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ARTICLE INFO ABSTRACT
Keywords: Evidence of paleo-rivers, fans, deltas, lakes, and channel networks across Mars has prompted much debate about
Geomorphology what climate conditions would permit the formation of these surface water derived features. Pediments, gently

Sedimentology
Stratigraphy
Martian geology
Martian climate

sloping erosional surfaces of low relief developed in bedrock, have also been identified on Mars. On Earth, these
erosional landforms, often thought to be created by overland flow and shallow channelized runoff, are typically
capped by fluvial sediments, and thus in exceptionally arid regions, pediments are interpreted to record past wet
periods. Here we document the Greenheugh pediment in Gale crater, exploiting the observational capability of
the Curiosity rover. The absence of a fluvial cap suggests that the pediment was likely cut by wind erosion, not
fluvial processes. The pediment was then buried by an aeolian deposit (Stimson sandstone) that mantled the
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lower footslopes of Aeolis Mons (informally known as Mt. Sharp). This burial terminated active wind erosion,
preserving the pediment surface (as an angular unconformity). Groundwater was present prior-to, during, and
shortly after Stimson deposition, perhaps contributing to lithification and certainly to early diagenesis. Post
lithification, wind erosion first cut canyons in the northern most footslopes (north of Vera Rubin ridge). Unli-
thified gravels were deposited in these canyons, likely due to runoff from Mt. Sharp. Boulder-rich fluvial and
debris flow deposits built a > 70 m thick sequence (Gediz Vallis ridge) on the southern Greenheugh pediment.
Continued wind erosion left elevated patches of gravel on the northern footslopes, and exposure age dating
shows that erosion essentially ceased before 1 Ga (but possibly much earlier). Erosion to the south led to
emergence of Vera Rubin ridge, retreat of the Greenheugh pediment, and the formation of Glen Torridon valley.
Hence, this footslope environment of Mt. Sharp records climate-driven periods of wind erosion, aeolian depo-
sition (and groundwater activity), surface runoff and sediment deposition, followed by further significant wind
erosion that declined to present very slow rates. This likely occurred during the late Hesperian and possibly into
the Amazonian.

1. Introduction planar sloping topography at the northern footslope of Mt. Sharp in Gale
crater (Figs. 1 and 2). While the landform had been mapped and its
The Greenheugh pediment is a 2.8 km? erosional remnant of distinct origin discussed based on satellite imagery (Malin and Edgett, 2000;
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Fig. 1. Context maps of Gale crater and northern Mt. Sharp. a) 3D and map (inset) view of Gale crater made using imagery from the Context Camera (CTX) in-
strument on board the Mars Reconnaissance Orbiter (MRO) (Malin et al., 2007). The Greenheugh pediment is highlighted in green along with Curiosity’s traverse
(yellow) and the Mound skirting unit (teal) mapped by Anderson and Bell (2010) (light blue). b) Map of the northern footslopes of Mt. Sharp showing 25 (black) and
100 (red) meter HiRISE contours on a shaded relief image. Data from: McEwen et al. (2007), Calef III and Parker (2016), and Parker and Calef III (2016). The
Greenheugh pediment is shown shaded in green, Vera Rubin ridge in blue, and the Gediz Vallis ridge in orange. Outline in green is a compilation of our own orbital
mapping as well as: Mound Skirting unit features south of Aeolis Palus mapped by Anderson and Bell (2010) and Siccar Point group features mapped by Fraeman
et al. (2016); Stack et al. (2017); Kronyak et al. (2019); Watkins et al. (2022); Banham et al. (2018); Banham et al. (2022). Pediment ascent locations, the Bressay
heterolithic deposit as well as locations for radiometric exposure a (Martin et al., 2021) are also indicated on the map along the MSL traverse (yellow). HiRISE image
credit: NASA/JPL/University of Arizona. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Anderson and Bell, 2010; Fraeman et al., 2016), it was only recognized
as a pediment recently by the Mars Science Laboratory (MSL) mission’s
science team, which navigated the Curiosity rover along the eastern
margin and ascended it in two locations. The term pediment is most
generally defined as a gently sloping erosional surface of low relief
developed on bedrock typically flanking a mountain range or escarp-
ment (e.g., Dohrenwend and Parsons, 2009). Pediments on Earth often
look similar to alluvial fans or bajadas in surface morphology, but are
distinctly different in the subsurface. Whereas fans typically represent
thick sequences of sediment, which can be accommodated by normal
faulting for example, pediments are normally veneered with only a few
meters of detritus, most if not all of which has been transported across
the beveled pediment surface (King, 1953). Terrestrial field observations
(e. g., Parsons and Abrahams, 1984) and numerical modeling (e.g.,
Howard, 1997) suggest pediments form through fluvial processes that
spread laterally across the pediment surface, removing sediment sup-
plied from upslope as well as eroding the bedrock surface. It is the
beveled bedrock surface that is considered the pediment surface, which
may or may not have a cap of mobilized detritus. Deep weathering may
facilitate erodibility of the bedrock and influence the gradient of the
pediment surface (Pelletier, 2010; Twidale, 2014). Typically, pediments
flank a mountain or escarpment, which provides a source of sediment
and runoff. Most studies have noted pediments in arid zones on Earth,
and abandoned pediments are given particular attention (e. g., Hall
et al., 2008). This is because abandoned pediments in arid regions that
currently produce little or no runoff are sometimes considered indicators
of a climate history of wetter times producing fluvial runoff capable of
cutting and eroding a pediment (e. g., Oberlander, 1974).

