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Abstract Previous investigations along Curiosity's traverse in Gale crater have explored the relationship
between orbital and in situ observations. This work aims to better understand the geologic environment of units
only observable from orbit and compare them to the properties of units examined by Curiosity. Here, we map an
erosion‐resistant dark‐toned mantling unit that overlies the modern topography of Aeolis Mons (informally
known as Mt. Sharp) and compare this unit to two other previously mapped dark‐toned resistant units, the
marker band and the mound skirting unit (MSU), that have been inferred to represent different geologic
environments (lacustrine and aeolian, respectively). Visible to short wave infrared spectra from the Compact
Reconnaissance Imaging Spectrometer for Mars and visual images from the High Resolution Imaging Science
Experiment and Context Cameras aboard the Mars Reconnaissance Orbiter are used for this comparison.
Spectral data suggest a mafic composition with minor alteration, although the composition varies more with
location around Mt. Sharp rather than between units. Morphologically, the mantling unit has strong similarities
to the marker band based on their consistent low‐albedo, erosion‐resistance, and smooth appearance, contrasting
with the highly variable surface texture of the MSU. We hypothesize that all three units had a similar sediment
source but experienced aqueous alteration at different times: early ubiquitous cementation in a surface aqueous
environment in the mantling unit and marker band versus patchy late diagenesis in theMSU. If true, these results
suggest that water activity continued within the Gale crater long after the erosion of Mt. Sharp.

Plain Language Summary Mars Curiosity rover observations of the physical and chemical
properties of rocks are used to characterize past geologic environments in Gale crater. Here, we aim to constrain
the properties of geologic units inferred to have formed from past lake and sand dune environments using
satellite data sets to see if these same environments can be identified elsewhere on Mars. A newly mapped
mantling unit is compared, which overlies (or mantles) rocks in Gale crater, representing deposition later in
time. We use compositional data from the Compact Reconnaissance Imaging Spectrometer for Mars and images
from the High Resolution Imaging Science Experiment and Context Cameras all aboard the Mars
Reconnaissance Orbiter to identify the properties of units in this study. We find that although the mantling unit
has a similar composition to both the inferred lake (marker band unit) and sand dune (mound skirting unit)
environments, its physical appearance is more similar to the marker band lake environment. This suggests that
the mantling unit may represent a water environment and has important implications for understanding the
timing of when water was present on Mars.

1. Introduction
Important constraints on the climate history of ancient Mars can be obtained from the rocks that are observed at
the surface. Understanding the climate at the time of deposition and subsequent alteration of sedimentary rock
outcrops is one of the main goals of the Mars Science Laboratory (MSL) Curiosity rover mission that landed on
the northwestern floor of the ∼154‐km diameter Gale crater (Grotzinger et al., 2012). The fluvial, lacustrine, and
aeolian deposits at the base of the ∼5 km high Aeolis Mons (informally known as “Mt. Sharp”) in Gale crater are
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layered, recessive, variable in albedo, and exhibit signatures in orbital reflectance spectra that are dominated by
secondary minerals, including hematite, clay minerals, and sulfates (e.g., Fraeman et al., 2016; Sheppard
et al., 2021). However, Mt. Sharp also includes geologic units that do not show clear signs of aqueous alteration
from orbit and are instead spectrally dominated by mafic minerals. These include: active dune fields (e.g., Lapôtre
et al., 2017), the mound skirting unit (MSU; e.g., Sheppard et al., 2021) and a late aeolian sandstone that drapes
lower Mt. Sharp (R. Anderson & Bell, 2010; Banham et al., 2018); the marker band, a distinct dark‐toned and
smooth bench‐forming layer within the Mt. Sharp stratigraphy (Milliken et al., 2010; Sheppard et al., 2021; Weitz
et al., 2022); and the mantling unit that drapes upper Mt. Sharp—newly mapped in this study. In this study, we
compare the MSU, the marker band, and the mantling units to better understand their origin interpreted from orbit
and the implications of these units for the geologic history of Gale crater.

The MSU is a widespread low‐lying erosion‐resistant unit first mapped by R. Anderson and Bell (2010) and
visited by Curiosity in several locations throughout the MSL mission. The area of the MSU visited by Curiosity,
known as the Stimson formation within the Siccar Point group, is interpreted to have formed through aeolian
processes and is a diagenetically altered sandstone that records aeolian dune migration (e.g., Banham et al., 2018,
2021, 2022; Bedford et al., 2020, 2022; Frydenvang et al., 2017; Yen et al., 2017).

The marker band, previously named the “marker bed” or “marker horizon” is a laterally extensive dark toned,
smooth textured, and bench‐forming unit that is morphologically distinct relative to its surroundings but appears
confined within the Mt. Sharp stratigraphy (Milliken et al., 2010; Weitz et al., 2022). The leading hypotheses for
the origin of this layer prior to the in situ investigation were formation as an indurated sulfate or through processes
that did not require water (i.e., impacts, volcanism, or aeolian processes), which have distinct climatic impli-
cations that suggest a dry period in Gale crater (Fraeman et al., 2016; Milliken et al., 2010; Weitz et al., 2022).
Because the marker band occupies an important stratigraphic location just above the boundary of the clay‐mineral
dominated strata of lower Mt. Sharp and the sulfate‐dominated strata of upper Mt. Sharp (Milliken et al., 2010), a
better understanding of the origin of the marker band is important for reconstructing the geologic and climatic
history of Gale crater.

We use a combination of grayscale images from the High Resolution Imaging Science Experiment (HiRISE;
McEwen et al., 2007) and the Context Camera (CTX; Malin et al., 2007) and visible, near‐infrared, and short‐
wave infrared (VNIR/SWIR; 0.7–2.65 μm) hyperspectral cubes from the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM; S. Murchie et al., 2007) to evaluate the morphology, distribution, and
composition of exposures of interest of the mantling unit and compare these properties to what is observed in the
marker band and the MSU. The results will contribute to the present understanding of the timing and hetero-
geneity of different geologic processes that occurred in the Gale crater. This study will also help us better un-
derstand how geologic interpretations from in situ exploration can be applied more broadly to Mt. Sharp. For
example, if rover data demonstrate that the marker band and the MSU represent distinct environments, to what
extent can differences in their orbital properties be used to distinguish similar environments? This will help to
provide context for future orbital studies both in the Gale crater and potentially elsewhere on Mars.

2. Background
2.1. Mt. Sharp Stratigraphy From Orbit

Mt. Sharp is located within the Gale crater and is composed of a ∼5 km thick stratigraphic record that spans
multiple geologic eras (Thomson et al., 2011). From the orbit, the lower strata of Mt. Sharp appear composi-
tionally dominated by crystalline Fe‐oxides and clay minerals, indicative of a wet environment, that transitions at
higher elevations to strata dominated by sulfate minerals, indicative of a drier environment (e.g., Fraeman
et al., 2016; Milliken et al., 2010). The marker band is observed within the stratigraphy of Mt. Sharp near the clay‐
sulfate transition boundary (Figure 1a; Milliken et al., 2010). Based on orbital data, the dominant hypotheses for
the type of deposit that the marker band represents include deposits of indurated sulfate, aeolian sediments,
volcanic ash, and/or lag deposits (e.g., Weitz et al., 2022).

The previously mapped MSU drapes lower Mt. Sharp at elevations ranging from − 4,070 to − 1,140 m and is
described as a pitted mesa‐forming unit with parallel ridges at some locations (R. Anderson & Bell, 2010). In
some regions, the surface of the MSU is described as a washboard unit, which refers to the visual surface texture
that results from the preservation of interdune materials by the erosion of dune crests (Milliken et al., 2014). The
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MSU has also been described as a “higher thermal inertia” (TI) unit with thermal inertia values ranging from∼450
to 550 J m− 2 K− 1 s− 1/2, whereas most of the lower stratigraphy of Mt. Sharp ranges from 300 to
400 J m− 2 K− 1 s− 1/2 (Fraeman et al., 2016). CRISM albedo of the higher TI unit ranges from 0.20 ± 0.01,
comparable to surrounding units that range from 0.19 ± 0.02 to 0.25 ± 0.05 (Fraeman et al., 2016), and a CTX
albedo of 0.16–0.21 (R. Anderson & Bell, 2010). From orbit, this unit was hypothesized to be either fluvial or
aeolian in origin (R. Anderson & Bell, 2010).

