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Abstract: Curiosity, the Mars Science Laboratory (MSL) rover, landed on Mars in August 2012 to
investigate the ~3.5-billion-year-old (Ga) fluvio-lacustrine sedimentary deposits of Aeolis Mons
(informally known as Mount Sharp) and the surrounding plains (Aeolis Palus) in Gale crater. After
nearly nine years, Curiosity has traversed over 25 km, and the Chemistry and Mineralogy (CheMin)
X-ray diffraction instrument on-board Curiosity has analyzed 30 drilled rock and three scooped soil
samples to date. The principal strategic goal of the mission is to assess the habitability of Mars in its
ancient past. Phyllosilicates are common in ancient Martian terrains dating to ~3.5–4 Ga and were
detected from orbit in some of the lower strata of Mount Sharp. Phyllosilicates on Earth are important
for harboring and preserving organics. On Mars, phyllosilicates are significant for exploration as they
are hypothesized to be a marker for potential habitable environments. CheMin data demonstrate that
ancient fluvio-lacustrine rocks in Gale crater contain up to ~35 wt. % phyllosilicates. Phyllosilicates
are key indicators of past fluid–rock interactions, and variation in the structure and composition of
phyllosilicates in Gale crater suggest changes in past aqueous environments that may have been
habitable to microbial life with a variety of possible energy sources.
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1. Introduction

The Mars Science Laboratory (MSL) Curiosity rover landed on Mars in August 2012 in
Gale crater (Figure 1), an impact basin ~155 km in diameter that formed ~3.8 Ga before
present during the late Noachian epoch [1]. The rover was sent to investigate a 5-km
high mound of layered sedimentary rock, located in the center of Gale crater, Aeolis
Mons (informally known as Mount Sharp), and to determine the potential for habitable
environments in the past and present day [2]. Based on orbital visible/shortwave infrared
(VSWIR) reflectance spectroscopy, some of the layers on the lower slopes of Mount Sharp
show variations in mineralogy thought to record environmental changes over time [3].
Orbital defined mineralogical units have been identified using VSWIR and include the deep
spectral absorptions for a phyllosilicate-bearing unit, hematite ridge, (i.e., Vera Rubin Ridge
(VRR)) and sulfate-bearing unit. After landing on the plains (Aeolis Palus) of Gale crater at
Bradbury Landing, Curiosity drove ~500 m east to an embayment on the floor of Gale crater
to explore the fluvio-lacustrine strata at Yellowknife Bay (YKB), which lie at the lowest
elevation point and represent the oldest rocks that Curiosity has studied (Figure 2) [4]. The
rover then headed southwest across the plains around an active aeolian dune field and
turned to the south to begin its investigation of the lower layers of Mount Sharp, starting
in September 2014. During its extensive journey, Curiosity discovered evidence for a lake or
series of lakes that once filled Gale crater that likely persisted for millions of years [5–9].

Figure 1. Gale crater is 155-km in diameter and contains a 5-km high mound of stratified rock. Strata
in the lower section of the mound vary in mineralogy and texture, suggesting that they may have
recorded environmental changes over time. The yellow oval denotes the MSL landing ellipse and
the star denotes the landing site. Image credit: NASA/JPL-Caltech/ESA/DLR/FU Berlin/MSSS.
(accessed on 23 July 2021).
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Figure 2. (A) Mars Science Laboratory (MSL) traverse (yellow line) through strata heading southwest
across the Gale crater plains towards the base of Mount Sharp, then heading south/southeast up the
lower slopes of Mount Sharp. The inset shows a close-up of Curiosity location at the time of writing,
overlain with elevation. (B) High Resolution Imaging Science Experiment (HiRISE) mosaic showing
the major units of Gale crater as identified and mapped through orbital mineralogy observation,
including the hematite-bearing Vera Rubin ridge (VRR), the Clay unit (Glen Torridon), Clay and
Sulfate unit, and the Sulfate unit (all image credits: NASA/JPL-Caltech/MSSS/JHUAPL/Brown
University).

Lower Mount Sharp comprises sedimentary rocks that are ~3.5 billion years (Ga) old
and contain fluvio-lacustrine mudstones with up to ~35 weight % phyllosilicates in the
bulk rock [10–12]. To date, Curiosity has investigated ~400 m of vertical stratigraphy from
Yellowknife Bay through Glen Torridon (GT). As of March 2021, the rover is investigating a
transition between GT and the stratigraphically higher sulfate-bearing unit (Figure 2) to
complete one of its longstanding scientific objectives, to assess the “habitability” of Mars [2]
with a key region of interest being the layered phyllosilicate-bearing deposits that outcrop
in the lower NW slopes of Mount Sharp.

Phyllosilicate-bearing layers are desirable targets for investigation on Mars given
their potential to enhance the preservation of organics [13–18] and serve as indicators of
wetter surficial conditions in the past [2,4,10,13,19–25]. To investigate the phyllosilicates in
Gale crater, drilled rock powders and scooped samples of loose sediment are measured by
the Chemistry and Mineralogy (CheMin) X-ray diffractometer. Results from the CheMin
instrument provide definitive mineralogy and abundances of phases from martian surface
materials [26], which include a variety of phyllosilicates in almost all drilled rock samples
to date. The identity of these phyllosilicates helps reveal the history of liquid water in
Gale crater.
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Water is incorporated into sediments, soils, and rocks through adsorption, physically
trapping water in confined pore spaces or at grain boundaries, via solvation, as part of the
structural make-up of minerals (“hydrous minerals”) (e.g., [27]). Phyllosilicates (frequently
referred to as clays or clay minerals) are hydrous minerals that commonly form as a result
of water-rock interactions and contain H2O and/or OH as part of their structure. The term
‘clay’ is often used interchangeably to describe a grain size fraction and as a mineralogical
group (i.e., phyllosilicates), making it challenging to distinguish in literature. Phyllosilicates
inherently have a small grain size and are naturally occurring materials, including soil,
sediment, or rock. Whereas clay may contain phyllosilicates, it may also contain other
materials that impart plasticity and harden when dried or fired [28]. Hydroxyl groups
are bound within octahedral sheets in the phyllosilicate structure, and water molecules
solvate cations, such as Na+, K+, and Ca2+, in the interlayers of swelling clay minerals (i.e.,
smectite and vermiculite) (Figure 3).

Figure 3. An example of the structure of dioctahedral nontronite and trioctahedral saponite demon-
strating tetrahedral and octahedral layers (2:1), connected by hydroxyl groups and apical oxygens.
In between the tetrahedral-octahedral-tetrahedral (TOT) sheets, in the interlayer site, cations are
exchanged and H2O is adsorbed. Both of these phyllosilicates have been observed at Gale crater.

The phyllosilicate mineral group is structurally and compositionally diverse, and
their structures are sensitive to changes in environmental conditions. On Earth, a wide
variety of phyllosilicates are observed, including smectite, kaolinite, chlorite, and illite,
where the phyllosilicate structure and composition depend on the aqueous conditions at
the time of formation (e.g., pH, temperature, salinity) and the parent material, in addition
to potential subsequent diagenetic conditions and processes. Smectites are common in
a variety of environments and typically form at relatively low temperatures in poorly
drained soils [29,30], in alkaline or saline lakes [31], and from deuteric alteration of basalts,
and by the alteration of volcanic ash deposits [32]. The type of smectite (e.g., saponite,
montmorillonite, nontronite) is controlled by the parent material, degree of alteration, and
the salinity and pH of the fluids (e.g., [29,30,33]). Kaolinite is common in well-drained
soils that experience enhanced leaching. Illite and chlorite often form at mildly elevated
temperatures during burial diagenesis or contact metamorphism, or at surface temperatures
in saline and alkaline lakes [29,31,33].

Smectites are the main type of phyllosilicate observed on Mars from orbit [34,35].
Trioctahedral ferric saponite has also been observed in olivine fractures of the nakhlite
martian meteorite, Lafayette [36]. The smectite structure includes two Si,Al-O tetrahedral
sheets sandwiching a M2+,3+-O,OH octahedral sheet, with Al3+, Mg2+, Fe3+, and Fe2+,
typically serving as the octahedral cation (Figure 3). They are characterized by their ability
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to adsorb H2O in their interlayer sites and expand and collapse depending on the relative
humidity, layer charge, and cations present in their interlayers (e.g., Na, Ca, Mg, Fe) [37].

Phyllosilicates are ideal targets for investigations of organics on Mars, as they have a
negative electrostatic layer charge and high surface area that attracts and helps preserve
organic compounds in the rock record [38–40]. Clay-rich, fine-grained lacustrine deposits
are considered prime targets for the investigation of organics on Mars [13,14]. Here, we
review the phyllosilicates that have been detected in Gale crater by the CheMin instru-
ment with constraints provided by the SAM, APXS and ChemCam instruments on-board
Curiosity through ~sol 3000 (i.e., 3000 martian days). We describe the implication these
phyllosilicate detections have on past aqueous environments, alteration and diagenesis,
and the preservation of organics.

