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1.  Introduction
Clay minerals have been used as a key indicator of past habitable environments on Mars, as their formation 
requires prolonged contact with liquid water and their unique sheet-like mineral structure can help preserve 
biosignatures in the sedimentary record (e.g., Summons et al., 2011; Velde, 1995; Wattel-Koekkoek et al., 2003). 
Clay minerals can be emplaced through a variety of processes, including in-place surface weathering, authigenic 
formation in subaqueous environments, detrital transport from other locations, or by ambient or hydrothermal 
groundwater (e.g., Deocampo, 2015; Ehlmann et al., 2011; Ketzer et al., 1999; McKinley et al., 2002). These 

Abstract  Glen Torridon (GT) is a recessive-trough feature on the northwestern slope of “Mt. Sharp” in 
Gale crater, Mars with the highest Fe-/Mg-phyllosilicates abundances detected by the Curiosity rover to date. 
Understanding the origin of these clay minerals and their relationship with diagenetic processes is critical 
for reconstructing the nature and habitability of past surface and subsurface environments in Gale crater. 
We aim to constrain the distribution and extent of diagenesis using compositional and morphological trends 
observed by visible-to-near infrared reflectance spectra in GT from Mastcam and ChemCam, supported by 
high-resolution images from the Mars Hand Lens Imager. Spectral features consistent with nontronite and 
fine-grained red hematite are ubiquitous throughout lower GT, and are strongest where diagenetic features are 
limited, suggesting that both were formed early, before burial. Diagenetic features increase in both abundance 
and diversity farther up-section, and we observe morphologic evidence for multiple episodes of diagenesis, with 
the edge of a diagenetic front partially preserved in the middle stratigraphic member, Knockfarril Hill. Near the 
contact between GT and the overlying Greenheugh pediment capping unit, we observe a lack of clay minerals 
with signatures consistent instead with coarse-grained gray hematite, likely formed through late-diagenetic 
alteration. We hypothesize that the sandstone-dominant Stimson formation acted as a conduit for diagenetic 
fluid flow into the area and that the clay-rich impermeable GT slowed the flow of those fluids, leading to 
enhanced alteration surrounding the clay-rich portions of GT, including within the nearby Vera Rubin ridge.

Plain Language Summary  The clay mineral-rich region of Glen Torridon on Mt. Sharp provides 
information to reconstruct the past habitability of the ancient lake environment in Gale crater. Clay minerals 
have a unique structure that allow for organic matter to be preserved, so regions with high concentrations of 
clay minerals are of interest for planetary exploration. We use data from the Mastcam cameras, Chemistry and 
Camera instrument, and Mars Hand Lens Imager on the Mars Science Laboratory Curiosity rover to search 
for trends in rock composition and visual properties to investigate how they have been altered by surface and 
subsurface water over time. This work has shown that regions with high clay mineral abundances restrict 
groundwater from penetrating deep into rock units, helping preserve remnants of the early environments where 
the clay minerals formed, some remnants are exposed on the modern-day surface. Additionally, we observe 
textural evidence, supported by inferred compositions from spectral data that multiple water-rock interactions 
led to enhanced alteration and destruction of clay-minerals along the edges of the clay-rich regions. This 
suggests that there has been a complex history of water-rock interactions in Gale crater, but that regions with 
high abundances of clay-minerals may still have preserved signs of life.
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alteration processes can occur over a wide range of pH, water availability, and temperature, all of which can be 
constrained by analyzing the mineralogy and chemistry of their host rocks (e.g., Deocampo, 2015).

An overarching goal of the Mars Science Laboratory (MSL) mission is to assess the habitability and biosigna-
ture preservation potential of ancient Mars, as preserved in the rock record of ancient aqueous environments 
(Grotzinger et al., 2012). Gale crater was chosen as the landing site for the Curiosity rover on the MSL mission 
based on widespread detections of smectite clays from orbit (Fraeman et al., 2013, 2016; Milliken et al., 2010). 
The presence of these clay minerals has been confirmed by the Chemistry and Mineralogy (CheMin) X-ray 
diffractometer onboard MSL, at abundances up to 34 wt.% of the crystalline component in all fluvial and lacus-
trine sediment samples acquired to date in Gale crater (Bristow et al., 2015, 2018; Rampe et al., 2017; Rampe, 
Blake, et al., 2020; Rampe, Bristow, et al., 2020; Thorpe et al., 2022). Both the orbital and CheMin data suggest 
that the clay minerals are dominated by smectites, but their formation mechanism is poorly constrained (e.g., 
Fraeman et al., 2016; Milliken et al., 2010; Rampe et al., 2017).

Curiosity arrived at the recessive trough feature on Mt. Sharp known as Glen Torridon (GT; Figure 1) in 2019 
on sol 2300 (Bennett et al., 2022), which exhibits the strongest clay mineral signatures on Mt. Sharp in orbital 
short-wave infrared (SWIR; 1.0–2.6  μm) spectra (Fraeman et  al.,  2016; Milliken et  al.,  2010). However, the 
specific environmental implications of clay minerals are difficult to resolve using orbital data alone. Determining 
the cause of the orbital clay mineral detections in GT, the aqueous history of the unit, and the unit's relationship 
with surrounding stratigraphic units is critical for understanding the history of water and habitability in Gale 
crater.

Water activity was not limited to the time around deposition of the sediments that make up Mt. Sharp. MSL data 
have provided evidence for multiple stages of diagenesis (Bennett et al., 2021; Bristow, Grotzinger, et al., 2021; 
Fraeman et al., 2020; Frydenvang et al., 2017; Horgan et al., 2020; Kronyak et al., 2019; Nachon et al., 2017; 
Stack et al., 2014; Sun et al., 2019; Yen et al., 2017), including extensive diagenetic alteration in large, bleached 
zones on Vera Rubin ridge (VRR), immediately south of GT (David et al., 2020; Horgan et al., 2020; L’Haridon 
et al., 2020). Bleaching, in this context, means the color-change of bedrock to a lighter tone and does not neces-
sarily imply a specific process.

In this study, we investigate the distribution of clay minerals in GT and their relationship with diagenetic features 
and locations with inferred late-stage fluid flow. Comparing the distribution of clay minerals and other alteration 
minerals (e.g., Fe-oxides, sulfates) in GT to the local sedimentology and the distribution of diagenetic features will 
help constrain the timing and physical extent of diagenetic events. We use color images and visible/near-infrared 
(VNIR; 447–1,013  nm) multispectral data from the Mast Camera (Mastcam) imaging system on MSL (Bell 
et al., 2017; Malin et al., 2017), visible (400–840 nm) hyperspectral data from the Chemistry and Camera (Chem-
Cam) spectrometer (Johnson et al., 2015), and color images from the Mars Hand Lens Imager (MAHLI) to eval-
uate the composition and characterize the morphology of the bedrock in GT. We seek to constrain the extent and 
timing of diagenetic alteration to test hypotheses regarding why there are more clay minerals present in recessive 
GT strata relative to the surrounding erosion-resistant regions. These results will contribute to our understanding 
of the aqueous history in Gale crater and has implications for habitability and preservation of biosignatures in 
Mt. Sharp.

2.  Background
2.1.  Mt. Sharp Stratigraphy

Curiosity has traversed through hundreds of meters of fluvial and lacustrine sedimentary strata on the crater 
floor and on Aeolis Mons (informally known as “Mt. Sharp”), which were likely deposited in the early Hesper-
ian (∼3.6 Ga; Fraeman et al., 2016; Milliken et al., 2010). Mt. Sharp resides in the center of Gale crater and is 
composed primarily of sedimentary rock layers with an approximate total thickness of 5 km (Milliken et al., 2010). 
Orbital VNIR and SWIR spectral signatures of lower Mt. Sharp transition from clay minerals and Fe-oxides at 
lower elevations to sulfate minerals at higher elevations (Milliken et al., 2010). This transition is colloquially 
known as the “clay-sulfate transition” and has been proposed to mark a change from a depositional environment 
that favored the formation of clay minerals to one that favored the formation of sulfate minerals during the forma-
tion of Mt. Sharp (Milliken et al., 2010). As of September 2021, Curiosity has explored the clay-dominant regions 
of Mt. Sharp and is currently studying the clay-sulfate transition.
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Figure 1.
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Three stratigraphic groups have been encountered thus far in Curiosity's traverse, the Bradbury group, the Mt. 
Sharp group, and the Siccar Point group (Fraeman et al., 2016; Grotzinger et al., 2015). The Bradbury group 
comprises minimally altered detrital fluvio-lacustrine rocks of a mafic composition on the floor of Gale crater 
(Siebach et al., 2017). The Mt. Sharp group includes the Murray formation (Mf), a >400 m thick package of 
lacustrine mudstones and sandstones (Grotzinger et al., 2015) and the Carolyn Shoemaker formation (CSf), which 
is dominated by fine-to medium-grained fluvio-lacustrine sandstones (Fedo et al., 2020, 2022). Each formation 
is divided into stratigraphic members, differentiated by minor facies changes. Mf members discussed in this 
work  include Sutton Island (SI) which is below VRR, Blunts Point and Pettegrove Point which are both near to 
or part of VRR, and Jura (Jm) which extends across the landforms of both VRR and GT. CSf members include 
Knockfarril Hill (KHm) and Glasgow (Gm) which are both within GT. All members in GT (excluding Gm whose 
grain size has yet to be confirmed at the time of submission) are composed of grains ranging in size from mudstone 
to sandstone (Minitti et al., 2021; Rivera-Hernández, Sumner, Mangold, et al., 2020; Rivera-Hernández, Sumner, 
Minitti, et al., 2020). The bulk mineralogy of the Mf derived from CheMin data includes variable amounts of 
feldspars, phyllosilicates, hematite, jarosite, pyroxene, olivine, X-ray amorphous materials, magnetite, and other 
minor constituents (Rampe et al., 2017; Rampe, Blake, et al., 2020).