The mantling unit has not been specifically mapped to the same extent as described in this study but does partly
overlap with previous mapping of mantling units. Other similar units mapped from orbit in Gale include the “thin
mantle unit” that is described to have a “feathery” erosional expression, but examples shown in R. Anderson and
Bell (2010) do not all have a smooth appearance that is consistent with the mantling unit discussed here. The “thin
mantle unit” is observed at elevations ranging from − 4,070 to − 1,140 m and has a CTX albedo of 0.20–0.23.
Another unit, the “dark‐toned layered yardangs,” is observed at elevations ranging from − 4,460 to − 1,800 with a
CTX albedo of 0.18–0.22 and is described as having thin layers of varying properties that form large yardangs (R.
Anderson & Bell, 2010). While the yardangs are not a mantling unit, a large portion of the newly mapped
mantling unit overlaps the “dark‐toned layered yardangs.”

2.2. Mt. Sharp Stratigraphy From In Situ Exploration

Curiosity's in situ exploration of lower Mt. Sharp has shown that the dominant depositional environment is a
combination of fluvial, lacustrine, and aeolian (e.g., Grotzinger et al., 2014; Rapin et al., 2021). However, the
duration, frequency of recurrence, and spatial extents of these environments remain unclear (e.g., Grotzinger
et al., 2014; Palucis et al., 2016; Stack et al., 2014). The stratigraphy of lower Mt. Sharp explored by Curiosity is
divided into three groups: the Bradbury, Mt. Sharp, and Siccar Point groups (Fraeman et al., 2016; Grotzinger
et al., 2015; Siebach et al., 2017), the latter two of which are relevant to this study.

Figure 1. Images of the marker band from orbital (a) and rover (b, c) perspectives. (a) Orbital view of the marker band from
High Resolution Imaging Science Experiment image ESP_02869_1755_RED. Curiosity's traverse is denoted by the white
line and approximate marker band location is outlined by the yellow dashed lines. (b) Mastcam natural color mosaic of the
marker band shown eroding onto the sediment covered slope, Sol 3689 mcam 34mm seqid mcam03304. (c) Mastcam natural
color mosaic of the Stimson formation (east side of Naukluft plateau) overlying the Murray formation, with the approximate
boundary location denoted by the red dashed line, Sol 1275 mcam 34 mm seqid mcam05976.
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TheMt. Sharp group represents the majority of lowerMt. Sharp and is composed of altered fluvial, lacustrine, and
aeolian sediments. At elevations below − 3,850 m, it has been divided in relative stratigraphic order from lower to
higher elevations into the Murray, Carolyn Shoemaker, and Mirador formations (Fedo et al., 2022; Grotzinger
et al., 2015; Gupta et al., 2022; Rapin et al., 2021). TheMurray formation is a>400 m thick package of mudstones
and sandstones (Figure 1c) and has been interpreted by the MSL team to represent a more perennial, low energy,
lacustrine environment (e.g., Edgar et al., 2020; Fedo et al., 2022; Grotzinger et al., 2015). The Carolyn Shoe-
maker formation is dominated by fine‐ to medium‐grained sandstones and is interpreted to record interactions
between fluvial and lacustrine environments (Fedo et al., 2022). The Mirador formation is composed of large‐
scale cross‐stratified sandstones interpreted to be large, migrating aeolian dunes intercalated with evidence for
transient ponds as indicated by ripple structures in interstratified lenses within the sandstone facies (Gupta
et al., 2022; Roberts et al., 2023).

The Siccar Point group is the rover‐explored component of the orbitally defined and regionally extensive MSU.
The unconformity delineating the Mt. Sharp group and the Siccar Point group stratigraphy is defined as the basal
Siccar Point group unconformity and has been mapped along the traverse by Watkins et al. (2022). Mapped along
the rover traverse, the unconformity cross‐cuts approximately 450 m of Mt. Sharp group stratigraphy (Banham
et al., 2022; Watkins et al., 2022). The basal unit within the Siccar Point group—the Stimson formation—is an
aeolian sandstone unit that unconformably overlies the Mt. Sharp group, deposited after the exhumation of Mt.
Sharp and represents a predominantly dry period in Gale crater and forms a resistant cap, expressed as plateaus
(Emerson and Naukluft), isolated buttes (Murray Buttes, Lobster mountain, Ireson Hill) and pediment‐capping
units (Greenheugh) at several locations along Curiosity's traverse (e.g., Banham et al., 2018, 2021, 2022; Bed-
ford et al., 2020, 2022; Fraeman et al., 2016; Watkins et al., 2022). The Stimson formation, currently the only
rover‐observed formation in the Siccar Point group, is dominated by mafic sandstones (Figure 1c; Bedford
et al., 2020, 2022). Although the stratigraphy records primarily deposition within an arid aeolian environment,
exposures show evidence for some post‐deposition aqueous activity. Ca‐sulfate veins and cement, fracture
associated halos, and concretions are observed in the Emerson and Naukluft plateaus (Bedford et al., 2020;
Frydenvang et al., 2017; Kronyak et al., 2019; Sun et al., 2019; Yen et al., 2017) and light‐ and dark‐toned
alteration veins are present in the Greenheugh pediment (Gasda et al., 2022; Rudolph et al., 2022), all of
which are part of the Stimson formation. Aqueous fluid leaching of elements, likely through subsurface fluids, is
observed in altered portions of the Stimson formation (Yen et al., 2017). Finally, sedimentary structures
consistent with soft sediment deformation are observed in the Greenheugh pediment and are largely restricted to
the eastern margin (Banham et al., 2023; Dietrich et al., 2022).

2.3. The Marker Band

Previous marker band orbital analyses describe the following morphologic features: low albedo, erosion resistant,
and smooth, all relative to surrounding units (Figure 1a; Fraeman et al., 2016; Milliken et al., 2010; Sheppard
et al., 2021; Weitz et al., 2022). VNIR/SWIR CRISM analyses show that the dominant orbital composition of the
marker band has spectral features consistent with mafic minerals, primarily high‐Ca pyroxene (Weitz et al., 2022)
with some regions, predominantly in eastern Mt. Sharp, where the layer is spectrally neutral (i.e., lacking
diagnostic spectral features; Sheppard et al., 2021; Weitz et al., 2022). Previous orbital studies interpret the
marker band as a single layer that was at one point continuous across Mt. Sharp prior to eroding to its current
exposures or alternatively formed through local events at multiple locations across Mt. Sharp (Weitz et al., 2022).
Marker band exposures across Mt. Sharp dip away from the central peak by 1°–5°, which could be consistent with
a single layer across Mt. Sharp, but multiple layers forming contemporaneously in different regions cannot be
ruled out (R. B. Anderson et al., 2018; Kite et al., 2016; Milliken et al., 2010; Sheppard et al., 2021; Weitz
et al., 2022).

The Curiosity rover investigated the marker band in situ during 2022–2023. The morphology of the lower marker
band observed by Curiosity in situ consists of lithified centimeter‐scale symmetric ripples indicative of a shallow
water environment (Dietrich et al., 2023; Gasda et al., 2023; Gupta et al., 2023; Weitz et al., 2023). This wet
environment interpretation was not anticipated based on orbital studies, highlighting a gap in understanding the
outcrop and orbital expression of this particular type of environment on Mars.
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2.4. Mapping Intent

This work utilizes CRISM VNIR/SWIR hyperspectral image cubes and HiRISE and CTX grayscale images to
characterize the spectral and morphologic properties of the MSU, the marker band, and the mantling unit. The
mantling unit, as mentioned previously, is a newly mapped unit described herein for the first time. The marker
band has been mapped previously (e.g., Milliken et al., 2010; Sheppard et al., 2021; Weitz et al., 2022); our map
includes possible additional indurated, bench‐forming layers within the stratigraphy. We use existing mapped
exposures of the MSU (R. Anderson & Bell, 2010). The aeolian MSU and lacustrine marker band have been
visited by MSL, but the mantling unit has not. A goal of this work is to take what we have learned from in situ
exploration to explain the orbital signatures from the MSU and marker band and then attempt to apply that to sites
a rover will not examine. If we can determine specific differences such as unique textures or compositions through
orbital properties of the MSU, a dominantly aeolian unit, compared to the marker band, a lacustrine unit, and the
mantling unit of unknown origin, we can help inform the origin of the mantling unit and determine whether they
all formed at different times and temporal locations throughout the history of Mt. Sharp. Measurables, based on
previous studies, include the relative smoothness, albedo, resistance to erosion, layer tilt (within or overlying
stratigraphy), and composition (e.g., Edgett & Sarkar, 2021; Malin & Edgett, 2000; Milliken et al., 2010;
Sheppard et al., 2021; Weitz et al., 2022).