2. Background
2.1. Orbital Phyllosilicate Detections on Mars

Phyllosilicates have been detected from orbit across much of Mars using (VSWIR)
imaging spectrometers and are associated with Mars’s oldest terrain (~4 Gyr., Noachian-
aged) (e.g., [19–21,24,41]) (Figure 4). These minerals are identified by overtones and
combinations of fundamental vibrational absorption features between 1 and 2.6 µm. In-
terlayer H2O is associated with a 1.9 µm absorption caused by a combination band of the
fundamental bending and stretching vibrations of water. An overtone absorption is reso-
nant with the fundamental absorption. Overtones are generally associated with shallower
absorptions than fundamental absorptions. Combination bands of H2O molecules and
overtones of OH also cause absorptions at 1.4 µm [42]. Metal-OH combination stretching
plus bending vibrations occur from 2.2 to 2.4 µm, and the position of the absorption center
depends on the octahedral cations (Fe2+,3+, Mg2+, Al3+) that are present, as well as the
mineral structure. Fe3+-OH absorptions in smectite are found near 2.28 µm, and Mg-OH
absorptions shift to 2.31 µm. Most Fe/Mg phyllosilicates on Mars are characterized by an
absorption 2.30 µm that is generally interpreted to represent a mix of ferric and magne-
sian phyllosilicate species [22]. Although less commonly observed on Mars, aluminous
smectites are characterized by Al-OH absorptions found near 2.20 µm [43].

Figure 4. Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) map of Fe/Mg–smectite
spectral absorptions detections from orbit in the Glen Torridon region of Gale crater with the darkest
blue representing the deepest spectral absorptions attributed to phyllosilicate (map courtesy Valerie
Fox), and with drill holes reflecting CheMin phyllosilicate abundances. Red circles, phyllosilicate
abundances greater than 25 wt. %. Orange circles, phyllosilicate abundances 10–25 wt. %. Green
circles, represent phyllosilicate abundances <10 wt. %.
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From orbit, phyllosilicates are found in a variety of geologic settings that can be
loosely categorized into three broad classes: (1) associated with the central peaks, walls,
and ejecta of impact craters; (2) in-place in stratigraphies that suggest formation in situ;
and (3) sedimentary basins [21,34,35].

Orbital observations are essential for determining the mineralogy of the large-scale
surface of Mars, but mineral detections are impacted by dust coverage and the spatial
resolution of orbital imaging spectrometers, which at best are 10s of meters per pixel. The
presence of outcrops with orbital absorptions attributed to phyllosilicates has motivated
the selection of five landing sites that have or will be explored by rovers. Weak absorptions
attributed to both Fe/Mg and Al smectites are present in the Columbia Hills at Spirit’s
landing site in Gusev Crater [44]. Absorptions attributed to Fe/Mg smectites are also
present at Opportunity’s exploration sites at the Cape York and Marathon Valley segments
along the rim of Endeavour crater [22,45]. Fe/Mg smectites with Al-substitution are also
mapped in the lowermost strata of Mount Sharp in Curiosity’s exploration site at Gale crater,
and the densest and deepest spectral absorptions are seen in Glen Torridon (Figure 4) [3].
Fe/Mg smectites are also seen associated with delta deposits at Jezero crater, the landing
site of the Perseverance rover [13]. Finally, phyllosilicate signatures are present at Oxia
Planum, the proposed future landing site of the European Space Agency’s (ESA) ExoMars
rover “Rosalind Franklin,” and they are hypothesized to have formed in one of two distinct
aqueous environments during the Noachian [46].

2.2. Stratigraphy from Curiosity’s Traverse

Since landing in August 2012, Curiosity has gained more than 400 m of elevation,
and has documented stratigraphy along its traverse. In order to track the sedimentary
facies and changing depositional environments as Curiosity ascends Mount Sharp, the team
developed a working stratigraphic column (Figures 5 and A1). This column represents a
log of the lithologies and relationships between stratigraphic units along the traverse path,
and therefore accounts for considerable lateral distance and should not be interpreted as a
true vertical succession at any one location. However, this column is useful for tracking
changes in deposition and chemostratigraphic/mineralogic trends.

Over the ~9 years since landing, Curiosity has investigated a variety of siliciclastic sedi-
mentary rocks in Gale crater. Curiosity identified a conglomerate with well-rounded pebbles
near the landing site, consistent with fluvial deposition [47]. The YKB formation 500 m
east of the landing site includes a meter scale outcrop of phyllosilicate-bearing mudstones,
interpreted to record an ancient habitable, lacustrine environment [4]. As Curiosity drove
southward and gained elevation, the rover encountered fluvial and deltaic facies [5,47,48]
before reaching a thick succession of dominantly fine-grained, well-laminated rocks, known
as the Murray formation, at the base of Mount Sharp. The Murray formation accounts
for more than 370 m of vertical section investigated by Curiosity and consists mainly of
mudstones that were deposited in lake and lake margin settings (e.g., [5,6,8,9,49,50]). The
Murray formation is divided into nine stratigraphic members based on facies variations,
which help to track the evolution of the conditions and depositional environments of
the lake basin preserved in the rock record. While much of the Murray formation repre-
sents a lacustrine environment (suitable for the formation of phyllosilicates), this record of
low-energy deposition was occasionally interrupted by plunging river plumes [6], desic-
cation [51], and aeolian or fluvial deposition around the lake margin [7,52]. The Murray
formation is unconformably overlain by ancient aeolian sandstones known as the Stimson
formation [53] (Figures 5 and A1). Curiosity studied the Stimson formation at locations
known as the Naukluft and Emerson plateaus, Murray buttes, and the Greenheugh pedi-
ment capping unit.
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Figure 5. Stratigraphic column of the sedimentary rocks at Gale crater from the MSL sedimentary and
stratigraphy working group. The stratigraphic column reflects the units and formations investigated
by Curiosity from the landing site near Yellowknife Bay through the Murray formation, Glasgow
member. Modified enlarged inset of the Kimberley formation, showing the location of the WJ sample
drilled in the Dillinger member [54]. Next to the column are phyllosilicate abundances of each of the
drilled samples (blue bars), hematite (red bars), and magnetite (black bars) and Glen Torridon, Vera
Rubin Ridge, and Siccar Point group samples are denoted, in addition to the drilling hiatus. * Sample
GR mineral abundances are currently being assessed by the CheMin team and will be released in an
upcoming publication.
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2.3. Habitability and Microbial Organisms

Phyllosilicates play an important role in preserving organic matter in rocks on Earth
and are important indicators of ancient habitability on Mars [4,10,23]. Grotzinger [4]
established the habitability of ancient lakes in Gale based around criteria and observations
demonstrating clement aqueous conditions (moderate pH, T, salinity etc.), accessibility to
biogenic elements (P, S, C, H, N), and potential metabolic energy sources (e.g., Fe oxidation).
Bristow et al. [23] considered the importance of longevity of such clement conditions as
an aspect of habitability more explicitly. Several microbial metabolic pathways have been
hypothesized to have occurred in Mars’ history [55–59], and here we briefly discuss some
of those suggested to be relevant and important to potential microbial habitability at Gale
crater, based primarily on mineral indicators of geochemical conditions.

On Earth, chemolithotropic microaerophiles utilize soluble Fe2+ as an energy source [60,61].
Bristow et al. [23] suggest that Fe-oxidizing microbes, such as Pseudomonas sp. HerB,
identified from a lava-tube cave in Oregon, which use olivine derived Fe2+ as an energy
source under low oxygen conditions [62], provide an example of organism that could
have inhabited the lake environments of the type recorded by rocks exposed at YKB.
Tosca et al. [63] suggest H2 produced by aqueous alteration of olivine under anaerobic
conditions on early Mars could have been utilized as a potential fuel for autotrophic
metabolisms [64], such as acetyl coenzyme A, which is considered one of the earliest
bioenergetics metabolisms on Earth [65,66].

Ancient Martian fluid-mixing zones, are another potential energy source for microbial
life that may be relevant to Gale [55]. Kikuchi and Shibuya [55] hypothesize that energeti-
cally habitable environments could be present in areas where reduced ground water mix
with oxidized surface water, creating redox gradients that could be mediated by microbes
to obtain energy. Similar to other models, it is proposed that energy in these mixing zones
could have been derived by biologically mediated oxidation of Fe2+.

