
of chloritization, from 13.9 Å for OH:Mg=0.5 to 14.4 Å for

Table 1. LP-corrected d001 and d002 for Mg-saturated and chloritized smectite samples measured on the Panalytical at 90% RH and ~1% RH and heat-desiccated
samples measured on the CheMin IV under dry N2(g)

Panalytical 90% RH Panalytical dry N2(g) CheMin IV (heat desiccation, dry N2(g))

Sample ID 001 peak 002 peak 001 peak 002 peak 001 peak 002 peak

GP Mg-saturated 15.4 — 13.8 — 9.9 —

GP OH:Mg 0.5 15.0 7.4 13.9 7.2 12.2 —

GP OH:Mg 1.0 14.3 7.3 13.9 7.3 13.6 7.4

GP OH:Mg 1.5 14.6 7.3 14.1 7.3 13.6 7.4

GP OH:Mg 1.75 14.6 7.3 13.9 7.3 13.8 7.3

NAu-2 Mg saturated 15.5 — 13.9 — 12.9* —

NAu-2 OH:Mg 0.5 13.7 — 13.9 — 9.7 —

NAu-2 OH: Mg 1.0 14.4 7.4 14.2 7.3 14.1 7.4

NAu-2 OH:Mg 1.5 14.5 7.3 14.3 7.4 14.3 7.4

NAu-2 OH:Mg 1.75 14.5 7.4 14.4 7.4 14.3 7.3

SWy-1, Mg saturated 15.3 — 13.8 — 13.9 —

SWy-1 OH:Mg 0.5 15.8 — 13.0 — 9.8 —

SWy-1 OH:Mg 1.0 13.5 — 13.6 — 12.9 —

SWy-1 OH:Mg 1.5 14.9 7.7 14.0 7.7 14.1 7.7

SWy-1 OH:Mg 1.75 14.7 7.5 14.3 7.5 14.4 7.5

Peak positions were measured using the centroid. Values are reported in Å. *NAu-2 measurements were made on an Olympus Terra instrument.
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OH:Mg=1.75 (Fig. 4B). Heat-desiccated NAu-2 nontronite samples
measured under N2(g) on the CheMin IV demonstrate that the
chloritized samples with higher degrees of partial chloritization

(i.e. higher OH:Mg ratios) have the largest basal spacings, and
those with lower ratios have the smallest basal spacings (Fig. 4C).
The OH:Mg=0.5 sample was the least expanded with a d001 of 9.7 Å,

Figure 3. XRD patterns from 5 to 30°2� (20.5 to 3.5 Å) of Mg-saturated and chloritized GP saponite. LP-corrected d001 of Mg-saturated samples and d001, d002, and d02l of OH:Mg=1.75
samples are labeled for reference. (A) Patternsmeasured on the Panalytical at 90%RH. (B) Patternsmeasured on the Panalytical at ~1%RH (i.e. under dry N2(g)). (C) Patterns of heat-
treated samples measured on the CheMin IV under dry N2(g).
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the OH:Mg=1 sample has a d001 of 14.1 Å, and the OH:Mg=1.5
and 1.75 samples had d001 of 14.3 Å. Chloritized samples with
OH:Mg=1.0, 1.5, and 1.75 also had a peak at ~3.6 Å, consistent

with the (004) reflection. The occurrence of this peak along with
the (002) at ~7.3 Å demonstrates further a greater degree of
chloritization.

Figure 4. XRD patterns from 5 to 30°2� (20.5 to 3.5 Å) ofMg-saturated and chloritizedNAu-2 nontronite. LP-corrected d001 of Mg-saturated samples andd001,d002,d02l, and d004 of OH:Mg=1.75
samples are labeled for reference. (A) Patternsmeasured on the Panalytical at 90% RH. (B) Patternsmeasured on the Panalytical at ~1% RH (i.e. under dry N2(g)). (C) Patterns of heat-treated
samples measured on the CheMin IV under dry N2(g). *The Mg-saturated sample was measured on a Terra instrument under ambient laboratory conditions after heat desiccation.
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Figure 5. XRD patterns from 5 to 30°2� (20.5 to 3.5 Å) of Mg-saturated and chloritized SWy-1montmorillonite. LP-corrected d001 of Mg-saturated samples and d001, d002, d02l, and d004
of OH:Mg=1.75 samples are labeled for reference. (A) Patterns measured on the Panalytical at 90% RH. (B) Patterns measured on the Panalytical at ~1% RH (i.e. under dry N2(g)).
(C) Patterns of heat-treated samples measured on the CheMin IV under dry N2(g).
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