Pediments have been mapped on Mars from satellite images and their
presence has been used as evidence of fluvial activity, and given their
low slope and relief, have been considered areas of very slow erosion (e.
g., Cawley and Irwin III, 2018). In Endeavour crater, NASA’s Opportu-
nity rover provided the first ground-based observations of a pediment on
Mars. However, the feature was not observable in cross-section and
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there was not sufficient evidence to suggest what processes formed the
pediment (Hughes et al., 2019). Inspection of the Greenheugh pediment
by the Curiosity rover has now provided an opportunity to specifically
investigate these processes, place it in the evolutionary history of Gale
crater, and assess whether distinct links could be established with po-
tential climatic drivers (and thus the climate of Mars).

Here we first review previous work on the Greenheugh pediment and
associated deposits and then add observations on the pediment prop-
erties as ascertained from ascending the pediment on both the north and
south sides as well as driving along its eastern margin (Figs. 1-3). We use
rover-based observations and High Resolution Imaging Science Experi-
ment (HiRISE) imagery to reconstruct the full extent of the pediment and
its subsequent erosional history. This leads to a discussion where we
address the following questions:

1. What processes formed the Greenheugh pediment (i.e., the beveled
bedrock surface underlying the Stimson capping unit)?

2. What was the likely full extent of the Greenheugh pediment before
erosional removal of the Stimson cap began?

3. What were the sources of sediment that formed the Stimson capping
unit?

4. What caused the Greenheugh pediment downslope escarpment to
retreat, leaving an elevated erosional remnant?

5. What influence did the pediment formation and subsequent burial
have on the diagenetic evolution of the underlying bedrock and
overlying caprock?

6. What are the likely climate conditions that favored the formation and
subsequent burial and erosional degradation of the Greenheugh
pediment and its capping deposits.

From this analysis, we build a rich time-history that calls for prob-
able links to Martian climate history but also to possible roles of internal
erosion and deposition dynamics.
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Fig. 2. Footslope of Mt. Sharp looking towards the south. The Greenheugh pediment is shown shaded in green, Vera Rubin ridge in blue, and the Gediz Vallis ridge in
orange. Outline in green is a compilation of our own orbital mapping as well as: Mound Skirting unit features south of Aeolis Palus mapped by Anderson and Bell
(2010) and Siccar Point group features mapped by Fraeman et al. (2016); Stack et al. (2017); Kronyak et al. (2019); Watkins et al. (2022); Banham et al. (2018);
Banham et al. (2022). The Amapari Marker Band (Milliken et al., 2010; Weitz et al., 2022) is shown (purple) as well as locations for radiometric exposure ages
(Martin et al., 2021) are also indicated on the map along the MSL traverse (yellow). HiRISE image credit: NASA/JPL/University of Arizona. HiRISE image credit:
NASA/JPL/University of Arizona. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. View of footslope looking towards the south. The MSL traverse (yellow) onto and around the Greenheugh pediment (green outline) is also included. HiRISE
image credit: NASA/JPL/University of Arizona. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
2. The Greenheugh pediment in context
2.1. Regional context