3. Materials and Methods
Phyllosilicate Detection Payload Instruments

CheMin Instrument: The CheMin X-ray diffractometer (Figure 6) is essential for
identifying and quantifying the in-situ surface mineralogy of Gale crater, and here we
provide a description of the CheMin instrument configuration, and the methodology for
quantifying crystalline, amorphous, and phyllosilicate constituents in Martian rocks and
sediments. CheMin is an X-ray diffractometer and X-ray fluorescence spectrometer that
generates 2D XRD patterns of scooped sediment or rock powder drilled from between 2
and 6.5 cm depth. Up to sol 1536 (November 2016), samples were ingested to the Collection
and Handling for In-Situ Martian Rock Analysis (CHIMRA) and sieved to a <150 µm
grain size. A ~50 mg portion of the sieved material was then dropped into CheMin’s
inlet funnel on the rover deck to deliver sample to a predetermined CheMin sample cell
(out of 27 reusable cells). CheMin is configured in transmission geometry. Sediment or
rock powder within a Mylar or Kapton cell is vibrated during analysis via piezo electric
actuators to convectively move the sample as an X-ray beam generated from a cobalt
source (L = 1.79027 Å, averaged kα1 & kα2) penetrates the sample material. Diffracted
X-ray photons are collected on a charge-coupled device (CCD) (Figure 6) [26]. CheMin
has a collimated beam of 70 µm in diameter and an angular resolution of ~0.25◦ 2θ and an
angular range of ~4–52◦ 2θ with data collected over 3–38 h [26,67]. Curiosity lost the use of
its drill feed motor on sol 1536 and since then has used a method called “feed-extended
drilling” or “feed-extended sample transfer”, which leaves the drill bit in a fully extended
state [68]. In this configuration, delivery through CHIMRA is no longer possible and the
sample is fed directly into the CheMin inlet by hovering the drill bit over the inlet using
small amounts of reverse drill bit rotation and percussion to deliver the sample.
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Figure 6. (A) Curiosity rover science payload with the CheMin instrument identified with a yellow
star. CheMin and SAM instruments reside in the interior of Curiosity and have sample inlets that
protrude through the top deck. Image credit: NASA/JPL-Caltech. (B) A schematic of the CheMin
instrument (about the size of a laptop inside a carrying case). (C) A schematic demonstrating the
basic components of CheMin which includes sample within a holder in transmission geometry with
a cobalt X-ray source penetrating the sample. Diffracted X-rays are collected on a CCD, and the
resulting 2D patterns are converted into a 1D pattern. (D) CheMin sample cell wheel that contains
27 reusable sample cells (green) and 5 standards (red). Of the reusable cells, 14 are Mylar (blue circles)
and 13 are Kapton (yellow circles). (E) CheMin laboratory analog cells with Kapton (yellow) and
Mylar cells (colorless) (B–E) [26]. (F) SAM Instrument suite that is about the size of a microwave oven,
and the 3 instruments visible include: The tunable laser spectrometer (TLS) (lower left), quadrupole
mass spectrometer (QMS) (upper right, and gas chromatograph (GC) (lower right). The solid sample
inlet tubes (SSIT) is visible at the top right and is used for delivery by the robotic arm to deliver
samples. Image credit: NASA/JPL-Caltech, accessed on 23 July 2021.
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Martian mineral phase identification and the determination of abundances are a
function of a robust process of data conversion and data analysis performed by numerous
CheMin team members. The CheMin instrument generates 2D XRD patterns of samples
and these patterns are converted into 1D patterns using a modified version of GSE_ADA
software v1.09 [69], modified by P. Dera (University of Hawai’i). The resulting 1D patterns
allow CheMin team members to perform phase identification and Rietveld refinements
to determine mineral abundances and unit-cell parameters of major crystalline phases.
Rietveld refinement is a technique used to model peak positions and intensities [70–72] by
modifying the unit-cell parameters, peak widths, and scaling factors from crystallographic
information files (CIFs) or crystalline phases. For crystalline phases the detection limit
of CheMin is ~1 wt. %. Team members who refine the XRD diffraction patterns of Mars
samples, referred to as ‘fitters’, determine non-phyllosilicate (e.g., mafic minerals, feldspar,
oxides, sulfates) and phyllosilicate phases present and model an amorphous hump, using
the Materials Data Inc (MDI) software suite, Jade™ v9. Offsets are applied to 1D diffraction
patterns to account for small differences in sample-to-detector distances that arise when
using different sample cells by –25 to –113 µm relative to an ideal sample cell-to-CCD
distance of 18.5302 µm [67]. The sample-to-detector difference causes shifts in the 2θ peak
position of the XRD patterns which is corrected with an internal calibration method based
on the refined cell parameters of plagioclase feldspar [73]. Morrison et al. [73] described
equations capturing the relationships between unit-cell parameters and crystal chemistry
for major mineral phases such as feldspar, pyroxene, and olivine allowing constraints
to be placed on the chemistry of these minerals in Martian samples. Non-phyllosilicate
crystalline phase determination is typically easier than the determination of specific species
of phyllosilicates because there is often a greater degree of freedom of substitutions that
can take place in phyllosilicates, causing subtle changes in structure, and thus the XRD
pattern. Moreover, some phyllosilicates can be poorly crystalline such that their XRD
peaks are broad and asymmetrical. The identification of phyllosilicates in CheMin XRD
patterns requires a more thorough assessment and comparison to XRD patterns of Mars-
analog phyllosilicates collected or synthesized on Earth and measured in a CheMin-like
instrument and is necessary because on Mars we cannot concentrate phyllosilicates through
size fractionation nor perform routine chemical treatments to identify clay minerals in labs
on Earth such as those by [74].

Phyllosilicate abundances are determined by the CheMin team using measured stan-
dard XRD patterns of terrestrial phyllosilicate samples that have been desiccated, purged in
dry nitrogen gas and analyzed on a laboratory CheMin analog instrument to compare to the
flown CheMin instrument results (e.g., [75]). On Mars, smectite basal spacings are expected
to collapse under the low relative humidity conditions inside the CheMin instrument,
making it difficult to distinguish illite from collapsed smectite. X-ray amorphous, poorly
crystalline, and para-crystalline material abundances are determined using a modified
version of the full pattern fitting program, FULLPAT, which contains a library of Mars rele-
vant poorly crystalline materials (e.g., ferrihydrite, allophane, etc.) [76,77]. This program
uses a least-squares minimization to fit the measured CheMin patterns using patterns of
individual minerals, X-ray amorphous materials, and phyllosilicates [76,77]. Phyllosilicates
are identified in CheMin XRD 1D patterns using their characteristic peaks (e.g., d(001),
d(02l)). The d(02l) phyllosilicate peak is specifically sensitive to cation occupancy sites
within the octahedral sheets of phyllosilicates (Figure 7) [11,33,74]. Although the CheMin
instrument is the primary mineralogy instrument on-board Curiosity, collaboration with
other MSL instruments such as the Sample Analysis at Mars (SAM), Chemistry and Camera
(ChemCam), and Alpha-Particle X-ray Spectrometer (APXS) (Figure 6) aid in the interpre-
tation of the type and presence of phyllosilicates through the use of chemical data, such as
bulk K+ to try and distinguish illite from collapsed smectite.
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Figure 7. (A) Smectite structure demonstrating the c-axis and b-axis of a collapsed smectite structure with d(001) at 10Å.
(B) CheMin XRD pattern from drilled martian sample “Glen Etive” (GE) from the Knockfarril Hill member of the Murray
formation showing the d(001) and d(02l) peaks.

SAM Instrument Suite: The SAM instrument (Figure 6) analyzes the chemical and
isotopic chemical composition of the atmosphere and volatile-bearing phases in scooped or
drilled surface materials. A key objective is to identify organics present in Gale sediments.
Before the drill feed anomaly, CHIMRA delivered scooped or drilled samples to quartz or
metal cups inside SAM’s Sample Manipulation System (SMS). With feed-extended drilling,
the sample is delivered to SAM in a similar manner as to CheMin, where the drill bit is
placed above the inlet and the rotation is reversed so that some material drops from the
drill bit into the instrument. The cups are then transferred into one of SAM’s ovens, where
they are heated from 35 to ~870 ◦C at a rate of 35 ◦C/min [78–80]. He carrier gas is used to
send evolved gases to a quadrupole mass spectrometer (QMS). After delivery to the QMS,
evolved gases can then be sent to gas chromatograph (GC) columns or to the tunable laser
spectrometer (TLS). Volatile-bearing phases, such as phyllosilicates, thermally decompose
and evolve gases like H2O. The types of evolved gases and the decomposition temperature
can aid in phase identification. Like the CheMin team, the SAM team utilizes a laboratory
analog instrument to take measurements of known mineral and phyllosilicate phases, for
direct comparison to the flown SAM instrument for specific phyllosilicate identification.

The identity and temperature of evolved gases during SAM evolved gas analysis
(EGA) can support CheMin mineral detection and inform the presence of trace volatile-
bearing phases or phases difficult to characterize with X-ray diffraction, such as phyllosil-
icates and X-ray amorphous materials. Phyllosilicate octahedral layer properties (e.g.,
octahedral cations and position of octahedral vacancies) influence their temperatures of
dehydroxylation and coincident H2O evolution during heating. Generally, the dehydroxy-
lation of trioctahedral phases occurs at higher temperatures than dioctahedral phases [81].
Peaks in SAM H2O EGA data at temperatures greater than ~400 ◦C can provide constraints
on the likely identity of phyllosilicates in a sample based on comparisons to the results of
SAM-like laboratory EGA of relevant analog phyllosilicates.

In case CheMin detects a significant amount of phyllosilicates in a sample such that the
phyllosilicate d(02l) peak can be readily observed/modeled to infer possible phyllosilicate
identity, peaks in SAM H2O EGA data from the sample can help to confirm or potentially
further constrain the phyllosilicate present. In the event that CheMin detects phyllosilicates
but it is not possible, or is difficult, to observe the d(02l) peak, >400 ◦C H2O evolutions
in SAM EGA data can be a primary source of information on the possible identity of
the phyllosilicate in the context of other data from the sample and sampling area (e.g.,
APXS bulk chemistry of the sample powder). In case CheMin does not detect evidence
of phyllosilicates, H2O peaks in SAM EGA at temperatures above ~400 ◦C can be used
to infer the possible presence of phyllosilicates in a sample at abundances below CheMin
detection limits, as long as consideration is given for other potential hydrous phases in the
sample (e.g., jarosite).
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ChemCam Instrument Suite: The ChemCam instrument suite includes the first Laser-
Induced Breakdown Spectrometer (LIBS) on a planetary mission. It is coupled with a
high-resolution remote microscope imager (RMI) to provide detailed context imaging
before and after target analysis (Figure 6) [82,83]. A series of 14 mJ laser pulses is directed
at a target between 2.2–7.0 m from the rover mast to create a weakly ionized plasma on
the incident sample [82,83]. The strength and wavelength of the atomic emission spectrum
of the plasma is then analyzed by three spectrometers in the ultra-violet (240–42 nm),
visible violet (382–469 nm), and visible/near infrared (474–906 nm) spectral ranges [83].
The LIBS technique acquires major, minor, and some trace and halogen compositions at
the submillimeter-scale (0.3–0.6 mm) of a geological target [82–85]. Geological targets are
analyzed by a linear or grid raster pattern of observation points whereby each observation
point consists of 30–50 spectral analyses. The repeated firing of the laser at an observation
point on the target removes dust in the first five laser pulses with further pulses providing
a sample depth profile [83]. RMI images are acquired before and after LIBS analyses to
provide high-resolution context imaging at an optical resolution of ~40–50 µrad [82,86].
Due to the rapid remote-sensing capabilities of the ChemCam instrument, >800,000 LIBS
spectra have been acquired for thousands of targets along the Curiosity rover’s traverse to
date. This contrasts with the 30 drilled and three scooped samples analyzed by the CheMin
instrument through sol 3064. As such, several studies have employed ChemCam LIBS
elemental data alongside the mineralogical data provided by CheMin to trace phyllosilicate
content and estimate the level of chemical weathering in the sedimentary rocks of Gale
crater (e.g., [87–95]).