The Siccar Point group (SPg) is an aeolian sandstone capping unit that unconformably overlies the Mt. Sharp 
group and includes the Stimson formation (Banham et al., 2018; Fraeman et al., 2016). The Stimson formation 
has been observed at multiple elevations along the rover traverse and is comprised of heterolithic sandstones with 
a dominant mafic composition similar to the Bradbury group (Bedford et al., 2020). At the Greenheugh (GH) 
pediment the Stimson formation overlies the Glasgow member of GT and includes sandstone and mudstone with 
a minimally altered mafic composition (Banham et al., 2020, 2022; Bedford et al., 2021, 2022).

2.2.  Glen Torridon

This paper focuses on the GT region of Mt. Sharp. GT is a local topographic low with trough-like morphology 
that stretches, on its short axis, ∼500 m in the NNW/SSE direction. GT is bounded by two erosion-resistant units, 
VRR to the north and the GH pediment to the south (Figure 1). Three stratigraphic members outcrop within 
GT (Fedo et al., 2020, 2022), in order of increasing elevation: (a) Jura, (b) Knockfarril Hill, and (c) Glasgow 
(Figures 1b and 2). The Jm is a part of the Mf and is characterized by thinly laminated mudstones with minor 
sandstone components (Minitti et al., 2021; Rivera-Hernández, Sumner, Mangold, et al., 2020; Rivera-Hernández, 
Sumner, Minitti, et al., 2020). In this manuscript we focus on the part of the Jm that outcrops in GT, which we 
refer to as the GT Jm. Because the Jm outcrops in both VRR and GT, at times at the same elevation, this implies 
that at least portions of GT and VRR were deposited contemporaneously. However, the mineralogy and distri-
bution of diagenetic features differs greatly between the Jm rocks that outcrop in VRR and those that outcrop 
in GT (e.g., Edgar et al., 2020; Horgan et al., 2020). The KHm is the first stratigraphic member encountered in 
the CSf and is characterized by fractured bedrock with interstratified mudstones and sandstones, often observed 
as a capping unit on buttes near VRR and within the lower stratigraphy of buttes in southeastern GT (Western, 
Central, and Tower buttes; Figure 1b). The Gm is within the CSf and is characterized by light-toned, highly frac-
tured, and finely laminated bedrock (Bennett et al., 2022; Fedo et al., 2020, 2022; Fox et al., 2020).

GT was previously known as the “clay-bearing unit” based on previously mentioned orbital detections 
of Fe/Mg-smectites (Fraeman et  al.,  2016; Milliken et  al.,  2010). Absorption bands centered at 1.9  μm and 
∼2.2–2.3 μm are observed that are consistent with smectite clays (Fraeman et al., 2016). While lower Mf stra-
tigraphy shows variable band positions consistent with Al/Mg/Fe-bearing smectites (Bristow et  al.,  2015), 
the band position in GT is consistently near 2.29  μm, indicating nontronite (Fe 3+-rich smectite; Czarnecki 
et al., 2020, 2022).

Figure 1.  Context of Glen Torridon within Mt. Sharp. (a) Cross-section A-A’ from Sutton Island to the Greenheugh pediment along with equivalent portion of the 
stratigraphic column along Curiosity's traverse (Fedo et al., 2020, 2022), location shown on inset over HiRISE color mosaic (HiRISE images ESP_053732_1750 and 
ESP_061961_1750). Drill hole targets shown in stratigraphic column and in Figure 1b use the following acronyms: Aberlady (AB), Kilmarie (KM), Glen Etive 1 and 
2 (GE 1 and 2), Hutton (HU), Edinburgh (EB), Glasgow (GG), Mary Anning 1 and 3 (MA 1 and 3), and Groken (GR). (b) HiRISE false-color image of Glen Torridon 
(HiRISE images ESP_053732_1750 and ESP_061961_1750). Landforms and stratigraphic members are labeled in white and drill sites are labeled in yellow. Curiosity's 
traverse is denoted by a white line and approximate boundaries between stratigraphic members are denoted by orange, green, and blue lines. Solid lines are confident 
boundaries; dashed lines indicate relative degree of certainty where the more frequent the dashes, the higher the uncertainty. The bold red line denotes a transition zone 
in Knockfarril Hill that may record a diagenetic front (see Section 4).
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These orbital clay detections have been confirmed upon Curiosity's exploration of Mt. Sharp and GT. XRD 
patterns and evolved H2O detected by the Sample Analysis at Mars (SAM) gas chromatograph mass spectrome-
ter indicate that most clay minerals are dehydrated smectite (i.e., lacking interlayer H2O; McAdam et al., 2020; 
Rampe, Bristow, et al., 2020; Sutter et al., 2017). There is a gradual change in smectite composition within the Mf 
strata, from Mg 2+/Fe 2+-bearing trioctahedral smectite at the base of the section to Al 3+/Fe 3+-bearing dioctahedral 
smectite going up-section and into GT (Bristow et al., 2018). Some drill targets in Gale crater show evidence for 
other phyllosilicates in addition to dehydrated smectite. Expanded smectite is present at the base of the section 
(Vaniman et al., 2014), a ferripyrophyllite-like phase was identified near the base of the Mf and in VRR (Achilles 
et al., 2020; Bristow et al., 2018; Rampe, Bristow, et al., 2020), and a mixed-layer serpentine-talc may be present 
in GT (e.g., Bristow, Grotzinger, et al., 2021). CheMin and SAM analyses suggest that the specific clay minerals 
observed in GT are primarily collapsed dioctahedral Fe 3+-bearing smectite (i.e., nontronite), with possible minor 
amounts of mixed-layer serpentine-talc, consistent with orbital nontronite detections. Other minerals detected 
by CheMin in GT include plagioclase, pyroxene, sanidine, anhydrite, bassanite, quartz, cristobalite, hematite, 
magnetite, siderite, and fluorapatite. X-ray amorphous material is also abundant in every drill target (Bristow, 
Grotzinger, et al., 2021; Thorpe et al., 2020, 2022).

GT is the first place on Mt. Sharp where MSL has investigated a clay mineral deposit that was originally observed 
from orbit (Milliken et al., 2010) and has provided an opportunity to constrain clay mineral formation processes 
on Mars. Some clay mineral formation mechanisms that have been proposed globally on Mars include lakes 
(e.g., Bibring et al., 2006; Ehlmann et al., 2008; Hurowitz et al., 2017; Rampe et al., 2017), pedogenesis (e.g., 
Bibring et al., 2006; Bishop et al., 2018; Carter et al., 2015; Noe Dobrea et al., 2010), hydrothermal environments 
(e.g., Arvidson et al., 2014; Ehlmann et al., 2011; Newsom, 1980), subsurface diagenesis (Ehlmann et al., 2011; 
Michalski et al., 2013), and under a dense, steamy atmosphere (Cannon et al., 2017). Within the Mf, the proposed 
origin of the clay minerals has evolved as the mineralogy and context of the clays has changed with elevation 
(Hurowitz et al., 2017; Rampe et al., 2017). It has been inferred that Mg-bearing trioctahedral smectites at the base 
of the section formed in a closed-system shortly after sediment deposition in a lacustrine environment (Bristow 
et al., 2018; Rampe, Bristow, et al., 2020; Treiman et al., 2014; Vaniman et al., 2014). In contrast, Fe/Al-bearing 
dioctahedral smectites may have formed through surface weathering, either in the catchment, during transport, 
or within the lake sediments (Bristow et al., 2018; Rampe, Bristow, et al., 2020). The ferripyrophyllite-like phase 
may have formed during diagenesis at slightly elevated temperatures or may be detrital (Bristow et al., 2018; 
Rampe, Bristow, et  al.,  2020). The possible serpentine-talc is likely detrital and sourced from serpentinized 
ultramafic rocks (Bristow, Grotzinger, et al., 2021).

Figure 2.  Mastcam enhanced color mosaics representing the three stratigraphic members in Glen Torridon (GT). All three members exhibit flat-lying, recessive 
textures relative to Vera Rubin ridge and Greenheugh pediment. (a) GT Jura member comprised primarily of rubbly bedrock with very few defined fractures, L0 (Bayer 
filters) mcam012780 on Sol 2411. (b) Knockfarril Hill member comprised of more coherent bedrock, L0 (Bayer filters) amcam014877 on Sol 2845. (c) Glasgow 
member comprised of coherent bedrock with large fractures observed within the bedrock, R0 (Bayer filters) mcam013827 on Sol 2641.
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This work utilizes the VNIR instrumentation onboard the Curiosity rover to map the distribution of Fe 3+-bearing 
clay minerals and Fe 3+-oxides within the stratigraphic members of GT to constrain the timing of early and late 
diagenetic processes in Mt. Sharp.  We hypothesize that clay mineral formation in GT occurred during early 
diagenesis, which may have included some combination of surface and near-surface aqueous alteration in the 
original lacustrine environment, surface weathering, and pedogenesis. This hypothesis predicts that clay minerals 
would likely be absent near late-stage diagenetic features (e.g., bleached halos; Bennett et al., 2021). In contrast, 
they would be associated with features such as fine-grained laminations, alteration rinds, and/or soil horizons 
that are consistent with early environment processes. To test this hypothesis, we investigate the distribution and 
correlation of clay minerals and diagenetic features in GT.