Early mapping efforts in Gale crater using orbital data collectively
defined a variety of crater floor units based on texture, thermal inertia,
albedo, and spectrally derived mineralogy (Malin and Edgett, 2000;
Milliken et al., 2010; Anderson and Bell, 2010; Thomson et al., 2011; Le
Deit et al., 2013). The most well-known of these is the Mound Skirting
unit (MSu) first defined by Anderson and Bell (2010) (Fig. 1a). The MSu
consists of apparent depositional features found draping the basal slopes
of Mt. Sharp, the floor of Gale crater, and on the northern slopes of Gale
crater. These inferred deposits commonly are dark-toned crater preser-
ving (‘pockmarked’) surfaces that often form decameter escarpments
and commonly exhibit E-W linear ridges of uncertain origin (Fig. S1 in
Supporting Information S1; Kah et al., 2013; Milliken et al., 2014; Buz
et al., 2017; Kronyak et al., 2019; Bretzfelder et al., 2024). Upslope of
the MSu, in the vicinity of the Greenheugh pediment, the northern
margin of Mt. Sharp forms large (tens to hundreds of meters high)
topographic steps characteristic of layered sedimentary deposits of
varying erosional resistance undergoing scarp retreat. These steps are
further dissected by NW-SE trending valleys including Gediz Vallis
(Figs. 1-3). Emanating from some of these valleys along the northern
half of Mt. Sharp are layered degraded fan deposits (e.g., the Gediz Vallis
ridge), which have been reported as resting stratigraphically above the
MSu and may have been influenced by the presence of large ephemeral
lakes (Anderson and Bell, 2010; Palucis et al., 2016). Near the base of
Mt. Sharp centered roughly below Gediz Vallis, the modern topographic
surface has a broad inclined conical shape, extending north from near
the mouth of Gediz Vallis to the Murray buttes and east-west over 20 km
laterally (see Fig. 1b -4400, —4300, —4200, and — 4100 m contours;
Fig. 2). This hump-like feature has an amplitude of ~200-250 m over the
~20 km width of the feature. Located near the apex of it lies the much
smaller Greenheugh pediment. (Figs. 1; 2).

2.2. Description of the pediment and previous work

The Greenheugh pediment is a long-recognized landform from
orbital data along the lower slopes of Mt. Sharp (Malin and Edgett, 2000;
Thomson et al., 2008; Anderson and Bell, 2010; Palucis et al., 2016;
Fraeman et al., 2016; Bryk et al., 2019a, 2020). Early examination of this
feature by Malin and Edgett (2000) suggested that the Greenheugh
pediment records an unconformity representing a period of non-
deposition during the construction of Mt. Sharp, which was subse-
quently deeply buried and then exhumed during net erosion of Mt.
Sharp. Later authors hypothesized that the unconformity formed much
later after substantial denudation of Mt. Sharp and was then buried by
fan deposits (now known as the Gediz Vallis ridge). The pediment, which
may have never been deeply buried, was then exposed through subse-
quent aeolian erosion (Thomson et al., 2008; Anderson and Bell, 2010;
Palucis et al., 2016).

Today, the Greenheugh pediment is recognized as the upslope
extension of an erosional surface preserved under a dark-toned resistant
capping unit, the Stimson formation, (Williams et al., 2018; Bryk et al.,
2019a; Banham et al., 2018, 2021, 2022; Bedford et al., 2020, 2022).
Visited by Curiosity in three locations (prior to arriving at the pediment)
and observed at a distance from many others, the aeolian Stimson for-
mation currently comprises the only formation in the Siccar Point group
(Fig. 4a-c; Fig. S3 and S4 in Supporting Information S1; Fraeman et al.,
2016; Williams et al., 2018; Bryk et al., 2019b; Banham et al. (2018);
Banham et al. (2022); Bedford et al., 2020, 2022). The buried erosional
surface (the pediment) truncates sediments of the Mt. Sharp group
(MSg) deposited during Mt. Sharp construction and as such defines a
major unconformity now known as the basal Siccar Point group (SPg)
unconformity (Bryk et al., 2019b; Banham et al., 2022). This uncon-
formity clearly shows the pediment as an eroded surface formed after
construction of Mt. Sharp and preserved by the Stimson. Remnants of the
pediment appear to extend to the north of Vera Rubin ridge. The
erosional surface is roughly parallel to current topography at the
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Fig. 4. Mastcam images showing areas exposures to the north (and downslope from) the Greenheugh pediment. Locations for a) Murray buttes, b) Naukluft plateau,
¢) Pile mountain are shown in Figs. 1b and 2. The basal Siccar Point group (SPg) unconformity (yellow dashed line) separates the Stimson formation (SPg) from the
Murray formation within the Mt. Sharp group (MSg). Image credit: NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for image sequence
identifiers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

regional scale and thus likely records an erosion period when the lower
slopes of Mt. Sharp were stripped to approximately the current topog-
raphy prior to deposition of the Stimson fm. (Watkins et al., 2022). For
simplicity in this paper, we will use the term “Greenheugh pediment” to
also refer to the topographic feature comprised of the beveled bedrock
surface mantled by the Stimson formation. Because the Stimson mantle
is thin, the underlying pediment surface and current topographic surface
are similar.