If the mantling unit has a similar composition and morphology to the marker band, we hypothesize that the
process that formed the marker band is a repeating depositional and/or diagenetic process occurring at least once
within stratigraphy (the marker band) and once after Mt. Sharp had undergone significant erosion (the mantling
unit). If these units do not have similar orbital properties, we hypothesize that they formed in different deposi-
tional environments (e.g., aeolian, impact‐related, or volcanic) and/or through different late‐stage processes (e.g.,
burial, lithification, and diagenesis). If morphology and composition properties are variable (e.g., similar com-
positions but different morphologies), similar compositions could suggest a similar sediment source and/or
alteration history, whereas similar morphology could suggest a similar depositional process and/or alteration
history.

3. Methods
3.1. Morphology

We used high resolution (0.26 m/pixel) HiRISE grayscale images (McEwen et al., 2007) to qualitatively map the
distribution of the original marker band and morphologically similar units on Mt. Sharp across 69 images that
cover most of Mt. Sharp (Table S1 in Supporting Information S1). Using ArcGIS Pro, HiRISE images were
manually georeferenced to a Gale crater mosaic created from 6 m/pixel CTX images (Malin et al., 2007). Features
used to identify the marker band and similar unit exposures include a low relative albedo (i.e., relatively dark in
appearance compared to surrounding units), a smooth and lithified surface, where lithification was determined by
the preservation of a crater on the unit's surface, and whether the unit has a bench‐forming morphology. Expo-
sures were manually mapped using the described features mapped with the polyline feature tool in ArcGIS Pro.
Elevations were extracted from a High‐Resolution Stereo Camera (HRSC) 50 m resolution digital terrain model
(DTM) of the study area (Fergason et al., 2018; Neukum et al., 2004). HiRISE DTMs made from HiRISE stereo
image pairs were used to determine layer tilt in select areas. The MSU was mapped by R. Anderson and
Bell (2010), and although we conducted a fresh analysis of the morphology of the MSU, we used their work as the
basis for our investigation and did not attempt to extend this previous mapping effort.

3.2. Composition

We used VNIR/SWIR (0.4–2.65 μm) hyperspectral image cubes from CRISM (S. Murchie et al., 2007) to
constrain the composition of the units identified in visible images. The wavelength range of the CRISM in-
strument is sensitive to iron in minerals and can be used to differentiate primary igneous minerals as well as Fe/
Mg/Al‐silicates, ‐sulfates, and ‐clay minerals (S. Murchie et al., 2007). All cubes analyzed are in full resolution
targeted mode with a spatial resolution of ∼18 m/pixel and spectral resolution of 6.55 nm/channel (S. Murchie
et al., 2007).

Map‐Projected Targeted Reduced Data Record (MTRDR) and Target Reduced Data Record (TRDR) version 3
cubes were used to maximize the spatial coverage as MTRDR coverage is limited in relevant areas for this study
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(see Table S2 in Supporting Information S1). MTRDR cubes are initially processed with a basic photometric
correction for Lambertian scattering, a “volcano scan” correction for atmospheric CO2, and are map projected
using martian surface terrain models (Bibring et al., 1989; Langevin et al., 2005; McGuire et al., 2009; F. P. Seelos
et al., 2016, 2023). TRDR cubes contain data calibrated to radiance and need to be further processed by the user to
estimate Lambert albedo using Interactive Data Language (IDL) and Environment for Visualizing Images (ENVI;
S. Murchie et al., 2007). Separate data files for the VNIR and SWIR sensors are available on the Planetary Data
System (PDS) Geosciences Node. Using the CRISM Analysis Toolkit (CAT) 7.4 for ENVI, TRDR cubes were
processed by: (a) converting the file format from PDS to CAT, (b) converting radiance to I/F (radiance/solar flux)
adjusted to Mars distance, and (c) atmospheric corrections by division by scaled volcano observation (S. Murchie
et al., 2007). TRDR cubes were then imported into IDL and with the Derived Data Record files from the PDS,
latitude and longitude data were used to map and join the data from the VNIR and SWIR sensors.

MTRDR and processed TRDR cube spectra were compared with spectrally neutral terrains in order to highlight
subtle spectral features that would otherwise be overshadowed by noise or martian dust. Ratios for MTRDR cubes
followed the procedure outlined by Horgan et al. (2020) using the R770 parameter from Viviano et al. (2014). An
average of all neutral pixels in the cube is then used to create a neutral reference spectrum used to ratio the entire
cube. TRDR cube spectra require a manually selected dusty spectrum region of interest (ROI) to be used for
ratioing each spectrum used; this was done using the Spectral Math feature in ENVI.

MTRDR and TRDR spectra shown in this paper are averages from pixels in a single ROI manually selected in
ENVI, smoothed using a boxcar average with a width of 6 CRISM channels, and de‐spiked with a tolerance of
0.003. ROIs were selected based on the locations of the mapped exposures of the relevant units in this study. Due
to the combination of the spatial resolution of CRISM images and the small exposures of some units, ROI size
varies from 9 to 1,480 pixels (see Table S3 in Supporting Information S1). In general, the larger the ROI, the
higher quality spectrum is produced because spectral noise is more likely to average out. As a result, for small
ROIs, some of the spectra are noisy and have higher uncertainties. However, they are used because they are in
areas of high interest (primarily marker band exposures). A small narrow reflectance peak or band near 1.2 μm is
present in some spectra; this is a noise artifact (S. Murchie et al., 2007).

Mafic mineral spectral parameters were calculated in IDL on extracted ratio spectra to help visualize composi-
tional trends and quantify specific band absorption features. Parameters used include 1 μm band center, 2 μm band
center, band area for 1 and 2 μm, and the ratio of the 1 μm /2 μm bands. Band parameters were calculated
following the procedures outline by Horgan et al. (2014). Spectral features near 1 and 2 μm can differentiate
between primary mafic minerals and basaltic glass (Figure 2; Adams, 1968; Horgan et al., 2014; Viviano
et al., 2019). Olivine has a broad, deep, and asymmetrical triplet absorption centered between 1.05 and 1.07 μm
(Adams, 1968; Cloutis & Gaffey, 1991; King & Ridley, 1987). High‐Ca pyroxene most commonly exhibits two
broad and symmetrical absorptions centered between 0.98–1.05 and 2.10–2.40 μm, while low‐Ca pyroxene
exhibits similar absorptions centered between 0.90–0.93 and 1.9–2.0 μm (Adams, 1974; Cloutis & Gaffey, 1991;
Klima et al., 2007, 2011). Basaltic glass has a shallow, broad, symmetrical absorption centered between 1.07 and
1.15 μm and between 1.90 and 2.10 μm if Fe3+ is present (Cloutis et al., 1990; Horgan et al., 2014).

Alteration minerals were identified based on the presence of narrow absorption bands between 1.4 and 2.5 μm
(Figure 2). All clay and hydrated sulfate minerals can have absorptions between 1.39–1.46 and 1.91–1.97 μm
respectively associated with OH− and H2O (Bishop et al., 1994, 2008; Cloutis et al., 2006). Shape and depth can
vary from a narrow singlet, more common in clay minerals, to a broader doublet or triplet more common in
sulfates (Bishop et al., 1994, 2008; Cloutis et al., 2006). Fe‐/Mg‐clay minerals have a narrow absorption band
centered at 2.29–2.37 μm (Bishop et al., 2008). Al‐clay minerals and hydrated silica have either a single or a
doublet narrow absorption at 2.17–2.21 μm (Bishop et al., 2008). Monohydrated sulfates have a narrow ab-
sorption at 2.4 μm that is associated with (SO4)

2− stretching vibrations (Cloutis et al., 2006). Polyhydrated
sulfates (PHS) have a drop in reflectance at wavelengths greater than ∼2.3–2.4 μm and Fe2+/3+ can display an
absorption band centered between 0.8 and 0.95 μm, sometimes as a broad doublet with an additional band
centered at 1.17 μm.