3.  Methods
MSL has two instruments that are sensitive to reflectance in the VNIR wavelength range: Chemistry and Camera 
(ChemCam), which collects passive reflectance point spectra (400–840  nm; Johnson et  al.,  2015,  2016) and 
Mast Camera (Mastcam), which takes multispectral images (400–1,014 nm; Bell et al., 2017; Malin et al., 2017). 
Fe-bearing rocks, including Fe-bearing smectites, exhibit absorption bands within this wavelength range (Bishop 
et al., 2008). Absorptions centered between ∼600 and 760 nm are due to Fe 2+/3+ charge transfer (Anderson & 
Stucki, 1979; Sherman, 1990), ferric (Fe 3+) minerals commonly exhibit an absorption near 900 nm due to spin 
forbidden transitions in ferric iron (e.g., Hunt, 1977; Morris et al., 1985), and absorptions centered between 900 
and 1,300 nm are due to crystal field effects in ferrous (Fe 2+) iron minerals (Adams, 1968; Cloutis & Gaffey, 1991; 
Horgan et al., 2014). Specific spectral features used in this study that are indicative of Fe 2+/3+-bearing phyllosil-
icates include an absorption band centered at ∼670 nm and an absorption band centered at ≥900 nm (Figure 3b; 
Anderson & Stucki, 1979; Bishop et al., 2008). However, not all Fe/Mg-phyllosilicates exhibit both diagnostic 
absorption bands mentioned previously (e.g., saponite; Figure 3a).

Figure 3c shows examples of other relevant minerals that exhibit subtle differences in the wavelength range of 
Mastcam. Anhydrite exhibits an absorption band centered at ∼650 nm but does not exhibit absorption bands 
beyond 800 nm. Jarosite, akaganeite, lepidochrosite, and goethite can all have absorption bands centered at simi-
lar wavelengths to Fe 2+/3+-bearing phyllosilicates, so differentiating these minerals is reliant on using VNIR 
spectra in tandem with quantitative datasets (e.g., CheMin, SAM). Hematite has a diagnostic absorption centered 
near 860 nm that is distinct from clay minerals (Morris et al., 1989) and a strong red-to-blue-ratio (RBR) that 

Figure 3.  Laboratory reference spectra. (a) Fe-/Mg-clay minerals that lack a ≥ 900 nm absorption band, (b) Fe-/Mg-clay minerals that have a ≥ 900 nm absorption 
band, (c) ferric minerals that exhibit an absorption band centered near ∼670 nm and/or ≥ 900 nm, and (d) ferrous minerals that have a ≥ 900 nm absorption band. Key 
Fe/Mg-clay absorption bands (650–670 nm and 900–950 nm) are indicated by light gray boxes on each plot. Lab spectra are sourced from the Reflectance Experiment 
Laboratory (Pieters, 1983), the USGS Spectral Library Version 7 (Kokaly et al., 2017), and the University of Winnipeg's Centre for Terrestrial and Planetary 
Exploration's spectral database.
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decreases at coarser grain sizes. Magnetite has no notable absorptions in this wavelength range and has a low 
RBR (i.e., flat spectrum).

Atmospheric dust on Mars accumulates on the bedrock and other undisturbed targets. Dust can strongly influ-
ence spectral properties in the VNIR range and causes an increase in overall reflectance and an increase in slope 
between 400 and 700 nm (Kinch et al., 2015). Some bedrock targets have had the majority of dust removed using 
the Dust Removal Tool (DRT), and these targets are critical for assessing the effects of dust on Mastcam spectra.

Drill tailings are a good proxy for CheMin samples from those locations, and we use both tailings and pre-drill 
bedrock spectra in our comparisons to CheMin data. Any differences in spectral features in tailings and surface 
targets are attributed to changes made because of the drilling process that homogenizes and fines the samples 
rather than variability between the sub-surface and the surface.

3.1.  Mastcam

The Mastcam instrument is a multispectral imager mounted on the remote sensing mast of the Curiosity rover 
∼2 m above the surface (Bell et al., 2017; Wellington et al., 2017). Mastcam consists of two 1,600 × 1,200 pixel 
Bayer-patterned CCD cameras at fixed focal lengths of 100 mm for the right camera (M100) and 34 mm for the 
left camera (M34; Bell et al., 2017). These cameras capture multispectral image sets with three wide-band Bayer 
filters, corresponding to red, green, and blue wavelengths, and nine narrow-band filters (Table S1 in Support-
ing Information S1) spread across both cameras in the VNIR range (445–1,013 nm; Bell et  al., 2017; Malin 
et  al.,  2017; Wellington et  al.,  2017). The accuracy of Mastcam spectral data is <±10% based on pre-flight 
radiometric calibration coefficient calculations and the filter-to-filter precision is <±7% (Bell et al., 2017). Raw 
Mastcam data are converted from digital number (DN) values to irradiance (W/m 2), and then to radiance (W/m 2/
nm/sr) using preflight calibration measurements, as described by Bell et al. (2017). A calibration target on the 
deck of the rover is imaged along with each multispectral image set, and spectra from the calibration target are 
used to model the effects of illumination and viewing geometry as well as atmospheric scattering in Mastcam 
images and thus convert radiance images into radiance factor (I/F; Bell et al., 2017; Kinch et al., 2015; Wellington 
et al., 2017).

In this study, we examined 62 Mastcam full-filter multispectral image sets acquired between sols 2302 and 2975 
that were calibrated to radiance and processed to relative reflectance (I/F). This study specifically focuses on 
image sets corresponding to all drill sites and targets in which the DRT was used to clear bedrock targets. Targets 
analyzed in this study are listed in Table S2 in Supporting Information S1. Color diversity was qualitatively eval-
uated using white-balanced approximate true-color images and enhanced-color stretches applied to Bayer filter 
images (“R0/L0”).

Regions of interest (ROIs) were manually defined first within each higher resolution M100 (right) image to 
sample the range of spectral diversity within bedrock, diagenetic features, DRT spots, and drill tailings. ROIs 
of approximately the same areas within the overlapping lower resolution M34 (left) image were then selected. 
For each ROI in the M34 and M100 images, the reflectance values for each pixel in the ROI were averaged for 
each filter and the standard deviation was calculated. The M34 and M100 spectra were then combined by scaling 
the M100 spectra to the M34 spectra at 1,013 nm and averaging overlapping filters. The minimum ROI size is 
primarily limited by the resolution of the M34 image, which has one-third the resolution of M100. The smallest 
ROI here contains at least 7 pixels in the M34 image, but typically ROIs are larger (∼20–200 pixels; Table S3 in 
Supporting Information S1). Small ROIs have been manually double checked with each of the individual filter 
images to confirm that the ROI is consistent between the M100 and M34 images and that there has not been any 
spatial misregistration between filters. ROIs are selected to emphasize areas with consistent spectral shapes, 
so standard deviation error bars in Mastcam spectra primarily reflect variability in overall I/F within the ROI. 
Because of this, ROIs of highly reflective targets often have large error bars in part due to their variable albedo.

Spectral parameters were calculated for all collected spectra, including RBR (red/blue ratio: 676/527  nm) 
and the 805/640 nm ratio. These parameters are based on previous work in Horgan et al. (2020) and Johnson 
et al. (2015, 2016). The wavelength position of the ∼900 nm band is a useful mineral indicator, and we have 
parameterized this as both band minimum and band center (Horgan et  al.,  2014). The ∼900  nm band mini-
mum was calculated as the position of the minimum value after continuum removal between 805 and 937 nm 
(Figure S1 in Supporting Information S1). Band center was calculated as the position of the minimum value of a 
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higher-resolution second order polynomial fit to this continuum-removed spectrum. Although calculating a band 
center in this fashion enables comparison to lab spectra of relevant minerals (especially hematite and clays), it is 
subject to uncertainties on the order of the filter bandpasses (∼0.01 μm). Targets whose fit curve in this wave-
length range did not produce a convex line (attributed to a lack of an absorption in the non-fit spectrum) were not 
included as a band center could not be confidently calculated.