The Greenheugh pediment today covers ~2.8 km?, and progressively
declines in slope from 25 % to 12 % over a downslope distance of
~1600 m. Near the —4040 m contour, there is a break in slope, below
which the surface slope is more variable but averages to a nearly
consistent value of ~12 % (Figs. 5a; 6a, b). This range in slopes for the
Greenheugh pediment is characteristic of typical values reported for
pediments on Earth where bedrock erosion is due to surface water runoff
(Dohrenwend and Parsons, 2009). As seen in Fig. 5b, the Stimson surface
has retained many small impact craters and, bordering Gediz Vallis
ridge, the surface is organized into a well-defined washboard-like
pattern of low-amplitude ridges (Figs. 5b; 7a, b). The washboard pattern
characterizing the top of the Stimson at the Greenheugh pediment is
locally unique to the landform and contains two dominant ridge orien-
tations. The major ridges are oriented E-W with an average azimuth of
107 degrees and an average wavelength of 14 m. The secondary ridges
are roughly orthogonal to the primary ridges exhibiting an average az-
imuth of 200 degrees and an average wavelength of 9 m (Fig. Sla, b in
Supporting Information S1). Amplitude in both cases is usually less than
0.5 m, with the secondary ridges generally showing slightly lower
amplitude. The intersection of these two ridge/swale features gives rise
to an apparent interference pattern that is typical of the polygonal
‘washboard’ appearance observed by HiRISE (Fig. 5b).

3. Rover-based inspection of pediment erosional boundary and
capping unit

As part of the ascent of Mt. Sharp, the Curiosity rover deviated onto
the northern edge of the pediment, then drove around its eastern edge
and asfcended onto the southern edge of the pediment (Fig. 8). Our work
relied primarily on imagery generated by Curiosity’s Mastcam 34- and
100-mm lens cameras (Malin et al., 2017; Bell III et al., 2017), long-

distance imaging by the ChemCam long distance Remote Micro-
imager (ChemCam LD RMI) (Maurice et al., 2012; Wiens et al., 2012),
the Mars Hand Lens Imager (MAHLI) camera (Edgett et al., 2012; Yingst
et al., 2016), and the rover’s navigation cameras (Navcam) (Maki et al.,
2012).

Chemical and mineralogical data referenced herein were generated
from Curiosity’s Chemistry Laser Induced Breakdown Spectroscopy
(ChemCam LIBS) and Remote Micro Imager (ChemCam RMI) (Maurice
et al., 2012; Wiens et al., 2012), the Alpha-Particle X-Ray Spectrometer
(APXS) (Gallert et al., 2015), the Chemistry and Mineralogy (CheMin)
instrument (Blake et al., 2012), and the Sample Analysis at Mars (SAM)
instrument (Mahaffy et al., 2012).

All orbital mapping was completed in ArcGIS using the HiRISE
(McEwen et al., 2007) MSL Gale Merged Orthophoto Mosaic 25 cm/
pixel base map generated by Calef III and Parker (2016). Elevation data
were derived from HiRISE stereo pair products calibrated to Mars Global
Surveyor (MGS) Mars Orbiter Laser Altimeter (MOLA), by Parker and
Calef I11 (2016). Topographic profiles (e.g., Figs. 6b) the polar histogram
(Fig. S1b in Supporting Information S1), the Mound Skirting Unit
reconstruction video (Video S11 in Supporting Information S1), and the
reanalysis of Watkins et al. (2022) data (Fig. S13 in Supporting Infor-
mation S1) were completed in MATLAB. Figures showing all of Gale
crater (Fig. 1) were produced using ArcGIS from data collected by the
Context Camera (CTX) on board the Mars Reconnaissance Orbiter
(MRO) (Malin et al., 2007).

3.1. Northern exposure and ascent (tower butte location)

Figure 9 shows the northern ascent area and the northern margin of
the pediment along which Curiosity traversed between Tower butte and
Bloodstone hill. Fig. 10 provides context views of the northern margin of
the pediment taken during Curioisty’s exploration of Glen Torridon
(Fig. 3; Bennett et al., 2023). Stimson formation rocks occur in promi-
nent cliff forming outcrops above the poorly-exposed SPg unconformity.
Blocks shed from the Stimson variably mantle the exposed Mt. Sharp
group sediments. Notably, these boulders rarely extend beyond the base
of the escarpment (Fig. 10a, b) — thus suggesting either rapid destruction
over short distances away from the cliff face, or possible episodic (non-
steady state) scarp retreat (see sections 3.2 and 5.4). At Tower butte,
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Fig. 5. Greenheugh pediment a) Topographic map (10 m contours) of the Greenheugh pediment and surrounding area. Yellow line is the Curiosity path; b) HiRISE
orthoimagery inset showing the washboard pattern characteristic of the Stimson at the Greenheugh pediment. HiRISE image credit: NASA/JPL/University of Arizona.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Curiosity encountered a prominent light-toned topographic shelf, which
was ultimately chosen for the Hutton drill site (Fig. 10b).