APXS Instrument: The APXS instrument on-board Curiosity (Figure 6) is an in-situ
method of determining chemical composition of rocks and soils with X-ray fluorescence
and particle-induced X-ray emission spectroscopy at the Martian surface [96,97]. Elemental
abundances measured on rocks and drill powder samples can help CheMin constrain the
composition of the X-ray amorphous component through mass balance calculations [98].
APXS uses a radioactive 244Cm source to irradiate rocks or soil with high-energy alpha par-
ticles and X-rays, which produces X-ray emissions and X-ray fluorescence that are recorded
with an energy-sensitive detector, and to detect all elements heavier than fluorine [96].

Similar to ChemCam, APXS does not detect phyllosilicates. Instead, APXS uses
elemental abundances to inform the mineralogy of drilled samples, and chemical trends
are assessed to interpret environmental changes and diagenetic fluid events. APXS is used
in conjunction with CheMin to determine if a specific species of phyllosilicate is present, in
particular to distinguish if illite versus smectite is present. Illite is a non-expanding, 2:1,
K-rich phyllosilicate, and APXS potassium abundances are used to determine if illite is
potentially present [11].

4. Limitations on Phyllosilicate Detection

Despite being equipped with the most sophisticated mineralogical instruments to fly
to another planet, there are limitations in our ability to identify and quantify minerals.
Here we review some of the known instrument limitations on analyzing and identifying
phyllosilicates on Mars.

Miniaturizing an X-ray diffractometer for space flight results in a loss of angular range
and resolution compared to laboratory instruments. CheMin measures an angular range of
5–52◦ 2θ, unlike high-resolution laboratory instruments that typically measure from 2–100◦

2θ, and therefore does not include the (06l) diffraction peak, important for distinguishing
a trioctahedral phyllosilicate at ~1.54–1.52 Å, (~71◦ 2θ Co Kα) from a dioctahedral phyl-
losilicate at ~1.52–1.50 Å (~73◦ 2θ Co Kα) [10,74] (Figure 3). The d(02l) peak position at
~22.5–23.1◦ 2θ Co Kα can be used to distinguish dioctahedral and trioctahedral structures
and derive the ‘b’ unit cell parameter (Figures 3 and 7). However, this diffraction peak
is asymmetrical and is often overlapped by diffraction peaks from other mineral phases
such as augite [10]. The angular resolution is ~0.25◦ 2θ Co Kα, significantly lower than
the 0.02◦ 2θ resolution achieved by most laboratory XRD instruments. This results in
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broader peaks, increasing detection limits, meaning that crystallite size and strain cannot
be fully quantified.

On Earth, phyllosilicates in natural materials are identified after separating particular
size fractions (often <2 µm or smaller) of sediments and soils, followed by a variety of
treatments to enhance diffraction intensity and change their basal spacing (e.g., on oriented
mounts with glycolation). On Mars, these sample preparations cannot be performed, so it is
difficult to distinguish collapsed smectite from illite, for example, because both have d(001)
at 10 Å. Collapsed smectite has lost most interlayer H2O because of low humidity conditions
and is expected within the CheMin instrument [10,23,99], but retains the properties of
smectites, namely moderate layer-charge and turbostratic stacking disorder. Illite has an
equivalent d(001) peak position but has a higher layer-charge, K+ fixed in the interlayer, and
exhibits ordered layer stacking arrangements. To complicate matters, some phyllosilicates
have similar XRD patterns or overlapping peaks and/or EGA-H2O traces, making it
difficult to fully characterize structure and composition.

CheMin and SAM instruments contain a limited number of sample cells and cups
to perform analyses and drill campaigns are time consuming (Figure 6). Therefore, sam-
ple selection is also limited and carefully considered by the entire MSL team as well as
instrument teams. Though sampling is methodically conducted every ~25~75 m in vertical
topography, it is fragmented. ChemCam and APXS supplement definitive mineralogical
X-ray diffraction analyses by providing elemental and chemical trends at a higher res-
olution. Furthermore, elemental changes are less dramatic than mineralogical changes
seen by CheMin, indicating CheMin analyses are crucial to fully characterizing changes in
environment and parent material.

5. Review of Phyllosilicate Detections by Curiosity
5.1. Phyllosilicate Results Grouped by Stratigraphy

Through sol 3064, Curiosity has drilled 30 samples (Table 1 and Figure 8), and here we
review the in-situ phyllosilicate CheMin results by stratigraphic member (Figures 5 and A1).
SAM has analyzed 28 sample sites, with multiple drill samples from a single site to obtain
the necessary volume of material needed to conduct multiple kinds of analyses. We use
the SAM H2O EGA (Figure 6) data to help determine the species of phyllosilicates present.
ChemCam does not detect phyllosilicates directly. Instead, it traces specific elements, such
as Li and K, over the rover’s traverse. In order to trace the phyllosilicate content within
the geological targets analyzed by ChemCam, previous studies have used the Li and H
abundances of ChemCam elemental data alongside major element oxides (SiO2, TiO2,
Al2O3, FeOT, MgO, CaO, Na2O, and K2O) to infer mineralogical variation and calculate
weathering indices [87–95]. Our descriptions start at the base of the stratigraphic section
(i.e., the oldest rocks) and work up to report on phyllosilicate structures and compositions
changing through time (Figures 5 and A1).
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Table 1. Comprehensive table of drilled and scooped samples analyzed by CheMin.

Sample Name Group Formation Member Depositional
Environment

Elevation
(m) Drill Sol Clay

(wt. %) Clay Type d(001)/ d(02l)

Rocknest *1 n/a n/a n/a Modern aeolian/Recently
inactive −4516.9 61, 66, 69,

74 0 n/a n/a

John Klein 2 Bradbury YKB Sheepbed Fluvio-Lacustrine −4519.5 182 22 trioctahedral ~10Å/4.5Å
Cumberland 2 Bradbury YKB Sheepbed Fluvio-Lacustrine −4519.5 279 18 trioctahedral ~13.2Å/4.5Å

Windjana 3 Bradbury Kimberley Dillinger Reworked aeolian/ fluvial −4481.5 621 10 trioctahedral ~10Å/4.5Å
Confidence Hills 4 Mount Sharp Murray Pahrump Hills Fluvio-Lacustrine −4460.3 759 8 trioctahedral ~10Å/4.5Å

Mojave 2 4 Mount Sharp Murray Pahrump Hills Fluvio-Lacustrine −4459.4 882 5 dioctahedral ~10Å/4.5Å
Telegraph Peak 4 Mount Sharp Murray Pahrump Hills Fluvio-Lacustrine −4453.2 908 0 n/a n/a

Buckskin 5 Mount Sharp Murray Pahrump Hills Fluvio-Lacustrine −4446.8 1060 0 n/a n/a
Big Sky 6,7,9 Siccar Point Stimson n/a Ancient aeolian −4434.7 1119 0 n/a n/a
Greenhorn 9 Siccar Point Stimson n/a Ancient aeolian −4434.5 1137 0 n/a n/a
Gobabeb ** n/a n/a n/a Modern/ Active aeolian −4423.8 1224 0 n/a n/a
Lubango 9 Siccar Point Stimson n/a Ancient aeolian −4429 1320 0 n/a n/a
Okoruso 9 Siccar Point Stimson n/a Ancient aeolian −4429.3 1332 0 n/a n/a

Oudam 6,7 Mount Sharp Murray Hartmann's
Valley Reworked aeolian/ fluvial −4435.5 1361 3 Ferri-pyrophyllite ~9.6Å/4.5Å

Marimba 6,7 Mount Sharp Murray Karasburg Fluvio-Lacustrine −4410.4 1422 28 trioctahedral/
dioctahedral ~10Å/4.5Å

Quela 6,7 Mount Sharp Murray Karasburg Fluvio-Lacustrine −4379.7 1464 16 trioctahedral/
dioctahedral ~10Å/4.5Å

Sebina 6,7 Mount Sharp Murray Sutton Island Fluvio-Lacustrine −4360.8 1495 19 trioctahedral/
dioctahedral ~10Å/4.5Å

Ogunquit Beach *** 10 n/a n/a n/a Modern aeolian −4300 1651 0 n/a n/a
Duluth 8 Mount Sharp Murray Blunts Point Fluvio-Lacustrine −4192.5 2057 15 dioctahedral ~10Å/4.5Å

Stoer 8 (VRR) Mount Sharp Murray Pettegrove Point Fluvio-Lacustrine −4169.9 2136 10 dioctahedral ~10Å/4.5Å
Highfield 8 (VRR) Mount Sharp Murray Jura Fluvio-Lacustrine −4147 2224 5 dioctahedral ~9.6Å/4.5Å
Rockhall 8 (VRR) Mount Sharp Murray Jura Fluvio-Lacustrine −4143.8 2261 13 dioctahedral ~9.6Å/4.5Å

Aberlady 11 (GT) Mount Sharp Murray Jura Fluvio-Lacustrine −4157.94 2370 28 dioctahedral ~9.22Å/ ~10Å
/4.5Å
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Table 1. Cont.