3.2.  ChemCam

The ChemCam instrument collects single-point passive reflectance spectra between 400 and 840 nm to support 
laser-induced breakdown spectroscopy (LIBS; Maurice et al., 2012; Wiens et al., 2012). While not the primary 
function of the ChemCam instrument, the higher spectral resolution of reflectance spectra in this wavelength 
range relative to Mastcam allows detailed analysis of the position and depth of absorption bands and slopes in 
the VNIR range, which can be used to constrain Fe 2+/3+ mineralogy (e.g., Johnson et al., 2015). ChemCam spec-
tra are calibrated by correcting the digital number (DN) for inherent background noise, converting to photons 
(unit of photons/DN; Wiens et al., 2012) then using the angular field-of-view and distance from the target to 
calculate the associated area along with the solid angle subtended by the telescope aperture. Radiance values 
were calculated and converted into standard units (W/m 2/sr/μm; Johnson et  al.,  2015). Absolute calibration 
uncertainty (3-sigma) for the VNIR range of ChemCam spectra is ∼6% (Johnson et al., 2015). Multiple spectra 
were acquired from a single target and averaged to increase signal-to-noise ratio (Johnson et al., 2015). Chem-
Cam targets analyzed in this work correspond to Mastcam multispectral images, with a focus on drill tailings 
targets (Figure S2 in Supporting Information S1). Band depth at 650 nm was calculated using shoulders at 
600 and 700 nm and by averaging reflectance values within 5 nm of the wavelengths of interest to minimize 
channel-to-channel noise.

3.3.  MAHLI

MAHLI is a color camera mounted on the arm of Curiosity that captures images of small-scale features 
(submm-to-cm size) at a resolution ranging from ∼17 to ∼100  μm/pixel depending on the standoff distance 
(Edgett et al., 2012; Robinson et al., 2013). MAHLI images taken over the span of the study sol range were qual-
itatively analyzed to categorize type and relative abundance of diagenetic features observed on bedrock through-
out GT (Table S4 in Supporting Information S1).

4.  Classification of Diagenetic Features in Glen Torridon
This work categorizes morphology, relative abundance, and distribution of diagenetic features in GT; chemical 
analyses of specific diagenetic features are presented in Gasda et  al.  (2021,  2022). Representative images of 
diagenetic feature categories are shown in Figure 4 and the distribution of diagenetic features in the GT members 
is summarized in Table 1. Many of these diagenetic feature types have been previously observed in MAHLI 
images from VRR (Bennett et al., 2021).

Light-toned veins, both cross-cutting and parallel to bedding (Figure 4a) are observed in all GT stratigraphic 
members. Dark-toned veins are primarily observed cross-cutting bedding in KHm and Gm, but not GT Jm 
(Figure 4b).

A variety of dark gray features with different morphologies are present in GT bedrock. Dark gray nodules are 
raised spherical features often observed in clusters on bedrock (Figure 4c), while other dark gray features have 
no consistent shape (Figure 4d). Dark gray crystal fragments have multiple points radiating out from their center 
and are only observed in KHm (Figure 4e). We find two types of dark gray circular features: those that are flush 
with the bedrock surface and show light-toned interiors (Figure 4f) and “casings” that protrude from the surface 
and have hollow interiors (Figure 4g), and both are only observed in the Gm.

Discoloration (Figure 4h) and bleached halos (Figure 4i) are both circular patches of variable color on bedrock, 
but bleached halos are small and strictly light-toned with a dark-toned center, while discoloration is broader, 
encompassing variable color change, including light-toned colors, red and/or gray patches of discoloration. 
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Pitting is observed as small-scale (Figure 4j) and large-scale circular pits (Figure 4k). Star-shaped (Figure 4l) and 
rectangular pits (Figure 4m) are both inferred to be former crystal fragments (Bennett et al., 2021).

The GT Jm and the GH pediment exhibit a low density and diversity of diagenetic features compared to the Gm 
and KHm, which exhibit a wide array of diagenetic features that vary in density and expression with location 
within the members (Table 1). Curiosity first encountered the KHm on sols 2450–2580 and found a relative 
increase in abundance of diagenetic features around sol 2565; the term “transition zone” is used to denote this 
boundary (Figure 1). This increase in diagenetic features beyond the transition zone is primarily in the form of the 
appearance of dark diagenetic features and bedrock discoloration, which are uncommon in lower KHm bedrock. 
Curiosity encountered KHm again from ∼sol 2816–2950 after exploring the Gm and GH pediment, and this area 
also exhibits high abundances of dark diagenetic features.

Bedrock throughout Gm exhibits the greatest number of diagenetic features in GT both in type and overall abun-
dance, and there is also a distinct increase in diagenetic features near the contact of Gm and the GH pediment 
capping unit. Diagenetic features include a variety of dark gray features and discoloration as observed in upper 
KHm, and Gm also exhibits the clearest examples of hollow circular features, casings, and bleached halos.

Figure 4.  Mars Hand Lens Imager (MAHLI) and Mastcam R0 color images of diagenetic features observed throughout Glen Torridon (NASA/JPL/ASU/MSSS). 
Specific features are highlighted by the white arrows. (a) Light-toned veins MAHLI sol 2444 Beauly, (b) dark-toned veins, mcam13550 sol 2581 Kinraddie, (c) dark 
gray nodules, MAHLI sol 2908 Groken, (d) dark gray features, MAHLI sol 2611 Renfrewshire, (e) dark gray crystal fragments, MAHLI sol 2597 Everbay, (f) dark gray 
circular features with no fill, MAHLI sol 2974 Cod Baa, (g) casings, MAHLI sol 2660 Bogmill Pow, (h) discoloration, MAHLI sol 2972 Torness, (i) bleached halos, 
MAHLI sol 2792 Hedgeley Moor, (j) small-scale pitting, MAHLI sol 2367 Aberlady, (k) large-scale pitting, MAHLI sol 2564 Pitmedden, (l) star-shaped pits, MAHLI 
sol 2363 Ardnamurchan, and (m) rectangular pits MAHLI sol 2449 Tolsta.

 21699100, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

007098 by C
ochrane France, W

iley O
nline L

ibrary on [12/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

RUDOLPH ET AL.

10.1029/2021JE007098

10 of 26

Along the contact between the Gm and the GH pediment capping unit, there is a laterally extensive outcrop 
of light-toned bedrock (Figure 5). This outcrop along the rover traverse is colloquially known as the “Hutton 
interval”, and is visible in both Mastcam and orbital images (Figure 1). This Hutton interval is only observed 
in the Gm and not in the GH pediment capping unit and is lighter toned than typical Gm bedrock (Figure 2c). 
The Hutton interval exhibits a somewhat higher abundance of diagenetic features compared to typical Gm and is 
the only region of GT that has casings (Figure 4g). Light-toned bedrock zones of a similar scale were observed 
in the previously traversed VRR (Figure 5b) and was proposed to be due to late diagenetic bleaching (Horgan 
et al., 2020).

Note. Percentage represents how many images in each category have the feature in question. Red line marks the start of “transition zone” in Knockfarril Hill (KHm) (see 
also Figure 1). See Tables S4 and S5 in Supporting Information S1 for a complete list of Mastcam mosaics and Mars Hand Lens Imager images used here.

Table 1 
Diagenetic Features Observed in Different Regions Within Glen Torridon

Figure 5.  Light-toned bedrock zones shown in white boxes as observed by approximate natural color Mastcam mosaics. (a) Near the Hutton interval in Gm, R0 mosaic 
mcam13767 sol 2620, the Hutton interval is blocked in this image by Tower butte and (b) in VRR, R0 mosaic mcam10419 sol 1988.
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5.  VNIR Reflectance Spectral Properties of Glen Torridon
5.1.  Clay Mineral and Red Hematite Signatures

Mastcam spectra within GT show diverse spectral features including various absorption bands and spectral slopes 
(Figure 6). ChemCam spectra observed in drill tailings at drill sites within GT are consistent with the spectral 
classes defined by Mastcam multispectral data (Figure S2 in Supporting Information S1).

Many spectra exhibit a weak and broad absorption band centered >900 nm or a flat spectrum >800 nm with no 
clear absorptions (Figure 6, spectrum 1; Figure 7, spectra 1, 2, 5–7, and 10). Spectra of this type also exhibit 
a strong red slope <640 nm and a reflectance peak at 805 nm. An absorption band centered between 900 and 
950 nm could be consistent with several phases, including nanophase iron oxides and Fe 3+-bearing smectites like 
nontronite. However, ferric smectites are most plausible based on their strong detections in orbital observations 
of GT (Fraeman et al., 2016) and CheMin models of up to 34 wt.% phyllosilicates in GT drill samples (Bristow, 
Grotzinger, et al., 2021; Thorpe et al., 2021, 2022). Similar spectral signatures have been observed in the SI member 
below VRR (Haber et al., 2020) and in isolated cm-scale patches within the VRR Jm (Horgan et al., 2020). The 
>900 nm band was observed in all types of ROIs (dusty bedrock, DRT spots, and drill tailings) and in all three 
stratigraphic members in Mastcam data, but not near the GT-Stimson contact (Figures 7 and 8). The detection of 
this feature is sometimes dependent on the size of the ROI selected. Large ROIs can either flatten the >900 nm 
absorption feature or exhibit a small band depth (∼0.5%–6%), while spectra with the greatest >900 nm band depth 
tend to be from smaller ROIs. This issue is not as prominent with other spectral features in GT.

Spectra often exhibit a weak absorption band centered near 867 nm associated with a strong red slope <640 nm 
(Figure 6, spectrum 2; Figure 7, spectra 3, 4, 8, 9, and 11–16). This band position is consistent with fine-grained red 
crystalline hematite (Morris et al., 1989). This is consistent with CheMin analyses in GT that show minor hema-
tite (<1 to 4 wt.%) in almost all GT drill samples (Bristow, Grotzinger, et al., 2021; Thorpe et al., 2021, 2022). 