At this shelf, which lies below the unconformity, Curiosity observed
abundant diagenetic features including dark-toned nodules, blue-gray
bedrock coloration, as well as sub-vertical light- and dark-toned veins
that were not seen crossing the unconformity into the overlying Stimson
(Fig. 11; Fig. S5 in Supporting Information S1). Exposure of the un-
conformity was rare as it was almost everywhere covered in modern
aeolian sand or obscured by scree (Fig. 10b). Near the ascent location,
the best exposure of the SPg unconformity was found at the Moray Firth
outcrop (Figs. 10b; 12). Here the SPg erosional surface is relatively
smooth, with local variations smaller than 20 cm. At this location it cuts
across the laminated Glasgow member of the Carolyn Shoemaker for-
mation (Fig. S3 in Supporting Information S1). Above the unconformity,

no evidence for water-transported sands or gravels, which typically
mantle terrestrial pediments, was observed. Instead, it was overlain by
the aeolian Stimson formation (e.g., Banham et al., 2022). Along the
ascent location, an unusual texture was noted that consisted of discon-
tinuous bedded-to-massive sandstone characterized by occasional ma-
trix supported clasts (up to 1 cm in diameter) and centimeter scale
spherules (Fig. 11b, ¢). The unit exhibited a gradational upper contact
with the more typical cross-bedded Stimson and did not appear to
indicate transport by water.

Within the Stimson fm., three distinct intervals (Fig. 12) were iden-
tified at the ascent location that correspond to subtle but consistent
lithologic differences (Banham et al., 2022). The first interval above the
unconformity (Gleann Beag interval) is characterized by decimeter to
half meter scale trough cross-stratification, abundant nodules, and one
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Fig. 6. Slope map and associated long-profile at the Greenheugh pediment. a)
Slope map from HiRISE-derived topography with the Amapari Marker Band
(MB) overlain in purple and the MSL traverse in blue. b) Elevation and slope
profile A-A’ taken from the SE side of the pediment perpendicular to topog-
raphy. Note in the profile the locations of slope anomalies at the Northern edge
of the pediment, near the center of the profile (labeled slope break) and at the
Amapari Marker Band (Purple dashed line in (a) (Milliken et al., 2010; Weitz
et al., 2022). HiRISE image and topographic data source credit: NASA/JPL/
University of Arizona. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

location small mudstone clasts incorporated in the sandstone sediment.
The nodules are chemically indistinguishable from the surrounding
Stimson and appear to exist as clusters of preferentially cemented
rounded sand grains (Fig. S6 in Supporting Information S1; Thompson
et al., 2022b). Nodule abundance varies within the unit and can be
observed extending into the upper intervals of the Simson as occasion-
ally discreet fingers or tendrils of nodularized sandstone. The next in-
terval above the nodular Stimson (labeled the Ladder interval) is
comprised of platy weathering aeolian sandstone with abundant
pinstripe laminations and large planer foresets (including thicknesses of
up to 0.8 m and laterally traceable bedding over >70 m). The Ladder
interval represents some of the largest preserved sedimentary structures
observed by Curiosity. Finally, the top of the Stimson south of Tower
butte (labeled the Edinburg interval) includes the Edinburgh drill site
(Fig. 10) and is comprised of blocky-weathering trough cross-bedded
aeolian sandstone (Fig. 12; Banham et al., 2022).

Upon ascending the pediment escarpment, Curiosity crossed the
degraded top of the Stimson arriving at the Machir Bay outcrop — the
highest elevation gained during the northern ascent (Figs. 10b, and
13a). Mastcam and ChemCam RMI surveys of the top surface of the
pediment revealed patches of blocky-weathering Stimson in the
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nearfield (green shading in Fig. 13a, b) and Curiosity’s first distant ob-
servations of the washboard pattern (Fig. 13c). It is possible the blocky-
weathering (Edinburgh) interval observed here near Tower butte are
remnant pieces of the once more continuous washboard texture. Further
imaging of the Stimson top indicated an absence of foreign clasts as may
have originated from a likely once more extensive Gediz Vallis ridge to
the south (Bryk et al., 2019b).