Sample Name Group Formation Member Depositional
Environment

Elevation
(m) Drill Sol Clay

(wt. %) Clay Type d(001)/ d(02l)

Kilmarie 11 (GT) Mount Sharp Murray Jura Fluvio-Lacustrine −4157.95 2384 28 dioctahedral ~9.22Å/ ~10Å
/4.5Å

Glen
Etive 11 (GT) Mount Sharp Murray Knockfarril Hill Fluvio-Lacustrine −4133.36 2486 34 dioctahedral ~10Å/4.5Å

Glen
Etive 2 11 (GT) Mount Sharp Murray Knockfarril Hill Fluvio-Lacustrine −4129.62 2527 26 dioctahedral ~10Å/4.5Å

Hutton 12 Mount Sharp Murray Glasgow Fluvio-Lacustrine −4095.37 2668 6.3 dioctahedral ~10Å /4.5Å

Edinburgh A Siccar Point Stimson n/a Ancient aeolian −4088.69 2711 7 dioctahedral ~10Å/4.5Å/Future
publication

Glasgow A Mount Sharp Murray Glasgow Fluvio-Lacustrine −4107.93 2754 24 dioctahedral ~10Å/4.5Å/Future
publication

Mary Anning 12 Mount Sharp Murray Knockfarril Hill Fluvio-Lacustrine −4128.06 2839 28 dioctahedral ~10Å/4.5Å
Mary Anning 3 12 Mount Sharp Murray Knockfarril Hill Fluvio-Lacustrine −4128.06 2872 30 dioctahedral ~10Å/4.5Å

Groken12 Mount Sharp Murray Knockfarril Hill Fluvio-Lacustrine −4127.91 2914
Future

publica-
tion

dioctahedral ~9.22Å/~10Å /4.5Å

Nontron Mount Sharp Murray Glasgow Fluvio-Lacustrine −4066.51 3064
Future

publica-
tion

Future publication Future publication

* Near landing site. ** Bagnold dune field/namib dune. *** Bagnold dune field/mount desert island. 1 from [100], 2 from [10], 3 from [101], 4 from [102], 5 from [103], 6 from [11], 7 from [98], 8 from [104],
9 from [105], 10 from [106], 11 from [107], 12 from [12], A Data available in nasas planetary data system (https://pds.nasa.gov/), accessed on 23 July 2021.

https://pds.nasa.gov/
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Figure 8. Gale crater drill hole sites imaged by MAHLI (30). Drill holes are approximately 1.5 cm
in diameter and reach a depth of up to ~4–6 cm. Trioctahedral clay samples are outlined in red,
dioctahedral in blue, both tri- and dioctahedral in orange, and ferripyrophyllite in green. Drilled
powered samples exhibit a range of grey and reddish colors that reflect mineralogical changes from
alteration and fluid:rock interactions.

5.1.1. Yellowknife Bay and Kimberly Formations in the Bradbury Group

The Bradbury group consists of deposits on the northwestern plains of Gale crater. The
rocks of the Bradbury group include mudstone, sandstone, and conglomerate, which were
deposited in lacustrine and fluvio-deltaic environments [4,49]. Three rock samples were
drilled from the Bradbury group: two from mudstone in the Yellowknife Bay formation
and one from sandstone in the overlying Kimberley formation (Figures 5 and A1).

Sheepbed Member (John Klein (JK), Cumberland (CB), Windjana (WJ)): Curiosity
drilled its first rock samples at Yellowknife Bay (YKB), located east of Curiosity’s landing
site (Figure 9). YKB is interpreted to be the site of an ancient lake [4] and is the lowest
part of the crater that Curiosity studied. The rocks represent the oldest deposits that Cu-
riosity has investigated to date [5]. The two samples drilled in the Sheepbed mudstone are
named “John Klein” (JK) and “Cumberland”(CB), which were drilled a few meters apart to
investigate changes in mineralogy and geochemistry and assess evidence for early-stage
diagenesis [4,108–110]. JK and CB contain ~18–22 wt.% trioctahedral smectite [10,23,111]
(Table 1, Figures 5, 9 and 10). The JK sample exhibits a basal peak with a d-spacing of
~10 Å characteristic of collapsed, dehydrated smectite and the CB sample has more com-
plex basal peak with contributions at ~10 Å and ~13.2 Å [10,23] (Figures 9 and 10). The
“Windjana” (WJ) sample is the sole sample collected from the Kimberley formation, in the
Dillinger member (Figures 5 and A1). WJ was drilled from reworked deltaic and aeolian
sediments [54] derived from a diverse set of volcanic sources, evident in an enrichment in
alkali feldspar (var. sanidine) and pyroxene and the presence of plagioclase feldspar [101].
The WJ CheMin XRD pattern has a weak d(001) peak at 10 Å and an d(02l) peak at 4.5 Å
(Figure 10). Based on CheMin and SAM data, the sample contains 10 wt. % trioctahedral
phyllosilicate (Table 1 and Figure 11) [78,80,112]. All samples in the YKB and Kimberley for-
mations evolved water during SAM-EGA analyses. The water evolved between 100 ◦C and



Minerals 2021, 11, 847 17 of 36

300 ◦C is likely from H2O in smectite interlayers in CB, JK, and WJ [80], and water evolved
between 650 ◦C and 800 ◦C is likely from the dehydroxylation of phyllosilicates [112]
(Figure 11).

Figure 9. (A) Mastcam mosaic of Yellowknife Bay showing the drill sites of John Klein and Cumber-
land. (B) CheMin X-ray diffraction patterns of the Cumberland (black) with a basal 001 d-spacing of
13.2 Å and John Klein (red) drill samples, with a basal 001 d-spacing of 10 Å.

Figure 10. CheMin XRD patterns from 5◦ to 25◦ 2θ of drill samples from the Bradbury group. The
d(001) and d(02l) peaks are denoted by dashed black lines. A pronounced 10 Å d(001) peak is seen in
the JK pattern and an uncharacteristic 13.2 Å peak is observed in the CB pattern, signifying potential
partial chloritization (i.e., pillaring) of the smectite structure.
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Figure 11. SAM H2O EGA results for samples grouped by stratigraphic members. The dehydration
temperature ranges of H2O for adsorbed and interlayer water are highlighted in blue, and the
dehydroxylation temperature ranges for phyllosilicates are highlighted in red.

5.1.2. Murray Formation in the Mount Sharp Group

The Mount Sharp group comprises the sub-horizontal strata exposed in the foothills
of Mount Sharp. The Murray formation is primarily composed of lacustrine mudstones,
covers over 370 m of vertical stratigraphy, and includes nine members. The Murray forma-
tion also contains the most drilled rock samples analyzed of any formation (24 samples in
total to sol 3064). For a more comprehensive review of the sedimentary stratigraphy, refer
to [5–9,49–52].

Pahrump Hills Member (Confidence Hills (CH), Telegraph Peak (TP), Buckskin (BK),
Mojave2 (MJ)): The Pahrump Hills member consists of laminated lacustrine mudstone
with thick (cm-scale) and thin (mm-scale) laminations indicative of shallow and deep
lake waters, respectively [5,6,49]. Samples drilled in this member include “Confidence
Hills” (CH), “Mojave2” (MJ), “Telegraph Peak” (TP), and “Buckskin” (BK). Out of all of
the members in the Murray formation, Pahrump Hills has among the lowest phyllosilicate
abundances. Only CH and MJ contain phyllosilicates (8 wt. % and 5 wt. %, respectively)
(Table 1, Figures 5 and A1) [102]. The phyllosilicates in CH and MJ appear to be typical
collapsed smectite with a basal d(001) of 10 Å (Figure 12) seen elsewhere in the Murray
formation. Both CH and MJ have broad, weak d(001) peaks, indicating the smectite is
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poorly crystalline [102]. A distinct d(02l) peak is absent, making it difficult to identify the
type of smectite from CheMin data alone. SAM EGA data, however, are consistent with
trioctahedral smectite in CH and dioctahedral smectite in MJ, with H2O evolved between
650 ◦C and 800 ◦C from the dehydroxylation of phyllosilicates consistent with Mg and/or
Al in the octahedral sheets of smectite [80,102] (Figure 11). TP and BK, by comparison, do
not contain a phyllosilicate signature (Figure 12) [102].

Figure 12. CheMin XRD patterns from 5◦ to 25◦ 2θ of samples from the Pahrump Hills member. The
basal d-spacing peaks of the d(001) of 10 Å and d(02l) of 4.5 Å are denoted by dashed black lines.
Broad 10 Å peaks are seen in the CH and MJ2 patterns, in contrast to the lack of d(001) and d(02l)
peaks in the TP and BK patterns that do not contain phyllosilicates. Kapton peak artifact is part of
the sample cell and is not in the rock powders.