Figure 6.  Type examples of Mastcam spectral features, taken from bedrock, Dust Removal Tool (DRT), and drill tailing 
targets. Mastcam R0 images on righthand side show Region of interest locations for spectra shown.
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Figure 7.  Mastcam spectra for all stratigraphic members of Glen Torridon (GT) (left) and corresponding enhanced color R0 images of each Region of interest (right). 
Solid line represents bedrock target, thin dashed line represents Dust Removal Tool (DRT) target, and dash-dot line represents tailings target. DRT spots are typically 
∼7.5 × 4.5 cm. Color bars on a spectrum indicate the position of key spectral features (see Figure 6).
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Similar weak hematite spectral signatures are observed in Mastcam data throughout much of the Mf (Wellington 
et al., 2017). Spectra with an 867 nm absorption are the most widespread and are observed in all GT members 
(Figures 7 and 8) and all types of ROIs. Only five images on the spectral distribution map (Figure 8) do not 
include this absorption, all of which are in KHm. The distribution of this absorption demonstrates that red hema-
tite is persistent throughout GT but is locally patchy.

Trends in spectral variability in VNIR spectral data are clearly highlighted when comparing long wavelength 
band centers observed in Mastcam with elevation (Figure 8c). In the GT Jm, band centers range from ∼875 to 
935 nm and ∼38% of the spectra exhibit band centers >900 nm. In the KHm, band centers range from ∼850 
to 930 nm and ∼37% of the spectra exhibit band centers >900 nm. In the Gm, band centers range from ∼850 
to 895 nm, and none of the spectra exhibit band centers >900 nm. Some spectra were not included due to very 
small band depths that could not be fit accurately. Because of this, potential weak clay mineral detections in the 

Figure 8.  (a) Spectral distribution map. See map legend for spectral feature classification, workspace type (drill or DRT/bedrock), rover traverse, and stratigraphic 
member boundaries. Solid lines for stratigraphic member boundaries are confident boundaries; dashed lines indicate relative degree of certainty where the more 
frequent the dashes, the higher the boundary location. (b) Sol versus 650 nm band depth using ChemCam rock and tailings targets. Dashed line with question marks 
represents approximated boundary between Gm and KHm. Blue line is a 5-degree polynomial fit to the data. Green boxes indicate regions where BD650 > 0. (c) 
Mastcam ∼900 nm band center of all targets used in this study relative to elevation in all Glen Torridon (GT) stratigraphic members. Band centers from 850 to 890 nm 
are consistent with hematite and band centers >900 nm are consistent with Fe-/Mg-smectites. Dashed lines indicate linear fit to data and one standard deviation.
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Gm spectra are not shown in this plot, but they are observed in qualitative analyses at locations away from the 
GH pediment (Figure 8a). These band center trends support our result that smectite signatures are clearest and 
strongest in the GT Jm and KHm, and that hematite is present throughout all units.

All ChemCam spectra from drill tailings show a downturn to longer wavelengths (Figure S2 in Supporting Infor-
mation S1; Johnson et al., 2019, 2020). The downturn into longer wavelengths could be consistent with a longer 
wavelength absorption, but the band center cannot be determined to differentiate between a >900 nm band and 
an 867 nm band (Figure 6).

Five drill tailings ChemCam spectra (Aberlady, AB; Kilmarie, KM; Glen Etive, GE; Mary Anning 1, MA1; 
and Groken, GR) exhibit flattening at ∼650 nm (Figure S2 in Supporting Information S1). An absorption band 
centered ∼650 nm is consistent with Fe-/Mg-smectites (i.e., nontronite) but could also be consistent with other 
Fe-oxides (e.g., goethite or lepidocrocite). This spectral feature is distinct from the ∼700 nm absorption in Mast-
cam (Figure 6, spectrum 3, see Section 5.2) because it is not specifically associated with light-toned veins and 
tailings, but instead with tailings that are visually consistent in color with bedrock. Thus, we hypothesize that 
this spectral feature is due to clay minerals, and this feature is resolved in the ChemCam spectra because of the 
higher spectral resolution relative to Mastcam. Figure 8c shows band depth at 650 nm in all bedrock and tailings 
ChemCam spectra. This occurs in GT Jm, near the contact with KHm, and in KHm near MA and GR drill tailing 
targets, which is consistent with where we see in >900 nm band in Mastcam.

5.2.  Gray Hematite Signatures

Some Mastcam spectra also exhibit a flattening or weak absorption band centered between 676 and 751 nm 
(∼700 nm; Figure 6, spectrum 3; Figure 7, spectra 9, 13, 15, and 16). The specific band center is hard to resolve 
with high confidence, and thus is potentially consistent with Fe 2+/3+-phyllosilicates (including nontronite), 
microplaty hematite, goethite, and lepidocrocite. This spectral feature is observed in KHm and Gm (Figure 8) 
and is commonly associated with the 867 nm absorption (hematite), supporting an iron-oxide interpretation. This 
feature is most frequently observed in light-toned vein and tailings ROIs in Mastcam images. This absorption is 
observed with greater band depths in terrains close to the GT-Stimson contact as Curiosity drove away from the 
GH pediment. Similar spectra were observed in association with diagenetically altered gray Jm rocks on VRR, 
where they were also interpreted as due to iron oxides such as microplaty hematite (Horgan et al., 2020). This 
interpretation was supported by observations of this band in association with the few dark diagenetic features 
large enough to be resolved in Mastcam spectra, some of which showed iron enrichments in ChemCam LIBS 
measurements consistent with hematite (David et al., 2020; Horgan et al., 2020; L’Haridon et al., 2020).

A specific subset of spectra in GT exhibit enhanced reflectance at short wavelengths (low RBR) with varying 
intensity (Figure 6, spectra 4 and 5). Weak signatures of this type are defined by a peak shifted to shorter wave-
lengths, resulting in a low 805/640 nm band ratio and a weak blue slope from 640 to 1,000 nm (Figure 6, spectrum 
4; Figure 7, spectra 13 and 14). These weak signatures are only observed in the DRT and tailings ROIs at the GG 
drill workspace and in the tailings dump pile and surrounding bedrock ROIs at the GG dump pile workspace. 
Strong signatures of this type are defined by a very low RBR (flat spectrum), often associated with absorptions 
at 527 nm, between 676 and 751 nm, and at 867 nm (Figure 6, spectrum 5; Figure 7, spectra 15 and 16). This 
feature is observed only in the Gm at the Buchan Haven DRT target and in the HU drill tailings. The HU drill 
site is located just below the GT-Stimson contact, at the Hutton interval, and Buchan Haven is on the Western 
Butte (Figure 8). Gm ChemCam spectra exhibit both the strong and weak low RBR features described here, 
with a downturn from ∼640 nm observed only in GG tailings (Figure S2 in Supporting Information S1; Johnson 
et al., 2020).

The overall flattening of these spectra is generally consistent with a lack of Fe 3+-bearing minerals, including 
fine-grained red hematite, but could still be consistent with very spectrally flat ferric minerals (e.g., coarse-grained 
gray hematite or magnetite). CheMin analyses of the GG drill site show that it is not lacking in hematite, and 
instead has the highest wt. % of hematite in GT (∼4 wt. %; Thorpe et al., 2021, 2022). CheMin analyses at HU has 
the lowest phyllosilicate abundance in GT at ∼<10 wt. %, as well as ∼6 wt. % magnetite, which is the only GT 
sample that has magnetite above the detection limit for CheMin (Thorpe et al., 2021, 2022). Thus, a combination 
of coarse gray hematite and magnetite could be responsible for the “flat” spectra in Gm. Similar “flat” spectra 
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were found during the VRR campaign in association with the most altered and light-toned areas in the VRR Jm 
(Horgan et al., 2020).

The presence of coarse gray hematite can be tracked using the RBR of bedrock surfaces (i.e., DRTs) and drill tail-
ings (∼2–6 cm depth; Anderson et al., 2012). In general, a higher RBR is consistent with red hematite (fine) and 
a lower RBR is consistent with gray hematite (coarse), and previous results from VRR showed that this trend is 
even stronger for drill tailings. While the grain size of the tailings is apparently not high enough to cause redden-
ing of coarse hematite upon drilling, it does seem to cause reddening of fine-grained red and nanophase hematite 
in bedrock, possibly due to liberation of red hematite from cements (Horgan et al., 2020).

The RBR of drill tailings clearly decreases with increasing elevation in GT from the base of GT toward the GH 
pediment (Figure 9), suggesting a coarsening of hematite toward the pediment in Gm. DRT targets overall show 
reddening on drilling in Jm, little change on drilling in KHm, and bluing on drilling in Gm, also consistent with 
more coarse hematite near the pediment. DRT-cleared surfaces on their own show a more complicated trend with 
elevation. The GT Jm has a lower RBR at lower elevations that trend to a higher RBR with elevation into KHm, 
where the reddest rocks are observed in the GE workspace (RBR of 2.5). Similar RBR values are observed in 
Gm at higher elevations to the east of and away from the GH pediment. At lower elevations in the Gm, the DRT 
targets experience bluing upon approaching the GH pediment (∼−4,100 m), reaching the lowest RBR of all DRT 
targets at Buchan Haven (RBR of 1.2).