Western butte lies adjacent to the Greenheugh pediment NW of
Tower butte. Curiosity visited the eastern plateau known as “the
shoulder” of Western butte and ascended as far as was safe towards the
capping unit on the West side of the butte (Fig. 9). There, anticipating an
encounter with a disconnected former piece of Greenheugh pediment,
the rover instead encountered a dark rubbly deposit of unconsolidated
boulders resting on a north-sloping surface (Fig. 10a). The boulders were
both physically and chemically distinct from the Stimson formation
observed at Tower butte, and their origin remains unclear (Fig. S7 in
Supporting Information S1).

3.2. Exposure along transect from north to south

East of Bloodstone hill (Fig. 9), Curiosity circumnavigated the Sands
of Forvie during which time the team extensively imaged the Eastern
margin of the Greenheugh pediment (Fig. 8). Although cover by modern
sand and scree made full exposure of the contact rarely visible along this
transect, the boundary was generally planar and the Stimson was a
relatively constant thickness (Fig. 14). The smooth (Fig. 14a, c) to
slightly wavy (Fig. 14b) contact lacked local troughs characteristic of
fluvial incision, and no evidence for water sorted sediments (sand or
gravel) was observed.

The escarpment varied in relief but was typically 10 m high with a 1-
3 m thick Stimson cap and variable scree coverage. Occasional patches
of thick (10-30 c¢m) scree indicate a residual colluvial mantle, previously
deposited that then subsequently experienced net erosion (Fig. 15). We
also observed similar patches on the isolated Stimson capped buttes
downslope and north of the pediment (at Pile mountain) (Fig. S4 in
Supporting Information S1) and perhaps along the North side of Western
butte (Fig. 10a; Fig. S7 in Supporting Information S1). Along the rover
path following the eastern side of pediment, occasional distinct blue/
gray colored clasts interpreted to be Stimson blocks were encountered.
At the maximum distance (1.2 km) from the eastern side of the pediment
where the rover path turned and headed west (Figs. 1b; 8), several
Stimson blocks up to 100 mm long were found along this section of the
traverse. Imaging along the track to the west, also revealed the blue/
gray rocks of the Stimson on top of Rafael Navarro mountain. (Fig. 8;
Fig. S8 in Supporting Information S1). Together these observations
suggest that the pediment was once more laterally extensive.

South of the Sands of Forvie, Curiosity drove along the southeast
margin of the pediment passing Siccar Point towards Maria Gordon
notch and the southern pediment ascent location at Blackcraig (Fig. 8).
Along a 90 m long outcrop to the north of Maria Gordon notch, Dietrich
et al. (2022) found a distinct zone of deformed Stimson fm. sediments
directly above the SPg unconformity (Fig. 16a, b). The unit is typically
less than 1 m thick and exhibits a range of textures from massive bedding
to convolute laminations. The upper contact with the overlying cross-
bedded Stimson is typically sharp and non-planar (Fig. 16¢) with the
overlying laminations occasionally deflecting away from or towards the
contact (Fig. 16d). Several vertical surfaces (fracture planes) within the
overlying cross-bedded Stimson appear to contain a coating of sediment
that may have been injected upward from the basal unit (Fig. 16e). Close
inspection of tumbled blocks of this basal unit (Fig. 16f-h) enabled
contact science which revealed that although the sedimentary textures
within the rock were distinct, the typical grainsize and chemistry of the
basal unit is identical to the overlying cross-bedded Stimson (Dietrich
et al.,, 2022). Together, these observations suggest a soft sediment
deformation mechanism for the basal Stimson fm. likely through the
presence of water saturation at a time when the unit was not fully
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lithified (see also Fig. S15 in Supporting Information S1). This inter-
pretation is supported by the results of Banham et al., 2024, from data
collected further west and higher within the Stimson stratigraphy.
Near the southern pediment ascent location, Maria Gordon notch is a
14 m vertical exposure of stratigraphy of the Port Logan member of the
Mirador formation (see Fig. S3 in Supporting Information S1 for strati-
graphic nomenclature), which is here unconformably cut by the pedi-
ment and overlain by the Stimson (Figs. 17 and S9 in Supporting
Information S1). At Maria Gordon notch, Curiosity observed a dramatic
change in outcrop colour from red near the base to gray at the top
(Fig. S9 in Supporting Information S1). The colour transition occurs

roughly at an elevation of -3971 m and was not observed elsewhere at
that elevation suggesting it may be related to the presence of either the
SPg unconformity or the overlying Stimson formation, rather than due
to a primary depositional change. Like the ascent at Tower butte, the
strata below the unconformity at Maria Gordon outcrop exhibit exten-
sive veination in a variety of orientations. These veins were not observed
crossing the unconformity into the overlying Stimson (Fig. S9 in Sup-
porting Information S1).