Residual spectral absorptions due to the martian atmosphere are present between 1.9 and 2.1 μm (S. L. Murchie
et al., 2009). To minimize the effects of both the noise in the spectra and the residual absorptions due to the
martian atmosphere, a fourth order polynomial fit was conducted on select spectra prior to parameterization (see
Figure S1 in Supporting Information S1). This correction was only performed on spectra that were qualitatively
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dominated by 1 and 2 μm absorptions as any other absorptions are lost in the fitting process. The fit spectra were
then continuum removed (e.g., Clark & Roush, 1984) and parameter calculations were conducted in IDL.

4. Results
4.1. Morphology and Distribution of the Marker Band and Related Units

The marker band has previously been defined as a smooth, low‐albedo, and erosion‐resistant layer within the Mt.
Sharp stratigraphy (e.g., Milliken et al., 2010; Figure 1a). Here, we use that definition for identification of and
comparison to other similar morphologic units on Mt. Sharp. Based on our mapping efforts, we have identified
four categories of morphologic units, as discussed in more detail below: (1) marker band and other low‐albedo
bench‐forming layers, (2) high‐albedo bench‐forming unit, (3) mantling unit, and (4) MSU (Figure 3).

4.1.1. The Marker Band and Other Low‐Albedo, Bench‐Forming Layers

Exposures of the marker band with the typical low‐relative‐albedo, erosion‐resistant, and a topographically
smooth appearance on a 10 s of meters‐scale are observed within the strata that constitute Mt. Sharp extending
from the northwest region where MSL is exploring to the southwest (Figures 3, 4a–4c, and 4h). Our mapping of
this unit largely agrees with that of Weitz et al. (2022). However, we observe additional layers that are bench‐
forming and indurated within the stratigraphy of Mt. Sharp at a similar elevation as the marker band, but they
are observed at slightly higher and/or lower elevations than marker band exposures within the same HiRISE
image (Figures 4a, 4c, and 4h). This includes at least one additional nearby layer within the stratigraphy that is
also partially consistent with the typical marker band (Figures 4a, 4c, and 4h). These layers are not quite as smooth

Figure 2. Laboratory spectra of relevant mafic (left), clay (middle), and sulfate (right) minerals. Dashed lines indicate features of interest for typical marker bands
(black), hydration (blue), clays (green), and sulfates (tan). Spectra are from the USGS Spectral Library Version 7 (Kokaly et al., 2017) and the University of Winnipeg's
Center for Terrestrial and Planetary Exploration's spectral database.
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but are still erosion resistant benches with relatively low albedo compared to
surrounding layers. We categorize these layers in the same morphologic unit
as the marker band and refer to them (including the marker band) as a marker
band “package” rather than a singular marker band layer. However, we cannot
rule out that while similar in appearance, these layers are unrelated to the
marker band.

The NW package contains the well‐studied marker band along Curiosity's
traverse as well as two additional layers in the package, one stratigraphically
above and one below the marker band (Figure 4a). While the marker band is
one long, fairly continuous layer with a lateral extent of ∼24 km as traced
from northwest Mt. Sharp into the western canyon, the additional layers
mapped are only observed in small lateral extents (10 s of meters). The
approximate elevation range of the NW package is from − 3,890 to − 3,550 m.

The SW layer outcrops as a single clear layer (Figure 4b) that is overall
consistent with the mapping of Weitz et al. (2022). This layer is also indu-
rated, bench‐forming and smooth at 10 s of meter scale with a relatively low
albedo. The approximate elevation range of the SW layer is from − 3,300 to
− 2,500 m. The discontinuous lateral extent of the exposed SW layer is
approximately 16.5 km, as traced around the western lobe of Mt. Sharp.

The SE package has one main layer similar in morphology to the marker
band and up to five additional bench‐forming low‐albedo but less smooth
layers embedded within the stratigraphy below (Figures 4c and 4h). There
is a large, mottled region horizontally separating the main marker band
layer and the lower layers. Approximate elevation ranges for SE package
layers are − 2,630 to − 2,750 m for the main layer, and − 2,850 to
− 2,800 m for the lower layers. The discontinuous lateral extent of the
exposed SE package layers is ∼13 km.

4.1.2. The High‐Albedo Bench‐Forming Unit

The high‐albedo bench‐forming unit is a single layer that has a higher relative albedo and rougher texture than the
typical marker band, but it also exhibits bench‐forming outcrop exposures. Sediments that appear to be eroded
from or collected at the base of this unit have a low albedo (Figure 4d). This unit is only observed in the northwest
region of Mt. Sharp and is stratigraphically lower than the main marker band of the NW package (Figure 3). The
approximate elevation range for this unit is from − 4,080 to − 4,030, and the unit has a 12 km lateral extent that can
be traced across northwest Mt. Sharp.

4.1.3. The Mound Skirting Unit

TheMSU, as previously mapped by R. Anderson and Bell (2010), is observed near the base ofMt. Sharp as shown
in Figure 3 and is most prominent on its western slopes. It is possible that additional exposures on the eastern side
are now covered by the large dune field but that cannot be confirmed. The elevation range of this unit is ∼− 4,530
to − 3,100 m, and the lateral extent of exposures is ∼208 km around the base of Mt. Sharp. The MSU exhibits
variable and inconsistent morphologies (Figures 4e–4g) with typical MSU exposures aroundMt. Sharp exhibiting
varying albedos. However, higher relative albedos are more common than lower albedos. The MSU appears
mottled in the Naukluft plateau region (Figures 3 and 4g) but slightly less mottled in most other exposures and at
the Greenheugh pediment (Figures 3, 4e, and 4f). The MSU also shows variable resistance to erosion. End-
members include the Naukluft Plateau, which does not appear to be particularly resistant to erosion, and the
Greenheugh pediment, which is erosion resistant. TheMSU around the rest of Mt. Sharp appears to be somewhere
in between these two endmembers and in some exposures exhibits a washboard surface texture (Milliken
et al., 2014).

Figure 3. Context Camera mosaic of mapped exposures of marker band
packages, the high‐albedo bench‐forming unit, and the mantling unit along
with mound skirting unit polygons from R. Anderson and Bell (2010). Lines
are located at the bench‐side of each marker band layer or surrounding
exposures of the mantling unit.
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4.1.4. The Mantling Unit

The mantling unit has a low relative albedo, smooth appearance, and resistance to erosion similar to the typical
marker band, but rather than forming distinct benches that are confined by stratigraphic layers, this unit mantles
existing stratigraphy (Figure 5). This unit is observed at multiple locations across Mt. Sharp but none directly in
the path of Curiosity (Figure 3). The most prominent exposure of the mantling unit is on eastern Mt. Sharp where
most analyses are focused. The unit is relatively flat overlying existing topography in large eastern Mt. Sharp
exposures that surround the dark‐toned layered yardangs identified by R. Anderson and Bell (2010) and continue
downslope into valleys in northeastern Mt. Sharp. The unit crops out as a large patch of connected planar ex-
posures with inliers exposing a more mottled underlying surface. The approximate elevation range for the eastern
exposure of this unit is from − 4,155 m at the base of valley mouths and − 2,130 m at the top of the flat lying
region. The flat lying region of this exposure (∼420 km2) ranges from approximately − 2,800 to − 2,130 m in
elevation (Figure S2 in Supporting Information S1). While there are a higher number of smaller exposures in
northern Mt. Sharp near MSL, the largest singular outcropping of this unit beyond eastern Mt. Sharp is in
southwestern Mt. Sharp (Figures 5b and 5c). The presence of abundant sand and its location on a slope make it
difficult to determine whether this unit was deposited as a singular mantling‐like unit or as many smaller marker
band‐like layers. However, analysis of the DTM clearly shows that this exposure does mantle existing topography
(Figure 5c) and that the mantling unit exposures have a steeper layer tilt than the underlying strata. The
approximate elevation range for this exposure is − 3,453 to − 2,980 m (Figure S2 in Supporting Information S1)
and the approximate area is 1.8 km2 although at least half of this area is sand covered. Smaller exposures of the
mantling unit are present in north Mt. Sharp and have a “feathery” appearance (Figure 5d) that is consistent with
the “thin mantle unit” exposures from R. Anderson and Bell (2010). These patchy exposures have a lateral extent

Figure 4. High Resolution Imaging Science Experiment (HiRISE) images of (a–c) marker band packages,
ESP_019988_1750_RED, ESP_013540_1745_RED, and ESP_014186_1745_RED, (d) high albedo bench‐forming layer,
ESP_012847_1750_RED (e–g) mound skirting unit ESP_017008_1750_RED and
ESP_039280_1755_RED_C_01_ORTHO, and (h) HiRISE digital terrain model with 2× vertical exaggeration of the SE
Package marker band layers.
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across northern Mt. Sharp of ∼31.8 km with elevations ranging from − 4,000 to − 1,550 m (Figure S2 in Sup-
porting Information S1), with mapped exposures of lower confidence up to − 800 m.