The combination of abundant dark gray diagenetic features, the increase in crystalline hematite in CheMin, 
and the decrease in RBR in drill tailings in Gm near the pediment suggests that targets with this “flat” spectral 
character may represent regions dominated by coarse-grained gray hematite. A likely origin for this material 
is recrystallization of fine-grained red hematite into coarse-gray hematite, as hypothesized for VRR (Horgan 
et al., 2020; L’Haridon et al., 2020).

Figure 9.  (Left) Approximate natural color Bayer filter (R0) images of bedrock and drill tailings at drill sites. (Right) Red-to-blue-ratio versus elevation plots for Dust 
Removal Tools (DRTs) (top) and drill tailing targets (bottom). Dark gray dashed line is a trend line with 1 standard deviation light gray dashed lines.
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6.  Discussion
6.1.  Mineralogy of Glen Torridon

The combination of VNIR spectral data and Mastcam images provides an outcrop-scale (meters) compositional 
link between large-scale (tens of meters to kilometers) orbital spectral data and highly localized (centimeters) 
detailed mineralogical data from the CheMin and SAM instruments. Understanding the compositional variability 
and distribution at this outcrop scale provides important constraints on geological interpretations of the relative 
timing of, and regional exposure to, early and late diagenetic events in GT.

This work demonstrates that spectral signatures consistent with Fe 3+-smectites modeled from CheMin data 
(Thorpe et al., 2021, 2022) are observable at the spectral resolution and range in Mastcam multispectral images. 
We observe spectral signatures consistent with some species of clay minerals throughout all stratigraphic members 
within GT. These spectral signatures appear to correlate to CheMin phyllosilicate abundances, as drill tailings 
with a higher and lower wt. % of phyllosilicates coincide with regions where spectral features consistent with clay 
minerals are and are not observed, respectively. Orbital analyses of Jm and KHm show signs of absorption band 
centers at 1.9, 2.24, and 2.8 μm which are also consistent with ferric smectites (e.g., He et al., 2019, 2022). These 
smectite signatures are the strongest observed from orbit in Mt. Sharp (Fox et al., 2021; Fraeman et al., 2016; 
Milliken et al., 2010), which we confirm based on the detection of related smectite signatures in Mastcam spectra.

In situ geochemical data from the Alpha-Particle X-ray Spectrometer (APXS) of GT Jm and KHm supports a high 
abundance of clay minerals in GT as well. APXS data show low K and high Mg abundances that are interpreted 
as related to high phyllosilicate content (O’Connell-Cooper et al., 2021, 2022). In addition, the chemical index 

of  alteration (CIA), which is calculated using the molecular proportions: CIA =
[

Al2O3
Al2O3 +CaO∗ +Na2O+K2O

]

× 100 , 

and generally has a positive correlation with the presence of clay minerals (Dehouck et al., 2021, 2022; Nesbitt 
& Young, 1982), shows values that are higher (∼50–60) throughout most of GT, and then decrease to a minimum 
of ∼40 in Gm near the GH pediment, then returns to higher values consistent with the rest of GT in Gm farther 
away from the GH pediment (Dehouck et al., 2021, 2022).

The Hutton interval corresponds with the region in which fewer phyllosilicates are observed both from point data 
(CheMin) and in situ VNIR data (Mastcam and ChemCam). A decrease in phyllosilicate abundance from ∼20 
to 30 wt. % in most of GT to <10 wt. % at this location is observed (Thorpe et al., 2021, 2022), while a slight 
increase in hematite abundance is observed from ∼<1–2 wt.% in GT Jm and KHm to ∼2–4 wt. % in Gm (Thorpe 
et al., 2021, 2022). In this same region, no clay mineral spectral features are present in VNIR data and instead 
flat spectral signatures are observed that suggest a lack of fine-grained red hematite and the possible presence of 
coarse-grained gray hematite (Figures 6 and 7). As Curiosity traversed away from the pediment scarp, but still 
within Gm, spectral features consistent with clay minerals and fine-grained red hematite observed in earlier strati-
graphic members returned. This suggests that the bulk of Gm, at one point, likely was compositionally similar to 
GT Jm and KHm.

We hypothesize that the Hutton interval represents a zone where clays and fine-grained red hematite were 
destroyed. We further hypothesize that the mechanism of this Fe-bearing mineral destruction is top-down fluid 
flow that occurred in a late diagenetic event in which those destroyed components were mobilized, and then 
some were recrystallized as coarse-grained gray hematite, possibly both locally as well as down-section (e.g., 
Bennett et al., 2021; David et al., 2020; L’Haridon et al., 2020). The “bleached” appearance of the Hutton interval 
is consistent with removal of red/purple-toned smectites and coarsening of hematite from red to gray, and many 
diagenetic features observed in GT and lower in the Mf indicate iron mobility during diagenesis. Dark-toned 
diagenetic features form due to concentrations of iron, which could be due to localized diagenesis, especially 
when associated with small-scale bleached halos that form due to local iron remobilization (David et al., 2020; 
L’Haridon et al., 2020). Alternatively, these features can also form due to larger scale iron mobility as hypothe-
sized for VRR (Bennett et al., 2021) and in SI (Haber et al., 2020). While FeOT wt. % is lower in Gm relative to 
KHm and Jm, there is a lack of geochemical evidence for large-scale iron mobility (Thompson et al., 2021, 2022), 
but that does not rule out localized iron mobility in GT.
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6.2.  Early Clay and Hematite Formation in Glen Torridon

The distribution of spectral features observed in GT shows that both clay minerals and fine-grained hematite are 
present throughout GT, except for near the GT-Stimson contact (Figure 8, blue line). Based on this ubiquitous 
distribution, we hypothesize that the clay minerals and fine-grained red hematite formed in the early environ-
ment. This hypothesis is further supported by the observation that regions in GT where spectral signatures of clay 
minerals are stronger tend to have the lowest abundance and diversity of diagenetic features, most notably the GT 
Jm and the KH prior to the transition zone. This suggests that the clay minerals formed early, prior to burial (see 
Section 6.3 for additional discussion of the timing of diagenetic features).

Clay minerals may have formed in situ in the lacustrine environment, due to pedogenesis/weathering during 
exposure of the sediments or may be detrital and sourced from weathering or alteration in the watershed (e.g., 
Worden & Morad, 1999). Their ubiquitous distribution suggests that they are authigenic rather than detrital, as the 
latter would more likely be correlated with depositional facies rather than across multiple units and formations, 
but a detrital origin cannot be ruled out. The lack of correlation between clay mineral abundance and grain size, 
as observed from similar wt. % of phyllosilicate detection (Thorpe et al., 2021, 2022) and continuity of spectral 
features in GT Jm to KHm, while the latter has a higher percentage of coarser grains (Rivera-Hernández, Sumner, 
Minitti, et al., 2020), further supports an authigenic origin of clay minerals. Finally, chemical data from GT also 
supports clay formation through early weathering and limited later alteration in clay-rich regions. APXS shows 
that lithologies that are the most phyllosilicate-rich appear to be the least geochemically altered, partially based 
on the GT Jm having very low CaSO4 which is associated with alteration and diagenesis (O’Connell-Cooper 
et al., 2021, 2022).

Similar but stronger clay-like spectral signatures are observed in Mastcam data from SI (Figure 1; Haber 
et al., 2020). This is consistent with APXS data that show that GT Jm and SI have the greatest geochemical over-
lap when compared to other lower stratigraphic members in Gale crater (O’Connell-Cooper et al., 2021, 2022). 
These signatures in SI are associated with evidence for sub-aerial exposure in the form of desiccation cracks and 
sulfate enrichment (Rapin et al., 2019), and the smectites observed are hypothesized to be the result of surface 
weathering (Haber et al., 2020; Stein et al., 2018). The lack of this type of physical evidence for surface exposure 
in GT could either suggest that exposure and weathering was more limited than in SI, or that the GT clays formed 
through other authigenic formation mechanisms, such as alteration in the lake environment.

Fine-grained red hematite is also ubiquitous throughout GT but is most apparent outside of the bleached zones, 
suggesting that it also formed early. Fine-grained hematite may have formed due to oxidation within the lake 
itself (Hurowitz et al., 2017), due to early interactions with oxidizing groundwater (Rampe et al., 2017; Rampe, 
Bristow, et al., 2020), or due to oxidation during early exposure/weathering (Worden & Morad, 1999). There 
appears to be a local anti-correlation between hematite and clay minerals, in both multispectral and CheMin data, 
where more clay minerals are observed, less hematite is observed (Thorpe et al., 2021, 2022). Whether this is an 
early environment indicator (e.g., local variability in exposure) or a change related to later diagenesis is not clear.