Curiosity’s traverse from the northern to the southern pediment
margins allowed us to observe the pediment surface descending down
across 315 m of elevation drop and truncating at least 6 distinct
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Fig. 9. Northern edge of the Greenheugh pediment showing the ascent location near Tower butte as well as the eastern traverse along the northern margin of the
pediment. Note: stratigraphic members are defined after Fedo et al. (2022). HiRISE image credit: NASA/JPL/University of Arizona.

lithologies (Fig. S3 in Supporting Information S1). Everywhere the un- Emerson, Naukluft and Murray Buttes) although local topographic
conformity (pediment surface) along the margin of the Greenheugh variability was much greater (Watkins et al., 2022). The unconformity at
pediment was observed, the topographic variation along it was minimal the regional scale can therefore be observed smoothly cutting across
(<0.5 m amplitude). This regional planarity is consistent with obser- nearly 630 m of elevation and every lithologic unit identified by the

vations of the SPg unconformity away from the pediment (made at rover above (and possibly including) the Bradbury group (Fig. S3 in



A.B. Bryk et al.

(a)

Bloodstone hill Tower butte

S

Hutton drill
— Edinburgh drill

Icarus 430 (2025) 116445

Western butte cap

Fig. 10. Mastcam imagery overlain on Navcam imagery taken from the northeast ‘shoulder’ of Western butte towards the Greenheugh pediment and centered on
Tower butte a) Context (180°) view of pediment ascent area as viewed from the shoulder of Western butte. The pediment ascent location, Hutton, Edinburgh and
Glasgow drill sites, and Bloodstone hill can also be seen along the MSL traverse (yellow/orange) (mixture of M100 and Navcam imagery). b) Closer view of the ascent
area at Tower butte. Image credit: NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for image sequence identifiers. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Supporting Information S1; Williams et al., 2018).

3.3. Southern exposure and ascent at Blackcraig

Curiosity made a second ascent of the Greenheugh pediment along
the Southeastern margin at the Blackcraig outcrop (Fig. 17; Fig. S10 in
Supporting Information S1). The unconformity was poorly exposed
because it was often covered by modern wind-blown sand. However, in
rare instances where the unconformity was observed, there was again no
evidence for local fluvial incision and or water-worn clasts above the
unconformity. The stratigraphy of the Stimson near Blackcraig shared
several similarities with the ascent at Tower butte, but with some
notable differences. The base of the section contains cross-bedded platy
weathering aeolian sandstone with occasional nodular zones. Above this
there is a discontinuous zone of massive to convolute laminated sand-
stone (Banham et al., 2024). This interval is laterally discontinuous and
reminiscent of the deformed basal unit observed east of Maria Gordon
Notch, except that where present it occurred above the lowermost
coherently cross-bedded Stimson, rather than directly above the un-
conformity. One location in this interval contained possible evidence for
fluid escape structures, although the rover could not get close enough to
confirm. Above this, the Stimson assumed a blocky texture similar to
that at Tower butte (Fig. 18; Fig. S10 in Supporting Information S1).

Curiosity continued beyond Blackcraig downslope along the pedi-
ment surface on one of several NW-SE trending wind scoured furrows
that dissect the top of the Stimson (Figs. 8; 17). Upon exiting this furrow,
Curiosity first encountered an intact expanse of the washboard pattern
identified from HiRISE (Figs. 5; 7; 18; 19). The pattern of orthogonal
ridges and swales is clearly visible in Mastcam data. Unexpectedly, the
Mastcam data also revealed a finer-scale texture that characterized the
surface of the washboard ridges (Fig. 19). The new and widespread
(Fig. 19a inset) texture, given the informal descriptive term ‘gatorback
terrain’ consists of blocky-weathering Stimson bedrock that has been
molded into roughly evenly spaced decimeter-scale blocks the majority
of which remain attached to the bedrock. The blocks are fracture bound
and exhibit a consistent ventifaction pattern with a preferred azimuthal
orientation of ~235 degrees (Figs. 18; 19a). The ‘troughs’ of the
washboard pattern consisted of swales covered with loose sand as well

10

as scattered Stimson derived stones in size from pebbles, cobbles, to
boulders. In some swales, the gatorback blocks could be seen poking
through the regolith (Fig. 19a). At both ascent locations, cross-sectional
observations of the washboard pattern were rare. In addition, the
extreme ventifaction and blocky surface texture defining the gatorback
terrain made identifying a relationship between the gatorback terrain,
the washboard, and the stratigraphy of the Stimson difficult. However,
along the trough margin where Curiosity ascended the pediment, there
was a single location where Mastcam data suggested a possible link
between the decameter-scale washboard pattern and the layering within
the Stimson (Fig. 19b).