4.2. Composition of the Marker Band and Related Units

CRISM reflectance spectra of the mapped units in this study as well as those of modern aeolian sand in Gale crater
were compared across Mt. Sharp (Figures 6–10). Here, we describe both prominent features as well as subtle
spectral variations observed. Some regions of the units exhibited neutral spectra, likely due to dust cover. However,
our focus is on the spectra that displayed absorptions suitable for comparison in this study.

4.2.1. The Marker Band and Other Layers Confined to Mt. Sharp Stratigraphy

The spectral properties of erosion‐resistant layerswithin the stratigraphy ofMt. Sharp varywith location (Figure 6).
In the northwest region of Mt. Sharp, both the high albedo bench‐forming strata (Figure 6, spectrum 1) and main
marker band package layers are present (Figure 6, spectra 2–4). Spectra obtained from this region consistently
exhibit a broad and deep absorption band centered between 1.04 and 1.10 μm, indicating the presence of olivine
and/or basaltic glass. The spectrum of the high albedo layer (Figure 6, spectrum 1) remains relatively flat in the
2 μm region until ∼2.4 μm, where it has a blue (i.e., negative) slope toward longer wavelengths. This is consistent
with the presence of PHS (Figure 2). There is a possible narrow absorption band centered between 1.9 and 2.0 μm
that could be consistent with hydration but is more likely a result of atmospheric CO2 (e.g., D’Aversa et al., 2022).
As there are no detectable broad absorption bands near 2 μm that would indicate the presence of pyroxene or glass,
we propose this spectrum dominantly represents a mixture of olivine and PHS. The remaining three spectra in this
region correspond to the marker band NW package. Spectrum 2 is from an upper layer, spectrum 3 from the main
marker band, and spectrum 4 from a lower layer. Both spectra 2 and 3 both have an apparent 2 μm broad absorption

Figure 5. High Resolution Imaging Science Experiment (a‐b, d) images of the mantling unit, ESP_016520_1750_RED,
ESP_013540_1745_RED, ESP_024023_1755_RED, and (c) digital terrain model of the mantling exposures (orange arrows
and white labeled arrow) and the marker band (yellow arrows and white labeled arrows) at 3× vertical exaggeration in SW
Mt. Sharp. Blue arrows indicate the uphill direction.
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band, which could be attributed to pyroxene and/or glass. However, due to atmospheric CO2 features in the spectra,
the exact wavelength is uncertain (e.g., D’Aversa et al., 2022). Spectrum 4, on the other hand, does not clearly
exhibit a broad 2 μm absorption band, but there is a possible narrow absorption at∼2.4 μm that could be due to the
presence of monohydrated sulfates (MHS). Overall, olivine and/or glass signatures dominate the northwest layers,
potentially mixing with pyroxene and sulfates.

On the western region of Mt. Sharp, only one layer of the marker band is observed, but the spectra of this layer are
unreliable for mineral identification (Figure 6, spectrum 5). There are apparent broad and shallow 1 and 2 μm
absorption bands, which could be consistent with pyroxene and/or glass, but the data are not clear enough tomake a
confident determination.

In the SE package, multiple potential marker band layers are observed; two of which, spectra 6 and 7, are shown in
Figure 6. Spectrum 7 shares similar characteristics with spectrum 5 from the SW layer, displaying a possible 1 μm
absorption band. Spectrum 6 exhibits possible shallow and narrow absorption bands centered at ∼1.1, ∼1.3,
∼1.6 μmwhich are not consistentwith any known relevantminerals and aremost likely artifacts. Both spectra 6 and
7 have possiblemultiple narrow or a singular broad absorption in the 2.2–2.4 μm rangewhich could be attributed to
various types of alteration minerals (Fe/Mg/Al‐clay minerals, hydrated silica). However, without any other clear
spectral features observed, these signatures are not sufficient to confidently identify the composition. Overall,
spectra obtained from themarker band exposures outside theNWpackagemay be consistent with a combination of
pyroxene, glass, and alteration minerals, but due to limited large exposures and the low CRISM spatial resolution
(18 m/pixel), the spectra of marker band exposures across the rest of Mt. Sharp often have more noise, while they
are still useful, making them slightly less reliable for composition identification. Because of this, geomorphologic
characteristics in addition to the compositional properties are critical for identifying the marker band across Mt.
Sharp.

Figure 6. Ratioed reflectance spectra (left) and continuum removed spectra (middle) of bench‐forming layers with approximate region of interest locations on High
Resolution Imaging Science Experiment images and a context map on a High‐Resolution Stereo Camera digital terrain model image (right). Gray spectra represent raw
Compact Reconnaissance Imaging Spectrometer for Mars spectra, color spectra represent smoothed and de‐spiked spectra. Colors vary based on relative location onMt.
Sharp. Dashed lines on spectral plots correspond to approximate locations of dominant 1 μm absorption for the marker band (black), hydration features at 1.4 μm (blue),
Fe‐/Mg‐/Al‐clay absorptions and/or hydrated silica at 2.2 and 2.3 μm (green) and sulfates (tan) at 2.4 μm.
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4.2.2. The Mound Skirting Unit

The highest quality spectra of theMSUare obtained from thewestern side ofMt. Sharp and are depicted in Figure 7.
In the northwest region, spectra were acquired from the rover‐explored region of the MSU Stimson formation
(Figure 7, spectra 1 and 2). These spectra exhibit a broad and deep absorption band centered between 1.08 and
1.10 μm, along with an additional broad and shallow absorption band centered at 2.30 μm and a narrow absorption
centered between 2.3 and 2.4 μm. Similar broad spectral features are observed in the southwest region ofMt. Sharp
(Figure 7, spectra 4 and 5) along with the northwest exposures of the MSU. However, in the southwest region, the
1 μm band absorption occurs at a slightly shorter wavelength (1.04 μm), while the 2 μm absorption band center is at
2.27 μm. Spectrum 4 has a slightly red (i.e., positive) overall slope. These spectral characteristics of the broad
absorption bands are consistent with a combination of olivine and/or glass mixed with high‐Ca pyroxene and the
narrow absorption in spectra 1 and 2 are consistent with Fe/Mg‐clays and/or ‐sulfates. Spectrum 3 in the MSU
displays potential broad and shallow absorption bands in the 1 and 2 μm regions. Although these bands are less

Figure 7. Ratioed reflectance spectra (left) and continuum removed spectra (middle) of mound skirting unit exposures with approximate region of interest locations on
High Resolution Imaging Science Experiment images and a context map on a High‐Resolution Stereo Camera digital terrain model image (right). Gray spectra represent
raw Compact Reconnaissance Imaging Spectrometer for Mars spectra and color spectra represent smoothed and de‐spiked spectra. Colors vary based on relative
location onMt. Sharp. Dashed lines on spectral plots correspond to approximate locations of dominant 1 μm absorption for the marker band (Figure 6, spectrum 3, black
line), hydration features at 1.4 μm (blue), Fe‐/Mg‐/Al‐clay absorptions and/or hydrated silica at 2.2 and 2.3 μm (green) and sulfates (tan) at 2.4 μm.
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distinct, band centers are present at 1.05 and 2.27 μm,which is consistent with high‐Ca pyroxene. Spectra 1–3 have
a steep blue (i.e., negative) slope that has been previously attributed to aphanitic or microcrystalline basalts and is
consistent with a primarily mafic mineral composition (e.g., Henderson et al., 2021; Scudder et al., 2021). Overall,
spectral signatures from the MSU exhibit similarities to the exposures of the NW marker band package. These
similarities suggest a composition consisting of amixture of olivine and/or glass alongwith the presence of high‐Ca
pyroxene, with the addition of possible Fe/Mg‐clay and/or ‐sulfates in the MSU.