Hartmann’s Valley Member (Oudam (OU)): “Oudam” (OU) was sampled from a
cross-stratified siltstone to very fine sandstone ~25 m thick that is either aeolian or fluvial
in origin [113–115]. Analyses of OU CheMin diffraction data show the sample contains
~3 wt. % phyllosilicate and has an unusual basal d-spacing of ~9.6 Å (Table 1, Figures 5, 13
and A1). This d-spacing could be explained by a smectite that was altered by acidic fluids
(e.g., [116]) or by ferripyrophyllite, an Fe3+ phyllosilicate in the pyrophyllite-talc group.
SAM EGA data are consistent with a Fe3+-rich phyllosilicate in OU, with an H2O release at
470 ◦C, which fits with the CheMin interpretation of ferripyrophyllite [11,98] (Figure 11).

Figure 13. CheMin XRD pattern from 5◦ to 25◦ 2θ of the Hartmann’s Valley member drilled sample,
OU. The d(001) and d(02l) peak positions are identified at 9.6 Å and 4.5 Å, respectively.



Minerals 2021, 11, 847 20 of 36

Karasburg & Sutton Island Members (Marimba (MB), Quela (QL), Sebina (SB)): Al-
and Fe- smectites have been observed using orbital visible and near-infrared (VNIR) spectra
in the Karasburg and Sutton Island members of the Murray formation [117,118]. “Marimba”
(MB) and “Quela” (QL) were sampled from the Karasburg member from finely laminated
mudstones that represent sub-aqueous deposition in a lacustrine environment [11,113–115].
The “Sebina” (SB) sample was drilled from the Sutton Island member, which is comprised of
heterolithic mudstone-sandstone and contains desiccation cracks which indicates subaerial
exposure at Gale [11,113–115]. Phyllosilicate abundances in these samples range from
~15 wt. % to 28 wt. % and have a basal d(001) of ~10 Å and d(02l) of ~4.5 Å, indicating a
2:1 group phyllosilicate [11,98] (Table 1, Figures 5, 14 and A1). The lack of a correlation
between APXS-measured potassium and phyllosilicate abundance suggests that the 10 Å
phyllosilicate is collapsed smectite, rather than illite [11]. SAM H2O EGA data show
dehydroxylation of phyllosilicates in MB occurred at 610 ◦C and 825 ◦C, which is consistent
with the presence of both dioctahedral and trioctahedral smectites [98,119–121] (Figure 11).
Laboratory EGA of phyllosilicates in a SAM testbed instrument indicate that MB, QL, and
SB contain a mixture of Al-rich and Mg-rich smectite.

Figure 14. CheMin XRD patterns from 5◦ to 25◦ 2θ of samples from the Karasburg and Sutton Island
members. The basal d-spacing peaks of the 001 of 10 Å and 02l of 4.5 Å are denoted by dashed black
lines. A pronounced 10 Å peak is seen in the MB and QL patterns, some of the highest phyllosilicate
abundances are seen at this location. Kapton peak artifact is part of the sample cell and not in the
rock powders.

Blunts Point and Pettegrove Point (VRR) Members (Duluth (DU), Stoer (ST)): The
single sample drilled in the Blunts Point member, “Duluth” (DU), was drilled just below an
indurated ridge, ~6.5 km long and ~200m wide, called Vera Rubin ridge (VRR) (Figure 2b).
Blunts Point is made of laminated, fine-grained mudstone cross-cut by abundant, curvi-
planar Ca-sulfate veins [5,9]. VRR was formerly known as “Hematite Ridge” [122] because
orbital CRISM spectra of the ridge have deep absorptions attributed to hematite [3,117,123].
Investigating VRR was part of an MSL mission campaign to determine the unique geolog-
ical history of the ridge and the processes that led to the formation of hematite and the
geomorphic ridge [68,123]. VRR comprises the Pettegrove Point and Jura members, both of
which are dominated by finely laminated lacustrine mudstone facies [9] (Figures 5 and A1).
The MSL team attempted to drill in rocks with the deepest spectral absorption attributed to
hematite but the rover was unable to obtain optimum sampling depth of ~4 cm due to the
rock strength [68,124]. The sample “Stoer” (ST) was drilled in the Pettegrove Point member
on VRR but did not itself exhibit deep spectral absorptions attributed to hematite [68,124].

DU contains ~15 wt. % phyllosilicate and has an d(001) of ~10 Å and a d(02l) of
~4.5 Å, consistent with a collapsed smectite or illite (Table 1, Figures 5, 15 and A1). The low



Minerals 2021, 11, 847 21 of 36

abundance of K2O from APXS (0.94 wt. % K2O [125]), however, suggests collapsed smectite
is present rather than illite (e.g., [11]) because the observed K2O in DU is accounted for
by other K-bearing minerals in the sample such as sanidine. SAM EGA data indicate the
presence of nontronite in DU based on the H2O release temperature [126] (Figure 11), which
is also supported by BGMN models of CheMin data. DU was the first fully dioctahedral
smectite detected by Curiosity [122]. ST contains ~10 wt. % phyllosilicate, with a d(001) at
9.6 Å, but the d(02l) peak was too weak to determine the b-unit cell [122] (Table 1, Figure 15).
SAM-EGA data from ST show H2O evolved between 350 ◦C and 600 ◦C indicating a very
Fe3+-rich dioctahedral phyllosilicate [126] (Figure 11). Like the 9.6 Å phyllosilicate in
Oudam, the d(001) at 9.6 Å could be from smectite altered by acidic fluid, causing further
collapse of the structure beyond dehydration or from ferripyrophyllite [122].

Figure 15. CheMin XRD patterns from 5◦ to 25◦ 2θ of samples from the Blunts Point member (DU)
and the Pettegrove Point member (ST). The position of the d(001) and d(02l) peaks are denoted by
dashed black lines.

Jura Member (HF(VRR), RH (VRR), AL (GT), KM (GT)): The Jura member consists of
laminated mudstone and outcrops at the top of VRR and the base of GT. The Jura on VRR
is heterogeneous in color and displays tones of red, purple, and grey [127] (Figure 2b). Two
samples were drilled in the Jura member exposed on VRR. The sample “Highfield” (HF)
was drilled from the gray-toned Jura and “Rock Hall” (RH) was drilled in the red-toned
Jura, [122]. HF contains ~5 wt. % phyllosilicate and RH contains ~13 wt. % (Table 1,
Figures 5 and A1)). The d(001) of the phyllosilicates in HF and RH are ~9.6 Å, like in ST and
OU, consistent with ferripyrophyllite [122] (Figure 16). The RH sample is also consistent
with dioctahedral occupancy, similar to samples in the Blunts Point and Pettegrove Point
members, however HF yielded a low phyllosilicate abundance with only a small d(02l)
peak compared to other VRR samples [122] (Figure 16). HF d(02l) peak, similar to ST,
lacked a pronounced d(02l) peak, making it possible to perform BGMN modeling and
determine the b-unit cell length [122]. EGA data from HF and RH support the identification
of Fe-rich dioctahedral 2:1 phyllosilicate, based on the H2O evolved between 350 ◦C and
600 ◦C [122] (Figure 11).
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Figure 16. CheMin XRD patterns from 5◦ to 25◦ 2θ of samples from the Jura member (VRR—HF
and RH, and GT—AL and KM). The position of the d(001) and d(02l) peaks are denoted by dashed
black lines.

GT is a region to the south of VRR, defined by a shallow trough that strikes W-
E and is up to ~0.3–1 km wide to the north of VRR [107] (Figure 2b). Strata within
GT exhibit strong spectral absorptions attributed to Fe/Mg-smectites in orbital VSWIR
spectra [1,3,117,128] (Figure 4). Outcrops contain thinly/thickly laminated mudstones
and can exhibit fracture, rubbly, and alternating recessive and resistant laminations [107].
Two samples were drilled from thinly laminated mudstone in the Jura member of GT,
“Aberlady” (AL) and “Kilmarie” (KM). AL and KM exhibit d(001) peaks at ~9.22 Å and
~10 Å, and consist of ~28 wt. % phyllosilicate [107] (Table 1, Figures 5, 16 and A1). The
d(001) peak is consistent with collapsed smectite, but the 9.2 Å could be from a number
of minerals, including phyllosilicates, zeolites, rhomboclase, and jahnsite-whiteite. APXS
data were used in conjunction with CheMin data to help identify the ~9.2 Å phase present
in these samples, and a favored interpretation is that the 9.2 Å peak is the basal spacing
of a mixed-layer talc/serpentine [107]. SAM did not analyze AL, but SAM-EGA data
from KM yield H2O release temperatures of ~400–600 ◦C (Figure 11), consistent with the
dehydroxylation of an Fe3+-rich dioctahedral smectite [107]. SAM EGA data also indicate
an H2O release at ~715 ◦C that was not related to the Fe-smectite in KM [107] (Figure 11).