6.3.  Timing of Diagenesis in Glen Torridon

Diagenetic features can be used to constrain the timing and chemistry of diagenetic fluid activity, although this 
can be challenging as many diagenetic processes can occur at any point during emplacement, burial, or exhuma-
tion of rocks. Diagenetic features in GT that we attribute to early diagenesis include crystal molds and features 
that we attribute to late diagenesis include fracturing and veins. Crystal molds and features likely precipitated 
during early diagenesis based on a lack of disruption or deformation to primary sedimentary features where 
observed (e.g., laminations; Bennett et al., 2021). Fracturing occurs due to the compaction and relief of pressure 
during the lithification process (compaction and exhumation) and thus fracture mineral fills (i.e., veins) are attrib-
uted to fluid flow through these fractures during late diagenesis (e.g., Bennett et al., 2021; Kronyak et al., 2019). 
More ambiguously timed diagenetic features include dark gray diagenetic features, casings, nodules, and overall 
discoloration. Ambiguously timed features have not been constrained to forming at the surface or at depth but are 
indicative of mobility of elements via diagenetic fluid flow (e.g., Bennett et al., 2021; Sun et al., 2019)

GT Jm and KHm both exhibit low overall density and diversity of diagenetic features, and the diagenetic features 
that are present are consistent with early diagenesis (star-shaped and rectangular pits). These early diagenetic 
features also occur on VRR and are concentrated in VRR Jm (Bennett et al., 2021). The lack of pervasive late 
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diagenetic features throughout the GT Jm and lower portion of the KHm suggest that at least the bottom-most 
members of GT did not experience, or were not heavily altered by, later diagenetic events. This implies that 
the current composition of bedrock in those stratigraphic members is most representative of the early surface 
environment and can be used to constrain deposition and alteration processes prior to lithification. In GT this 
includes sedimentation in a lake environment and possible formation of clay minerals through pedogenesis. This 
is consistent with our interpretation above that the clay minerals and hematite found in these members formed 
through early weathering or lacustrine processes. This interpretation is also consistent with the geochemistry of 
GT Jm and KHm that do not show trends or heterogeneity that would be expected for late diagenetic alteration 
(O’Connell-Cooper et al., 2021, 2022).

The upper portion of the KHm is distinct, and we hypothesize that the “transition-zone” within the KHm is 
a diagenetic front. While this transition zone is not clearly defined from the spectral perspective, Mastcam 
and MAHLI images throughout KHm show an increase in abundance and type of diagenetic features after sol 
2563 prior to Curiosity encountering the buttes but near where bedrock appears to be more fractured from orbit 
(Figure 1). Because this transition does not correspond to stratigraphic member boundaries, we attribute it to later 
diagenesis rather than variability in the depositional environment. In KHm after sol 2800, there is still an increase 
abundance and diversity of diagenetic features thus not restricting later diagenesis in KHm to being dependent 
on interactions related to the modern GH pediment. We hypothesize that the diagenetic event that formed the 
“transition-zone” may have been a separate event, prior to the diagenetic event that caused the alteration proposed 
around the Hutton interval.

The Gm exhibits the most pervasive signs of late diagenesis both spectrally and morphologically relative to the 
lower stratigraphic members in GT. The strongest signatures that we attribute to late diagenesis (e.g., flatten-
ing of spectra, lack of absorptions consistent with clay minerals, color-change in bedrock, high abundance and 
diversity of diagenetic features) are all observed close to the contact between Gm and the GH pediment capping 
unit (sols 2581–2801, Table 1). Within Gm but away from the GH pediment (sols 2951–2975), this stratigraphic 
member has diagenetic and spectral features that are comparable to the upper, more altered regions of KHm (sols 
2564–2580, 2901–2950). This is consistent with an increase in degree of alteration toward the pediment, and we 
hypothesize that this could be due to at least one additional diagenetic episode in the region of the GT-Stimson 
contact.

The Stimson near GT (i.e., GH pediment capping unit) does not appear to be highly altered based on the rela-
tively high abundance of primary minerals (>30 wt. % plagioclase, >20 wt. % pyroxene, and >8 wt. % olivine; 
Bedford et al., 2021, 2022; Thorpe et al., 2021, 2022). But signs of alteration in the form of diagenetic features are 
observed at its contact with the Gm (Table 1) and phyllosilicates were detected in the Stimson by CheMin (e.g., 
Thorpe et al., 2021, 2022). This suggests that diagenetic fluids may have flowed through the more permeable 
Stimson formation to interact with the underlying Gm and that at least some of the diagenetic events occurred 
after its deposition in this region, but likely not all.

6.4.  Controls on Diagenesis in and Around Glen Torridon

Understanding the relationship between GT and VRR is critical for reconstructing the diagenetic history of the 
region. CheMin analyses show a high hematite abundance (up to ∼15 wt. %) and a low phyllosilicates abundance 
(up to ∼15 wt. %) on VRR relative to GT (Rampe, Bristow, et al., 2020). In Mastcam data, there is a notable 
lack of >900 nm smectite-like spectral signatures in VRR, with only a few possible detections in the VRR Jm 
(Horgan et al., 2020), likely due to the high abundance of hematite (Rampe, Bristow, et al., 2020). GT and VRR 
share similar spectral signatures consistent with Fe-oxides, including fine-grained red hematite throughout both 
regions and patchy signatures attributed to coarse-grained gray hematite. They also exhibit similar diagenetic 
features, as all the diagenetic features observed throughout GT are also seen in VRR, apart from casings (Bennett 
et al., 2021). Most notably, both regions contain light-toned bedrock with coarse-grained gray hematite that are 
attributed to bleaching through hematite recrystallization, suggesting that both regions experienced extensive late 
diagenesis (Horgan et al., 2020).

While broad similarities exist between GT and VRR, there are very few similarities within the stratigraphic 
member that they share (Jm). This division is likely due to late diagenesis preferentially cementing the VRR Jm 
(Fraeman et al., 2020) as there is very little evidence of late diagenetic alteration in GT Jm. This is supported by 
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geochemical analyses that show that GT Jm and VRR Jm exhibit distinct bulk chemistries (O’Connell-Cooper 
et al., 2021, 2022). We hypothesize that a similar high abundance of clay minerals was present in the early envi-
ronment in the VRR Jm as in GT Jm but that most of these clay minerals were destroyed or altered to phases not 
detectable by Mastcam (e.g., Fe-poor phyllosilicates and/or amorphous materials) during diagenesis (Bristow, 
Grotzinger, et al., 2021; Rampe, Bristow, et al., 2020). This and any later diagenetic fronts did not penetrate 
the portions of Jm currently exposed in GT, and so diagenetic activity may have only altered the Jm where it is 
preserved on VRR.

We hypothesize that the presence of clay minerals, the grain size of sediments, and the porosity of sediments 
affected the flow of later diagenetic fluids in and around GT and thus affected where greater degrees of diagenetic 
alteration occurred. In this model, limited diagenesis in clay mineral-rich rocks of GT and extensive diagenesis 
in the VRR (Horgan et al., 2020) and Gm is due to early clay mineral deposits affecting the flow of diagenetic 
fluids. The impermeable clay minerals in Jm and KHm would have prevented significant through-going fluid 
flow and would have instead focused diagenetic fluids and alteration to the margins of these clay mineral-rich 
units. When diagenetic fluids encountered the clay region, the fluids would have moved slowly and/or become 
trapped, leading to enhanced alteration on the edges of this region (i.e., enhanced alteration in VRR Jm and Gm; 
Figure 10). The patchiness of diagenetically altered gray zones in VRR Jm is consistent with heterogeneous 
diagenesis observed in impermeable clay-rich mudstones on Earth due to restricted fluid flow in these types of 
rocks (e.g., Gutzmer & Beukes, 1998; Tardy, 1992; Worden & Morad, 1999).

Additionally, the high porosity and permeability of the sandstones in the GH pediment capping unit could have 
caused it to act as a conduit for fluid flow. Any fluid that flowed to the base of the sandstone unit would have 
encountered the relatively impermeable underlying mudstones, which would have acted as a barrier to fluid flow, 
leading to significant alteration in Gm at the GT-Stimson contact. The Stimson may have at one point extended 
farther downslope and overlain the VRR (Fraeman et al., 2016), leading to the similarities that we see in Gm and 
VRR. At greater depths from this contact, geologic units are less altered and preserve more textures and minerals 
related to deposition and early diagenesis.

6.5.  Proposed Geologic Timeline in Glen Torridon

Deciphering the history of diagenetic events is challenging on Mars, but the available evidence described above 
suggests the following proposed sequence of events (Figure 10). This proposed and simplified model encom-
passes the regions from SI through to the GH pediment capping unit. For this model, we assume a perennial 
lake environment. This model is informed by previously proposed models (e.g., Fraeman et al., 2020; Hurowitz 
et al., 2017; Rampe et al., 2017; Thorpe et al., 2021, 2022), with additions focusing on the distribution of diage-
netic features and alteration products observed in this work. The order outlined here does not represent a purely 

Figure 10.  Conceptual cross-section model to explain different potential late diagenetic events that occurred in Glen Torridon (GT) and surrounding areas. (a) 
Corresponds with model step 4 that formed the diagenetic front in Knockfarril Hill (KHm), (b) corresponds with model steps six and seven in which the Siccar Point 
group sandstones are deposited and lithified and later diagenesis that led to the coarsening of hematite and destruction of clay minerals, and (c) corresponds with the 
present-day surface, with exposed bleached bedrock in Vera Rubin ridge (VRR) and upper GT.
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linear timeline, as multiple processes can occur at the same time and a single process described can occur multi-
ple times.

1.	 �Deposition of Murray and Carolyn Shoemaker formations' sediments. The original Mf and CSf sediments were 
deposited in a fluviolacustrine environment as flat lying mudstones and sandstones (Fedo et al., 2020, 2022).

2.	 �Early diagenesis (formation of clays and Fe-oxides). Where sediments are subaerially exposed or in stagnant 
shallow water, surface weathering could have formed dioctahedral clays. This process often occurs in terres-
trial lake environments (e.g., Bristow, Derkowski, et al., 2021). Additionally, where sediments are submerged 
in shallow moving or evaporating waters, oxidation occurs to form fine-grained red hematite (e.g., Fraeman 
et al., 2020; Hurowitz et al., 2017; Rampe et al., 2017). Diagenetic features that might have formed in this 
period are crystal molds and features.