4.2.3. The Mantling Unit

In the northwest region ofMt. Sharp, themantling unit spectra (Figure 8, spectrum1) exhibit two broad and shallow
absorption bands centered at 1.02 and 2.23 μm consistent with the presence of high‐Ca pyroxene. Moving to the
southwest side of Mt. Sharp (Figure 8, spectra 2 and 3), spectrum 2 exhibits a broad and deep absorption band
centered at 1.04 μm, along with a broad and shallow absorption band centered at 2.27 μm consistent with a mixture
of olivine and/or glass aswell as high‐Ca pyroxene. Themantling unit near themarker band on southwestMt. Sharp
(Figure 8, spectrum 3) displays broad and shallow absorption bands centered at 1.02 and 2.20 μm, consistent with
high‐Ca pyroxene. It is possible that some of the pyroxene spectral signatures at lower elevations (Figure 8,
spectrum 2) correspond to sand eroded off this unit.

Figure 8. Ratioed reflectance spectra (left) and continuum removed spectra (middle) of mantling unit exposures with approximate region of interest locations on High
Resolution Imaging Science Experiment images and a context map on a High‐Resolution Stereo Camera digital terrain model image (right). Gray spectra represent raw
Compact Reconnaissance Imaging Spectrometer for Mars spectra and color spectra represent smoothed and de‐spiked spectra. Colors vary based on relative location on
Mt. Sharp. Dashed lines on spectral plots correspond to approximate locations of dominant 1 μm absorption for the marker band (Figure 6, spectrum 3, black line),
hydration features at 1.4 μm (blue), Fe‐/Mg‐/Al‐clay absorptions and/or hydrated silica at 2.2 and 2.3 μm (green) and sulfates (tan) at 2.4 μm.
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In southeast Mt. Sharp, spectra exhibit two broad absorption bands with slightly different band shapes (Figure 8,
spectra 4 and 5). Spectrum 4 has a red slope between approximately 1.2 and 1.4 μm, but it still exhibits a broad and
shallow absorption band centered at 1.00 μm, along with a possible broad and shallow absorption band centered at
2.24 μm. The identification of the 2 μm absorption band is uncertain due to a combination of noise resulting from
atmospheric CO2 and the shallow depth of the band in this region. Spectrum 5 has two broad and shallow ab-
sorption bands centered at 1.04 and 2.27 μm consistent with high‐Ca pyroxene.

In the northeastern region of Mt. Sharp (Figure 8, spectrum 6), the mantling unit exhibits two broad absorptions.
One absorption band is deep and centered at 1.02 μm,while the other is broad and shallow, centered at 2.30 μm.This
is consistent with a mixture of olivine and/or glass and high‐Ca pyroxene. Overall, the mantling unit is primarily
composed of unaltered mafic minerals, with high‐Ca pyroxene dominating and minor contributions of olivine.

4.2.4. Modern Aeolian Sand

Sand found throughout the Gale crater is hypothesized to originate from various sources, including Mt. Sharp
erosion and sand from beyond Gale's rim (Bedford et al., 2020; Cousin et al., 2017; Lapôtre & Rampe, 2018;

Figure 9. Ratioed reflectance spectra (left) and continuum removed spectra (middle) of active sand. Gray spectra represent raw Compact Reconnaissance Imaging
Spectrometer for Mars spectra and color spectra represent smoothed and de‐spiked spectra. Colors vary based on relative location onMt. Sharp. Dashed lines on spectral
plots correspond to approximate locations of dominant 1 μm absorption for the marker band (Figure 6, spectrum 3, black line), hydration features at 1.4 μm (blue), Fe‐/
Mg‐/Al‐clay absorptions and/or hydrated silica at 2.2 and 2.3 μm (green) and sulfates (tan) at 2.4 μm.
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Lapôtre et al., 2017; O’Connell‐Cooper et al., 2018). As sand is not a lithified, erosion‐resistant unit, we do not
discuss morphology or map the extent of active sand deposits. Here we compare the spectral features of the sand
to the erosion‐resistant units mapped in this study as they are potential sand sources (Figure 9).

Across Mt. Sharp, the sand spectra are dominated by a broad and deep, occasionally asymmetrical absorption
band centered between 1.00 and 1.11 μm, along with a broad and shallow absorption band centered between 2.07
and 2.30 μm. These spectral features are consistent with a combination of olivine and/or glass mixed with high‐Ca
pyroxene. In some sand spectra from the northwest region of Mt. Sharp (Figure 9, spectrum 3) and the western
region of Mt. Sharp (Figure 9, spectrum 5), the 1 μm absorption bands are not as deep, suggesting a greater high‐
Ca pyroxene abundance. This is consistent with previous orbital studies of sand in Gale crater (e.g., Bennett
et al., 2018; Moreland et al., 2022) and in situ analyses from the Chemistry and Mineralogy (CheMin) X‐ray
diffraction instrument (Blake et al., 2012) on board Curiosity (Rampe et al., 2018). Overall, the spectral char-
acteristics of the sand most closely resemble the mantling unit exposures across Mt. Sharp, the western exposures
of the MSU, and the NW marker band package which are also consistent with a combination of olivine and/or
glass mixed with pyroxene, and some resemblance to the high albedo layer, which has olivine but no indication of
any pyroxene.

4.2.5. Spectral Parameters

The spectral parameters shown in Figure 10 help to highlight subtle compositional trends based on the absorption
band shape, center, and area for the units in this study. Units have spectral features that correspond more closely to
their geographic location rather than their specific unit types. This supports a similar composition across these
different morphologies with the main source of variability attributed to relative olivine and high‐Ca pyroxene
content.

In northwestern Mt. Sharp (darkest symbol), the spectra are overall more olivine‐rich, while spectra from the
southwest (second darkest symbol) have a greater contribution from high‐Ca pyroxene, and spectra from the
southeast (second lightest symbol) and northeast (lightest symbol) have more variable compositions between
olivine and high‐Ca pyroxene. This is most evident with the 1 μm band center (Figures 10a and 10c). Band areas
(Figure 10b) differentiate the mantling unit (stars) and southern marker band (triangles) exposures from the
majority of the MSU (squares) and northwest marker band exposures where the former is more pyroxene rich.

Sand spectra (circles) exhibit a similar trend by grouping together with respect to location, while still having
compositions that are dominated by high‐Ca pyroxene and olivine. Additionally, the sand spectra plot near all of
the different units, with the most distinct trend in the 1 μm band area relative to the 2 μm band area (Figure 10b). In
this plot, the sand spectra more closely resemble the MSU but still have spectral similarities to the marker band
and mantling units. This observation does align with the fact that the MSU is a confirmed aeolian unit, as are the
active sands.

Figure 10. Spectral parameters of fourth order polynomial fit spectra (Figure S1 in Supporting Information S1) used in this study to differentiate trends between mafic
minerals. (a) 1 μm band center versus 2 μm band center, (b) 1 μm band area versus 2 μm band area, and (c) 1 μm band center versus 1/2 μm band area ratio. Red lines and
arrows represent expected approximate locations for labeled composition based on Horgan et al. (2014). Some points are missing from the 1 µm band center versus 1 μm
band asymmetry plot as they plot with very high asymmetry values outside the region shown here and relevant trends could not be observed when shown.
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5. Discussion
5.1. Origin of the Marker Band From Orbital and In Situ Analyses

The typical framework for Mars exploration is to use orbital analyses as a guide for surface exploration, but upon
in situ investigation, we have often found that the geologic history is much more complicated and can lead to a
different interpretation from that originally proposed from orbital analyses (e.g., Edgett & Sarkar, 2021; Fedo
et al., 2022). This work explores whether in situ knowledge can be extended to an orbital scale and applied to units
that have similar orbital properties to those explored at the surface as a guide to future orbital interpretation. The
methodology was tested through the comparison of two units that have been studied from orbit and in situ (the
MSU and marker band) to one that has only been explored from orbit (mantling unit).

Previous orbital analyses of the marker band have proposed a single event that deposited the layer across all of Mt.
Sharp (e.g., Weitz et al., 2022). We have instead divided this proposed singular layer into multiple packages of
marker bands based on their location on Mt. Sharp, which may or may not be laterally equivalent to the main NW
marker band explored by Curiosity, similar to the relationships proposed in Sheppard et al. (2021). Each package
has a different number of potential additional layers, which, if they are laterally equivalent to the marker band,
suggests regional variability in the process that formed them. The NW package has 2–3 layers, the SW layer is a
single layer, and the SE package has up to four layers. Although all layers are visually similar, their compositions
vary at their respective locations. The NW package layers, closest to MSL, are dominated by olivine with some
contributions from sulfates, while the marker band exposures in other areas across Mt. Sharp are either more
pyroxene rich or their spectra are too noisy to confidently identify the composition. The compositional variability
could be caused by localized differences in sediment sources or transport processes. Alternatively, we cannot rule
out that this variability is due to contamination by modern sand whose spectral signatures are mostly dominated
by olivine across Mt. Sharp.