Knockfarril Hill Member (GE, GE2, MA, MA3, GR): CheMin analyzed five samples
from the Knockfarril Hill member in GT: “Glen Etive” (GE), “Glen Etive 2” (GE2), “Mary
Anning” (MA), “Mary Anning 3” (MA3) and “Groken” (GR). The Knockfarril Hill member
consists of cross-stratified sandstones [107] and contains the most phyllosilicate-rich sam-
ples analyzed to date by CheMin [12]. GE and GE2 were drilled from the same outcrop, and
MA, MA3, and GR were drilled from the same outcrop. The MA/MA3/GR outcrop was
specifically targeted to be at the same elevation as GE/GE2 to select a phyllosilicate-rich
outcrop for SAM wet chemistry experiments. GE and GE2 contain the highest phyllosilicate
abundances (28–34 wt. %) in the bulk rock (Table 1, Figures 5 and A1) [107]. A d(001) at
~10 Å and d(02l) at ~4.5 Å is observed in all samples from the Knockfarril Hill member,
suggesting a collapsed smectite (Figure 17) [107]. The MA3 and GR patterns also shows a
~9.22 Å peak, similar to the peak observed in AL and KM [12] (Figure 17). The detailed
phyllosilicate mineralogy of MA, MA3, and GR will be the topic of upcoming publications.

Glasgow member (GG, HU): CheMin analyzed 2 samples from the Glasgow member:
“Hutton” (HU) and “Glasgow” (GG) (Figures 5 and 18). The Glasgow member contains
finely laminated, light-toned, highly fractured bedrock [129] and this member, at the time
of writing, is currently being assessed by the MSL team and will be the subject of an
upcoming in-depth discussion in a future publication.
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Figure 17. CheMin XRD patterns of samples from the Knockfarril Hill member. The position of the
d(001) and d(02l) peaks are denoted by dashed black lines. A pronounced 10 Å peak is seen in the all
patterns and peaks at ~9.22 Å and 11.1 Å are observed in the GR pattern, and the GR sample is the
topic of an upcoming special edition publication on GT.

Figure 18. CheMin XRD patterns of the Glasgow member. The basal d-spacing peaks of the 001 of
10 Å and 02l of 4.5 Å are denoted by dashed black lines. A pronounced 10 Å peak is seen in the GG
pattern and these samples are a topic of discussion of an upcoming publication.

5.1.3. Stimson Formation in the Siccar Point Group (Big Sky (BS), Greenhorn (GH),
Lubango (LB), Okoruso (OK), Edinburgh (EB))

The Stimson formation represents the youngest rocks studied by Curiosity, and is part
of the Siccar Point group, which consists of an ancient lithified aeolian dune field [53,117]
and unconformably overlies the Mount Sharp group. This unconformity resulted from
cessation of sediment deposition, and subsequent removal of a significant portion of the
Bradbury and Murray rocks, and represents a major change in the climate and deposi-
tional regime [53]. The transition from lacustrine mudstones to aeolian sandstones in not
well-persevered and therefore there is a time gap between these formations as evident
by the clasts of Murray formation that are reworked at the base of the Stimson [53,130].
Outcrops of the Stimson formation were investigated by Curiosity at the Naukluft and Em-
merson plateaus near the base of the Murray formation after the Pahrump Hills campaign
and again recently on the Greenheugh pediment during the GT campaign. The Stimson
at the Naukluft and Emerson plateaus shows evidence for late diagenesis in the form
of bright-toned, fracture-associated halos. Samples that were measured in the Stimson
formation include two samples that were drilled in alteration halos “Greenhorn” (GH)
and “Lubango” (LB) and two samples that were drilled in the parent sandstone in close
proximity for comparison “Big Sky” (BS) and “Okoruso” (OK) [105]. CheMin did not detect
phyllosilicates in samples from the Naukluft and Emerson plateaus (Table 1, Figures 5, 19
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and A1). Water released at 500 ◦C from SAM EGA of Stimson materials could be associated
with hydroxylated amorphous Al/Si phases or water trapped within amorphous phases,
and not attributed to phyllosilicates [80] (Figure 11).

Figure 19. CheMin XRD patterns from 5◦ to 25◦ 2θ of samples from the Stimson formation. The
basal d-spacing peaks of the d(001) and d(02l) are absent in the Stimson samples, which indicates the
absence of phyllosilicates in these samples.

The sample “Edinburgh” (EB) was drilled in the Greenheugh pediment capping unit,
which is considered an up-slope extension of the Stimson formation and part of the Siccar
Point group [53,130–132]. The CheMin XRD pattern of EB shows an (021) peak at ~4.5 Å
and an especially weak, broad peak at 10 Å, consistent with a poorly crystalline collapsed
smectite (Figure 20). The detailed clay mineralogy of EB, including the SAM EGA data, will
be reported in a future publication. For a more comprehensive sedimentary stratigraphy
review of the Stimson formation, refer to [53].

Figure 20. CheMin XRD pattern from 5◦ to 25◦ 2θ of sample EB. The basal d-spacing peaks of the 001
of 10 Å and 02l of 4.5 Å are denoted by dashed black lines. A weak, broad 10 Å peak is seen in the EB
indicating a poorly crystalline phyllosilicate.

6. Discussion and Interpretations

It is through the unique instrument combination of CheMin XRD, SAM EGA, APXS,
and ChemCam that phyllosilicates can be characterized and distinguished in situ on Mars.
In situ phyllosilicates are identified in CheMin XRD data by observing d(001) and d(02l)
peak locations (Figure 7), which are a measure of the interplanar spacing along the c- and
b-axes, respectively. SAM EGA data further constrain the identification of phyllosilicate
species by measuring the temperature of H2O release from the dehydroxylation of octahe-
dral sheets, which is characteristic of specific phyllosilicates. APXS and ChemCam also
support the detection of phyllosilicates by measuring and assessing chemical trends in
elements common in phyllosilicates, such as K and Li [87], and potentially B [133]. Data
from these instrument suites led to the identification of phyllosilicates in nearly every
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ancient fluvio-lacustrine sample analyzed by CheMin. Furthermore, the data from Curiosity
suggest phyllosilicate diversity exists in Gale crater that was not appreciated from orbital
data alone. Most clays detected by Curiosity are collapsed smectite, but we see some
important changes in phyllosilicate structure and composition within the stratigraphy
that signify changes in source and/or alteration environment [10,11,23,102,107,134]. This
diversity points towards a variety of aqueous environments in the ancient Gale crater,
particularly groundwater–sediment interactions during burial diagenesis, and provides
clues concerning habitability.

6.1. Smectitic Samples in Gale Crater

Almost all of the phyllosilicates detected by CheMin have a d(001) of ~10 Å, which
is consistent with illite or a collapsed (i.e., dehydrated) swelling phyllosilicates such as
smectite [67]. The lack of a correlation between phyllosilicate abundance and K2O content
from APXS, however, suggests the 10 Å phase in CheMin patterns is collapsed smectite,
rather than illite [11], and therefore sediments did not reach the smectite-illite transition.
Orbital spectral data suggest that smectites at the Martian surface are dehydrated, and
these in situ measurement likely confirm this hypothesis [22,67,135] however the relative
humidity inside CheMin is lower than the Martian surface [23] and therefore some un-
certainty remains. The highest smectite abundances are observed in Murray formation
fluvio-lacustrine samples: GE (34 wt. %), KM, AB, MB (28 wt. % each), and GE2 (26 wt. %).
With the exception of MB, these samples with abundant smectite were drilled from GT,
which has a strong signature of Fe/Mg-smectite from orbit, providing a ground-truth to or-
bital observations made by CRISM (Figure 4). It is important to note that CheMin detected
phyllosilicates in locations that did not have a phyllosilicate signature in CRISM spectra,
demonstrating the importance of in situ mineralogical investigations for identifying the
mineral assemblages and from those characterizing aqueous environments on Mars.

Monitoring changes in mineralogy along Curiosity’s traverse is key to understanding
fluctuations in potential habitability and the depositional environment, and their implica-
tions of the aqueous history of Gale crater. Smectites in Gale crater record a transition to a
more oxidative, open system alteration in response the lake drying out periodically, as indi-
cated in a shift from trioctahedral to dioctahedral smectites traversing up-section [11,23].
Trioctahedral smectites tend to form first during the alteration of olivine and are subse-
quently replaced by dioctahedral minerals. During this alteration process, Fe2+ and Mg2+

are leached, Fe2+ is oxidized, and passive enrichment of Si and Al occurs, leading to the
formation of an Al-bearing dioctahedral smectite, though trioctahedral smectite can also be
Fe3+-rich [11,29,30,33].

Although the initial detection of smectite on the Martian surface from orbit led to
the hypothesis that alkaline fluids were prevalent on early Mars (e.g., [136]), smectite can
form at a variety of pH, including acidic and circum-neutral pH conditions [137–142].
Nontronite, montmorillonite, and saponite are typically formed in acidic to circum-neutral
pH conditions [143–147]. Trioctahedral smectite found at the base of the section, along
with the presence of magnetite, may indicate formation from low-salinity pore waters in
circum-neutral pH (7.8–8.6) [10,23,94,148]. The d(02l) peak in CheMin patterns from ancient
fluvio-lacustrine samples shifts to the right (i.e., to smaller d-spacing) going up-section,
indicating that the smectites transitioned from trioctahedral to dioctahedral within the
section (Figure 21). Dioctahedral smectites commonly form from aqueous alteration in open
systems [139,140]. The shift from trioctahedral to dioctahedral going up-section and the
disappearance of abundant magnetite at the base of the section at the expense of hematite
up-section, suggests the ancient lake waters or diagenetic fluids were more oxidative
up-section (Figures 5 and A1). Furthermore, episodic lake drying, as evidenced from the
preserved desiccation cracks [51], and chemical indicators of open-system weathering [89]
may have produced Al-rich, Fe-bearing dioctahedral smectite via near-surface chemical
weathering as a result of fluctuations in lake level and atmospheric infiltration [11,134].
Additionally, the lowest strata in Gale crater, at YKB, which would have experienced the
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highest temperatures due to a lack of overburden evidence of chloritization of trioctahedral
smectites, readily detectable with CheMin [10,23]. This and the absence of evidence for a
pronounced smectite-illite transition in Gale samples is noteworthy, suggesting an absence
of significant burial diagenesis.