3.	 �Burial and lithification of Glen Torridon sediments. Steps 1 and 2 continue over time during the construction 
of Mt. Sharp, burying and lithifying the sediments into the sedimentary layers. The sulfate unit was also 
deposited, but whether it was deposited prior to or after lithification of the lower stratigraphic units is unclear. 
Further study is required to constrain the effects of this unit, but it likely influenced any later diagenesis (e.g., 
Bristow, Grotzinger, et al., 2021).

4.	 �Late diagenesis of Glen Torridon at depth. There is evidence for at least two separate late diagenetic episodes, 
one described here and the other in step 7 (Figure 10). The water source for these diagenetic fluids is pres-
ently unknown, but could be from groundwater, meteoric water, or some combination of these, and may have 
changed with each diagenetic episode. The timing of late diagenesis is not well constrained, but the presence 
of filled fractures suggests that at least some diagenesis post-dated burial and lithification. In this episode, 
diagenetic fluids flowed into Gm and KHm but were prevented from penetrating beyond the transition zone in 
KHm by the impermeability of the clay-bearing KHm and Jm. Diagenetic features observed in KHm that may 
be due to this event include dark-toned veins, dark gray features, bedrock discoloration, and large-scale pitting.

5.	 �Erosion and exhumation of Murray and Carolyn Shoemaker formations. Aeolian abrasion eroded the surface 
to form the topography that resembles modern day Mt. Sharp (Malin & Edgett, 2000). Surface weathering 
may have occurred at this time, but there is no clear evidence of this type of diagenesis preserved. Fractures 
formed during erosion or exhumation of lithified sediments (e.g., Kronyak et al., 2019).

6.	 �Deposition and lithification of Siccar Point group. During a drier period in Gale crater, the aeolian basaltic 
sediments of the SPg were deposited, overlying the lithified Mf (Fraeman et al., 2016). This contact is uncon-
formable. These sediments must also have been buried and lithified to form the sandstone we see today.

7.	 �Late diagenesis in relation to the Greenheugh Pediment capping unit. This diagenetic event likely occurred 
after step 4 and our preferred hypothesis is that it also occurred after the deposition and lithification of 
SPg, but prior to the erosion to the modern surface. In this scenario we hypothesize that the GH pediment 
capping unit extended down to the VRR. Diagenetic fluids were focused down the sandstone SPg unit and 
upon encountering the impermeable clay-rich units of Jm, KHm, and Gm were trapped as an aquitard at their 
uppermost boundaries (Gm in GT and Jm in VRR). Stratigraphic members with a contact with the SPg expe-
rienced greater alteration. However, we cannot rule out that this diagenetic event could have occurred prior 
to the deposition of SPg, when the unconformity at the base of the pediment was exposed as a paleosurface. 
Overall, diagenetic features increase in both diversity and abundance in Gm, which supports this additional 
diagenetic event. Features unique to Gm that suggest multiple exposures to diagenetic fluids include hollow 
circular features and casings that require dissolution of previously formed diagenetic features (Figure 4g).

8.	 �Erosion and exhumation to the modern surface. Erosion removes the majority of the SPg and exposes the 
underlying Mf and CSf. Diagenetically cemented VRR resists erosion and forms a ridge while less cemented 
GT erodes to form a valley.

6.6.  Implications

Our results demonstrate that the sediments in Glen Torridon on Mt. Sharp in Gale crater experienced a complex 
and extended aqueous history that included surface water and subsurface water. While the specific timing of the 
deposition and alteration of sediments in GT are not known, the Mf as a whole was likely deposited prior to ∼3.3 
to 3.2 Ga based on crater retention ages of overlying units (Grant et al., 2014), and jarosite at lower elevations 
in the Mf has been dated with K-Ar dating to be as young as 2.12 ± 0.36 Gyr, suggesting very late diagenesis 
(Martin et al., 2017). This suggests that diagenesis in Gale, and possibly on Mars, extended into the Amazonian 
era, over a billion years after lacustrine deposition in the original environment.
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The relationships we report here between clay minerals and diagenesis provide compelling information regarding 
the preservation of biosignatures on Mars. It is known that clay minerals are abundant on the surface of Mars 
(e.g., Ehlmann et al., 2011) and have a unique structure that allows for the preservation of biosignatures (e.g., 
Summons et al., 2011; Velde, 1995; Wattel-Koekkoek et al., 2003). We now know that large clay mineral deposits 
in sedimentary basins on Mars can preserve some semblance of the primary environment in which they formed 
and that they can significantly decrease the flow of diagenetic fluids, further increasing the chance of preserving 
biosignatures. In addition, many areas that have experienced extensive late diagenetic alteration show patchy 
variations in albedo that cross stratigraphy and can be identified from orbit. Now that we know what early and 
late diagenesis looks like from the ground and orbit, this can be applied to other places on Mars to search for other 
well-preserved potentially habitable ancient environments.

Additionally, the identification of spectral features using multispectral data in this work can be used to help select 
future drill sites for MSL and similar techniques could be used to inform sample selection sites on Mars 2020 
with the Mastcam-Z instrument (Bell et al., 2021). Sites where a > 900 nm absorption is observed may have a 
high abundance of Fe-bearing clay minerals, which have a high biosignature preservation potential that warrants 
further investigation at that region. Whereas sites with low RBR and negative slopes into long wavelengths may 
be regions that have experienced enhanced diagenetic alteration and thus any biosignatures are more likely to 
have been destroyed.

7.  Conclusion
In this study, we have combined landscape-scale mineralogy from spectral observations with small-scale morphol-
ogy from high resolution imaging to better understand the history of early alteration and late diagenetic processes 
in GT. The bedrock in this area shows clear physical and spectral evidence for both early and late diagenesis, 
although the exact number and timing of diagenetic events is challenging to precisely determine. Evidence of 
early diagenesis is in the form of crystal molds (i.e., star-shaped and rectangular pits) as well as the widespread 
clay minerals and fine-grained red hematite that likely formed during early surface weathering or in the early 
lake environment. Evidence of late diagenesis is observed near the GT-Stimson contact, in the form of bedrock 
bleaching, pervasive diagenetic features indicating multiple episodes of diagenesis, and the likely cannibalization 
of clay minerals, hence the decrease in their detections both through VNIR spectra and CheMin quantitative 
mineralogy (Thorpe et al., 2021, 2022).

Clay minerals in GT likely formed in the early surface environment in Gale crater. Spectral observations show 
that clay minerals are uniformly distributed throughout GT Jm and KHm, and that they occur along with small 
amounts of red, fine-grained hematite with locally variable abundance, crystallinity, and/or grain size. The ubiq-
uity of clay minerals and fine-grained red hematite in Jm and KHm, along with the low density and diversity of 
diagenetic features in those units, suggests that they formed prior to lithification. The clay minerals may have 
formed either through alteration in a lacustrine environment or laterally extensive surface weathering, whether 
the altered sediments were detrital or authigenic. Similar patchy clay and hematite spectral signatures in SI below 
VRR have been attributed to similar weathering and diagenetic processes (Haber et al., 2020). In contrast, the lack 
of clay spectral signatures on VRR may be due to destruction of clay minerals by late diagenetic alteration (e.g., 
Bristow, Grotzinger, et al., 2021; Horgan et al., 2020; Rampe, Bristow, et al., 2020).

Our results show that diagenetic histories can vary significantly even within small areas on Mars due to vari-
ations in the mineralogy and grain size of the bedrock, and that this has significant implications for the search 
for life on Mars. Areas with strong Mastcam and CRISM (Compact Reconnaissance Imaging Spectrometer for 
Mars; Murchie et al., 2007) clay mineral spectral signatures in GT exhibit few diagenetic features, suggesting 
that regions where clay minerals are present represent less diagenetically altered bedrock. In addition to the 
unique structure of clay minerals that allow for the preservation of biosignatures at small scales (e.g., Summons 
et al., 2011; Velde, 1995; Wattel-Koekkoek et al., 2003), they also appear to restrict the flow of diagenetic fluids 
that may have otherwise destroyed any biosignatures. This suggests that in Gale crater, the clay mineral-rich 
region of GT best preserves both the early environment when water was present on the surface and is the most 
likely place to have preserved any signs of ancient life from that surface environment. Organic analyses from 
the SAM instrument suite support this claim, as the highest diversity and abundance of organic molecules ever 
detected on Mars is observed in GT (Millan et al., 2021). Clay minerals are common in ancient terrains on Mars, 
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and our results suggest that clay-rich bedrock could act as an aquitard and prevent diagenesis, further supporting 
the interest in the searching for biosignatures in clay-rich terrains on Mars.

Data Availability Statement
All Mastcam and Mars Hand Lens Imager images used in this manuscript are on the Planetary Data System 
(PDS) Geosciences Node (Edgett,  2013; Malin,  2013), as well as the HiRISE data used in this manuscript 
(McEwen, 2007). All ChemCam spectra used in this manuscript are available through the PDS Geosciences 
node (Johnson & Ward, 2022). Derived Mastcam and ChemCam data used in this paper are available (Rudolph 
& Johnson, 2022).
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