From orbit, the properties of the marker band seem most consistent with non‐aqueous processes, including
aeolian, volcanism, and impacts (e.g., Edgett & Sarkar, 2021; Malin & Edgett, 2000; Milliken et al., 2010;
Sheppard et al., 2021; Weitz et al., 2022). The lower albedo and mafic spectral properties of the marker band
compared to the surrounding higher albedo lacustrine sediments dominated by secondary minerals initially
suggest a distinct non‐aqueous origin for the marker band based on orbital data. We find that impacts are the least
likely of the three due to the repetitive nature of multiple layer exposures. The inferred mafic composition could
be consistent with either aeolian sands that were at one point sourced from volcanic rocks prior to erosion and
transport or a volcanic ash deposit. Constraining between these two any further would require a closer perspective
to see the sedimentary structures present in the bedrock. Aeolian deposits can preserve features such as cross-
bedding that represent a migrating surface and can be used to help differentiate them from a volcanic ash deposit,
which can generate both thinly and massively bedded deposits (e.g., Wohletz & Sheridan, 1983).

Preliminary results from in situ exploration of the marker band indicate an aqueous environment that was not
apparent through orbital analyses alone. Lower strata in the marker band contain symmetrical ripples consistent
with an ancient shallow‐water, possibly lacustrine, depositional environment that transitions to upper rhythmic
laminated strata consistent with a deeper lacustrine depositional environment (Dietrich et al., 2023; Gupta
et al., 2023; Parker et al., 2023; Rampe et al., 2023; Roberts et al., 2023; Weitz et al., 2023). Although the
environment predicted was unexpected, the compositionally distinct nature of the marker band relative to sur-
rounding units in situ is consistent with orbital analyses. ChemCam, the laser induced breakdown spectrometer in
the instrument suite of MSL (Wiens et al., 2012), has found that the marker band has a significantly higher FeOT
content compared to underlying and overlying units, increasing from ∼17.5 to 27 wt.%, and that CaO in bedrock
increases compared to the underlying unit (Gasda et al., 2023). The Alpha Particle X‐ray Spectrometer in theMSL
instrument suite (Campbell et al., 2012; Gellert et al., 2009) has also found the marker band to be consistent with a
basaltic composition (Thompson et al., 2023). Additionally, surface images show that the marker band is an
erosion‐resistant unit relative to the surrounding strata (e.g., Gupta et al., 2023; Roberts et al., 2023; Weitz
et al., 2023). It remains unclear why this lacustrine unit observed in the marker band has distinct physical and
spectral properties relative to the recessive mudstone and siltstone lacustrine layers that have been previously
explored by Curiosity in the Murray formation (Grotzinger et al., 2015).

With the in situ knowledge of a lacustrine environment for the marker band, our understanding and resulting
hypotheses from orbital observations in this study were able to be re‐framed from a new perspective. One

Journal of Geophysical Research: Planets 10.1029/2023JE008242

RUDOLPH ET AL. 16 of 23

 21699100, 2024, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

008242 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [10/08/2024]. 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



possibility is that the marker band layers represent grain size variability in a lake, where coarser‐grained shoreline
wave ripples could be more erosion‐resistant (i.e., marker band) compared to the previously explored horizontal,
fine‐grained lacustrine strata that are more representative of the middle of a lake (e.g., Grotzinger et al., 2015). But
the distinct chemistry from in situ results compared to previously explored lacustrine units makes this less likely.
We hypothesize that the sediment source is distinct relative to the rest of the Murray formation strata and the
previously preferred depositional processes from orbital analyses of aeolian or volcanic ash are still plausible in
this scenario. Our preferred hypothesis is that mafic aeolian sand (deposited during a dry period) or volcanic ash
(deposited during a dry period, into the watershed, or into the lake itself) was deposited into Gale crater, but prior
to burial and lithification the region returned to (or stayed as) a lacustrine environment, leaving the wave‐ripple
structure that we see in situ. The multiple layers in different marker band packages could be a result of fluctuating
water levels or intermittent processes such as volcanic eruptions. These early water‐sediment interactions could
have resulted in the physical properties we see in the marker band layers while still being consistent with a
dominantly mafic composition for the sediment source.

5.2. Origin of the MSU From Orbital and In Situ Analyses

Visually and texturally from orbit, the MSU is distinct from the marker band although both are dominated by
mafic mineral spectral signatures. Both the albedo of the MSU, which is higher on average than that of the marker
band, and its resistance to erosion are more variable, whereas the marker band has consistently low albedo and
high resistance to erosion. Compositional similarities with different morphologies between the MSU and the
marker band could be a result of a similar sediment source, such as regional sands, that were exposed to different
local depositional or diagenetic environments.

The previously proposed depositional environment from orbital analyses by R. Anderson and Bell (2010) for the
MSU was aeolian but was still discussed in the literature with some uncertainty prior to ground exploration.
However, in situ analyses of the MSU through the Stimson formation of the Siccar Point group did confirm that
the MSU along the traverse between sols 987–3,700 is an aeolian unit (e.g., Banham et al., 2018, 2021, 2022,
2023; Bedford et al., 2020). Lithified, erosion‐resistant aeolian units are important to understand in the context of
the marker band as aeolian processes were one of the dominant hypotheses for marker band depositional pro-
cesses prior to in situ exploration (Milliken et al., 2010; Rapin et al., 2021; Weitz et al., 2022). The Greenheugh
pediment, a particularly erosion‐resistant exposure of the MSU, was investigated at a rover scale and has dark‐
and light‐toned veins, consistent with interactions with diagenetic fluids (e.g., Gasda et al., 2022; Rudolph
et al., 2022). The Naukluft and Emerson plateaus of the MSU also appear to be erosion resistant, although not
quite to the same extent as the Greenheugh pediment. In situ analyses of these plateaus show alteration halos,
light‐toned veins, and concretions, which are hypothesized to be a result of groundwater interactions (Bedford
et al., 2020; Frydenvang et al., 2017; Sun et al., 2019; Yen et al., 2017). The MSU records a dry environment that
lacks evidence for surface water contemporaneous with deposition (e.g., the absence of damp interdune deposits;
Banham et al., 2018), but it does record evidence of later diagenesis and ground water expressed as soft sediment
deformation in some areas that predates lithification, and water escape structures penecontemporaneous with
lithification (Banham et al., 2023; Dietrich et al., 2022). From the context of orbital studies, we propose that units
that have visual similarities to the MSU rather than the marker band would have had the most exposure to water‐
rock interactions during and/or after burial and lithification rather than in the primary depositional environment.

5.3. Origins of the Mantling Unit

Our results indicate that the mantling unit could have formed through similar sediment sources and aqueous
processes as the marker band. We find that the mantling unit is texturally more similar to the marker band layers
than the MSU, although all three units are dominated by mafic mineral or neutral spectral signatures. Both the
marker band and mantling unit have a consistently low‐albedo, relatively smooth, and erosion resistant surface
relative to their surroundings compared to the variable visual properties of the MSU. Given the unique textural
expression of the marker band on Mt. Sharp, we hypothesize that the textural similarity in the mantling unit is
representative of exposure to and relative timing of similar environments, both during deposition and diagenesis.
As mentioned previously, early results from the marker band suggest a lacustrine environment, and if the mantling
unit formed in the same environment, this supports existing models for relatively late‐stage water activity in Gale
crater (e.g., Palucis et al., 2016) as shown through the cross‐cutting of the mantling unit over existing Mt. Sharp
strata.
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The specific sediment source(s) for the units analyzed here are not known, but the compositional similarities
suggest a similar, if not the same, source. We hypothesize that these units have a similar sediment source that is
distinct from other Mt. Sharp strata that these sediments were transported into Gale crater through an unknown
mechanism (e.g., aeolian, fluvial, volcanic airfall), and their present‐day morphologic expression is a result of the
timing of water‐rock/sediment interactions (see Section 5.4).