Figure 21. XRD patterns from 20–25◦ 2θ of the samples CB, MB, and DU to show the position of the
d(02l) peaks. The XRD patterns of these samples demonstrate a shift from trioctahedral smectite in
CB to mixed trioctahedral-dioctahedral smectite in MB to a fully dioctahedral smectite in DU. These
shifts in the d(02l) peak represent environmental changes that are reflected in the phyllosilicates
present in Gale crater.

6.2. Non-Smectitic Phyllosilicate Samples in Gale Crater

The majority of phyllosilicates in Gale crater are smectites with a collapsed basal
spacing of 10 Å. However, phyllosilicates that deviate from the predominant basal spacing
of 10 Å have been observed. Although we primarily see collapsed smectite, there is
evidence for expanded smectite in YKB. It has been hypothesized the ~13.2 Å basal spacing
for the sample CB is caused by low temperature Mg-rich diagenetic fluids that partially
chloritize the smectite by precipitating domains of Mg-OH in the interlayer sites to keep
the structure propped open (Figure 3) [10,23]. A peak with a basal spacing of ~9.6 Å is
present in the samples OU, HF, and RH, and this may be the basal peak of ferripyrophyllite,
which is a ferric phyllosilicate in the talc-pyrophyllite group that commonly forms in warm,
saline fluids. Alternatively, smectites altered by acidic fluids can collapse below 10 Å to
explain the 9.6 Å peak [11,98,104,116]. Mixed-layer nontronite-talc was also considered as a
possible explanation for the 9.6Å basal peak [122]. However, SAM EGA data do not support
the presence of talc due to the lack of a high-temperature H2O evolution [126]. A sharp
peak at 9.2 Å is present in the samples KM and GR, which is hypothesized to be the basal
peak of a mixed-layer serpentine/talc (S-T). If present, serpentine/talc would likely be
detrital and indicative of hydrothermalism of ultramafic volcanic rocks (serpentinization)
in the sediment source region rather than in situ because the mineral assemblage does not
contain other high-temperature phases [107].

6.3. Phyllosilicates, Formation and Organic Preservation

Martian phyllosilicates are important for understanding the fluid–rock interactions,
aqueous conditions and durations present in Gale crater. Previously, Martian phyllosilicates
were hypothesized to be detrital in nature and sourced from subsurface processes of
Noachian age [34,35]. However, phyllosilicates present in Gale crater demonstrate that
Martian clay minerals formed in situ via near-surface processes altering basaltic sediments
that this occurred long after the Noachian into the Hesperian [10,11,149]. These in-situ
phyllosilicates are significant to Gale crater because they provide important constraints
on the habitability of ancient Martian environments [4,10,11,23,63,67]. Evidence for in-
situ phyllosilicate formation during or close to the time of deposition includes the bulk
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chemistry of the mudstones being similar to the average Martian basalt [10,94], and the
fact that phyllosilicates are monomineralic, unlike detrital phyllosilicates that may contain
various types of phyllosilicate minerals created by weathering profiles or hydrothermally
altered crust [11,23]. Additional evidence is derived from the mass balance calculations
afforded by the quantitative mineralogy of the reactants versus products [11], and the fact
that changes in lake conditions inferred from bulk geochemistry and sedimentology are
reflected in the changes observed in smectite chemistry going up-section [23]. Diagenesis
that occurred thousands of years after deposition has also been proposed as a phyllosilicate
formation mechanism in the YKB formation [149]. However, terrestrial phyllosilicate
production and smectite formation have been reported to occur on a much shorter time
scale (i.e., weeks to years) in marine and mangrove swamp sediments [150,151].

Organic carbon has been discovered in ~3.5-billion-year-old lacustrine mudstone
in Gale crater, as measured by the SAM instrument suite onboard Curiosity [15,16]. Un-
derstanding the potential of phyllosilicates to preserve organics is key to understanding
habitability in Gale crater as organic detections add to the pool of available energy and
carbon sources of the past environment, and organics may offer clues to their formation,
concentration, and subsequent processing within the geologic record, which includes
possible biological activity. The SAM instrument analyzed drilled samples CH and MJ
from the Pahrump Hills member and detected pyrolysis products, including thiophenic,
aromatic, and aliphatic compounds released at temperatures of 500 ◦C to 820 ◦C. Some of
these organic molecules contained sulfur in their structures, suggesting sulfurization from
interaction with acid-sulfate fluids aided organic matter preservation [16]. Eigenbrode
et al., [16] report that the diversity and composition of molecular contributions seen in MJ
and CH samples are consistent with pyrolysis of geologically refractory organic macro-
molecules found in carbonaceous chondrites [152,153], kerogens [154], and coals [155,156].
Phyllosilicate abundance was low in the Pahrump Hills member, suggesting that they may
not have played a role in organic preservation, however it is possible that phyllosilicates
which were originally part of the sediment have been altered by diagenesis [98]. SAM
recently performed a wet-chemistry experiment with the smectite-rich sample MA3 from
GT [157]. Results from this experiment are currently being processed by the SAM team,
but an abundance and/or diversity of organics in conjunction with high smectite content
may signify the ability of smectite to preserve organics on Mars.

The alteration and transformation of rocks could compromise the integrity of organic
preservation on Mars, and therefore those rocks that display low levels of diagenesis
are considered priorities for potentially preserved organics [107]. Alteration post lithi-
fication has been observed in Gale crater, in some cases with rocks recording multiple
alteration episodes, and Ca-sulfate filled fractures and veins are common in host rocks
(e.g., [5,158–161]). Alteration halos have been identified along fractures in mudstone and
sandstone in Gale crater and may represent multiple stages of aqueous alteration [105,162].
Understanding the alteration and overprinting from diagenetic events in Gale crater sediments
is key to determining the habitability potential of phyllosilicate-bearing terrains on Mars.

6.4. Global Perspective and Implications for Sample Return and Future Planetary Missions

In situ measurements of phyllosilicates provide important ground-truthing of or-
bital observations and confirm detections and rough abundance estimates from orbital
spectra [3,163] (Figure 4). Phyllosilicates have been detected in Jezero crater, and measure-
ments made by Curiosity can be compared to those collected by Perseverance at Jezero
crater to evaluate changes in phyllosilicate structure and composition over space and time.
Perseverance, unfortunately, does not have a quantitative mineralogical instrument like
CheMin. However, Raman and chemical measurements on Perseverance can be used to
identify phyllosilicates, but it could be challenging to quantify mineral abundances with
these datasets.

Phyllosilicate detections by CheMin can help inform the curation of future planned
returned samples as part of the Mars Sample Return missions. Hydrated phases, like
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smectite, can be sensitive to changes in temperature and relative humidity (e.g., [164]).
The potential prevalence of collapsed smectites observed by CheMin suggests planned
samples collected by Perseverance from smectite-bearing terrains in Jezero may also have
collapsed smectite. These samples would have to be kept under desiccating conditions after
collection and return to Earth to prevent hydration and cation exchange, which is critical to
sample preservation. Similarly, samples that contain hydrated minerals (e.g., gypsum) will
need to be kept under specific temperature and relative humidity conditions to prevent
dehydration. This may be difficult to achieve within the sample tubes after collection
and caching on the Martian surface. Diurnal and temperature fluctuations may cause the
dehydration of some phases and the adsorption of H2O by others, like smectite. An in-
depth characterization of each sample target is essential before drilling and caching because
the mineral assemblage may change slightly before the sample tubes are opened on Earth.
These planned returned samples would benefit from a comprehensive characterization of
in-depth mineralogy immediately upon return through the use of techniques like micro-
XRD and transmission electron microscopy for structural characterization to evaluate the
mineral assemblage and identify potential mineralogical changes since collection.

CheMin is the only XRD currently on any other planet, and data returned from CheMin
have demonstrated the power of definitive quantitative mineralogy for interpreting the
geologic history and habitability of a site on Mars. More advanced X-ray diffractometers
are being developed for the future exploration of Mars, Venus, and other planetary bod-
ies [165]. These instruments will have an improved angular resolution and angular range
compared to MSL-CheMin and can be paired with XRF such that quantitative mineralogy
and geochemistry can be measured from the same sample. These improvements can aid in
the identification of phyllosilicates by possibly including the d(060) peak to better charac-
terize phyllosilicate structure and to improve the accuracy of mass balance calculations
from which phyllosilicate chemistry can be estimated. Developing a method to perform
glycolation or heat treatments on clay-bearing samples within an X-ray diffractometer
would further improve phyllosilicate identifications on other planets.
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Appendix A

Figure A1. Detailed stratigraphic column of the sedimentary rocks at Gale crater from the MSL
sedimentary and stratigraphy working group. The stratigraphic column reflects the units and
formations investigated by Curiosity from the landing site near Yellowknife Bay through the Murray
formation, Glasgow member.
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