5.4. Implications for Aqueous History of Gale Crater

Previous in situ analyses of the MSU and early results from the marker band show that they represent different
environments (aeolian vs. lacustrine; e.g., Banham et al., 2018; Bedford et al., 2020; Fraeman et al., 2016; Gupta
et al., 2023; Parker et al., 2023; Rampe et al., 2023; Roberts et al., 2023;Weitz et al., 2023). We aimed to constrain
whether orbital analyses are adequate to differentiate between these environments or if in situ analyses are
required to constrain the depositional environment of the mantling unit. We hypothesize that they can be
differentiated but only with the informed in situ knowledge that we have now through MSL. We propose that the
sediments for all units in this study were brought into Gale crater through aeolian transport (e.g., Thomson
et al., 2011), possibly during a dry period, and that the duration of that dry period before transitioning into a wet
period had an impact on their modern‐day morphologies. We favor aeolian transport as the MSU is an aeolian
unit, but again we cannot truly constrain that deposition mechanism. Here we attempt to constrain water‐rock and
water‐sediment interactions recorded by these units and their environmental implications.

The MSU sediments were deposited during a predominantly dry period and were not exposed to extensive water‐
rock interactions until burial, lithification, and later diagenetic activity (Bedford et al., 2020; Frydenvang
et al., 2017; Gasda et al., 2022; Rudolph et al., 2022; Sun et al., 2019; Yen et al., 2017). Spatially varying
diagenesis in the MSUwas likely caused by variations in porosity and permeability, which regulated groundwater
flow and led to variations in albedo and erosional resistance in different exposures. For example, the Greenheugh
pediment was exposed to diagenetic fluids for a relatively long period of time because the low permeability of the
clay‐mineral rich unit led to enhanced alteration near the contact (e.g., Rudolph et al., 2022) and is hypothesized to
be a more erosion‐resistant part of the MSU possibly as a result of post‐landslide burial lithification (R. Anderson
& Bell, 2010). The degree of diagenesis was likely a result of local processes for the MSU across Mt. Sharp. We
cannot rule out that the MSU has no relation to the marker band layers and mantling unit, and although similar in
composition, the orbital spectral characteristics could be a result of modern‐day surface sediment transport around
the MSU and deposited on top of the MSU bedrock.

We favor the hypothesis that the sediments of the marker band layers were deposited during a dry period but were
reworked in a lacustrine environment prior to burial. If that is the case, the multiple marker band layers represent
multiple wet‐dry fluctuations (e.g., Rapin et al., 2023). This reconciles the wave‐ripple morphology of the marker
band with a composition that is similar to aeolian units (i.e., MSU). The early exposure to water may also result in
a strong cementing process due to prolonged water exposure that allows for the erosion‐resistivity that we see in
the marker band and in the mantling unit (e.g., Park, 2010).

Because compositions inferred from orbital spectroscopy are similar between the MSU and the marker band, we
suggest that morphologic analysis is the best orbital technique to differentiate between the two units and the
environments that they represent. For this reason, we propose that the mantling unit is more similar to the marker
band rather than to the MSU. If that is the case, the sediments of the mantling unit were exposed to water prior to
lithification, either through deposition into an aqueous environment or not long after deposition, and then sub-
sequently buried, lithified, and exposed at the surface to form the morphology we see today. Given the draping
nature of the mantling unit, we find it more likely that the depositional process and sediment source for the
mantling unit in this scenario was not aqueous, but rather could represent an airfall or aeolian deposition to drape
the existing Mt. Sharp strata.

While we suggest that the mantling unit is more closely related to the marker band, the source of water‐sediment
interactions need not be the same for the two units. For the marker band, the wave‐ripple morphologies suggest
sediment reworking in a lacustrine environment, but there are other possibilities to explore for the mantling unit
(e.g., early groundwater interactions, or water derived from snowmelt; Kite et al., 2013; Koeppel et al., 2022). The
disconnected portions of the mantling unit along eastern Mt. Sharp (Figure 5a) has a morphology that may be
indicative of subsurface groundwater flow (e.g., Bernatek‐Jakiel & Poesen, 2018; Scuderi, Gallegos, et al., 2019;
Scuderi, Nagle‐McNaughton, et al., 2019). Alternatively, if the mantling unit corresponds to a late‐stage
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lacustrine environment, it may correspond to near‐shore environments during the Pancake delta lake stand, as
mapped by Palucis et al. (2016). The elevation of the proposed lake level is near the top of the valleys that the
mantling units slope down into (− 3,280 m). This lake is proposed to have been present after erosion of the Mt.
Sharp strata into the topography that we see today (Palucis et al., 2016). We also cannot rule out that the mantling
unit represents another exposure of the MSU but one that has been less diagenetically altered, whether that be a
result of the higher elevations or a later time of deposition so the mantling unit would have had less time to be
altered (e.g., Chojnacki et al., 2020).

While the compositions of each unit are dominated by mafic minerals, there are spectral features consistent with
alteration present across the three units, primarily those associated with Fe/Mg/Al‐clays, hydrated silica, and/or
sulfates (notably in the 2.2–2.5 μm range). But the exact location and shape of these features are inconsistent
across both units and locations in Mt. Sharp. We hypothesize that this is a result of spatial variation in alteration
rather than differences in sediment source. Possible local alteration process could include weathering to clay
minerals and/or evaporation of brines to form sulfates.

The relative timing between the deposition of the MSU and mantling unit is unconstrained as there are no lo-
cations in which one unit clearly crosscuts the other, but they were both deposited after Mt. Sharp eroded to its
current topographic expression, and thus long after the marker band layers, which are confined within the stra-
tigraphy of Mt. Sharp. If the relationship could be constrained, there are important implications for dry periods in
Gale crater, as represented by the MSU, and wet periods in Gale crater, as represented by the mantling unit. There
may be some significance to the fact that the MSU is primarily observed at the base of Mt. Sharp while the
mantling unit is observed on top of Mt. Sharp.

5.5. Interpreting Orbital Data in Sedimentary Settings on Mars

We have shown that an improved understanding of geologic history using orbital data can be gained with new
knowledge from in situ exploration in regions that have not yet or will not be explored from the ground. The
results from this study could indicate that water‐rock interactions that are readily observed in situ should be
included as hypotheses for sedimentary units that have erosion resistant properties similar to the marker band
from orbit. This information can inform future work on landing site selection and orbital data analysis.

6. Conclusion
In this study, we compared orbital‐scale morphology and spectral observations across multiple distinct units.
Combined with previous interpretations through in situ outcrop analysis, we have gained a better understanding of
the history of lacustrine and aeolian environments in the stratigraphy ofMt. Sharp. Spectral features of these units,
while dominated by overall mafic sediments, vary with location along Mt. Sharp rather than strictly varying by
specific morphologic unit. We hypothesize that morphology indicates that similar processes leave behind similar
bedrock expressions that are observable from orbit regardless of minor compositional variability.

The mantling unit is most similar in both appearance and composition to the marker band layers, a lacustrine unit,
rather than the MSU, an aeolian unit, suggesting that a similar aqueous environment to the marker band layer also
occurred later in time to form the mantling unit. This repeating process is also supported by the exposures of
multiple marker band‐like layers within the stratigraphy of Mt. Sharp, although these were closer in time to the
marker band than the mantling unit. If true, these results suggest that both surface and subsurface water activity
continued within the Gale crater long after the erosion of Mt. Sharp.

Our results support the hypothesis that the marker band packages, mantling unit, and MSU had a similar sediment
source but experienced aqueous alteration at different times: early ubiquitous cementation in a surface aqueous
environment in the marker band and mantling unit versus patchy late diagenesis in the MSU. These early water‐
sediment interactions can lead to distinct orbital morphologies like those observed in the marker band packages
and mantling unit. If units of a similar morphologic expression are studied on Mars from orbit, an aqueous
depositional environment should be considered.
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Data Availability Statement
The data in this publication are from the CRISM, HiRISE, and CTX instruments on Mars Reconnaissance Orbiter
and the HRSC instrument on the Mars Express orbiter. All image data presented here from CRISM (S.
Murchie, 2006; F. Seelos, 2016), HiRISE (McEwen, 2007a, 2007b), and CTX (Malin, 2007) are available through
the Planetary Data System Imaging Node (https://pds‐imaging.jpl.nasa.gov/volumes/mro.html) and Geosciences
Node (https://pds‐geosciences.wustl.edu/missions/mro/default.htm). All image data presented here from HRSC
(Neukum et al., 2004) are available through the United States Geological Society Astrogeology Planetary Data
System Cartography and Imaging Sciences Node Annex (https://astrogeology.usgs.gov/search/map/mars_mgs_
mola_mex_hrsc_blended_dem_global_200m). ArcGIS shapefiles and CRISM ROIs and derived data used in this
paper are available (Rudolph, 2024).
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