Close inspection of the gatorback blocks revealed some similarity in
chemistry with other areas of the Stimson, but several elements differed
from typical basaltic Stimson (Thompson et al., 2022a). Grain size data
were sparsely available due to wind polishing of the incipient boulders,
but the available measurements indicated a finer-grained Stimson than
was found at Tower butte (Banham et al., 2022). As with the Tower butte
ascent area, detailed imaging of the top of the Stimson again yielded no
evidence of foreign clasts away from the Gediz Vallis ridge.

Figure 20 compares generalized schematic stratigraphic sections
observed by Curiosity in the Blackcraig area with that from Tower butte.
In contrast with the Tower butte area, the stratigraphy of the Stimson
near Blackcraig is more variable with zones of deformation and nodules
occurring inconsistently at variable stratigraphic levels across the ascent
area. In general, the sedimentary facies are similar at the two ascent
locations. At several locations along the margin of the Greenheugh
pediment, Curiosity enabled observations of a discontinuous bedded-to-
massive sandstone characterized by occasional matrix supported
centimeter-scale clasts and spherules outcropping near the base of the
Stimson (Figs. 11; 16 g, h; S15 in Supporting Information S1). Two hy-
potheses explain the occurrence of this facies. The most likely expla-
nation for this unit is laterally variable soft sediment deformation within
the lowermost Stimson prior to lithification. Deformation likely resulted
from groundwater flow through un- or semi-consolidated Stimson sed-
iments and may have been aided by meteor impacts (Dietrich et al.,
2022). A second possibility is that some parts of this facies — particularly
where coarser clasts and spherules are present (Fig. 11c) — could
represent a lag deposit remaining from the pre-Stimson aeolian
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Fig. 11. The Tower butte pediment ascent area. a) pediment ascent location including SPg unconformity (yellow dashed lines) and dark vein traces in the Glasgow
member (red). b) Hutton’s section target and the apparent coarse basal pediment unit. c¢) Inset showing in situ spherules and cm-scale clasts within the basal Stimson
unit. Image credit: NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for image sequence identifiers. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Greenheugh pediment showing the SPg unconformity and Stimson stratigraphic intervals (“int.”) as defined by Banham et al. (2022). Image credit: NASA/
JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for image sequence identifiers. Note the Stimson cliff in this image is ~1.5 m thick.

denudation phase of Mt. Sharp. These two explanations are not mutually realizing their connection to the Stimson (Fig. S7 in Supporting Infor-
exclusive, and it is possible Curiosity has encountered features like this mation S1).
in the past (e. g. the top of Western butte) but without the science team
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Table S1 in Supporting information S3 for image sequence identifiers. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
4. Greenheugh pediment reconstruction and erosional history
4.1. Estimated current thickness of the Stimson

In order to estimate current thickness of the Stimson across the
pediment we used a combination of mapping along the exposed edge
and then a projection across the entire surface (Fig. 21). Locations along
the pediment margin that included both a topographic inflection of the
contact and a change in HiRISE false colour image tone were chosen as
approximate locations for the SPg unconformity (red dots in Fig. 21).
Direct mapping of the unconformity was not possible due to poor
exposure. However, approximate location data were checked with
rover-based imagery where it was available. A thin-plate projection
(Pohjola et al., 2009) was then used to interpolate the unconformity
across the aerial extent of the pediment. This surface subtracted from the
modern topographic surface (from HiRISE 1 m topography provided by
Parker and Calef I1I, 2016 and Calef IIl and Parker, 2016) yields a rough
estimate of the thickness of the modern Stimson and how it varies across
the Greenheugh pediment (Fig. 21).

The map indicates the Stimson thickness remains between ~1 and 5
m around the perimeter of the escarpment and is in general agreement
with Curiosity’s direct observations of the northern, eastern, and
southeastern margins of the pediment (Figs. 14 to 16; Banham et al.,
2022). Thickness may be greatest (reaching 10 m) near the center of the
pediment, but averages only 2.3 m thick over the entire landform. This
area of greatest thickness depends on the reliability of the projection,
and there is considerable uncertainty. The greatest thickness, however,
does roughly correspond to the best-preserved washboard surface
(Figs. 7; 21). The interpolated thicknesses in general agree with thick-
ness data reported at previously visited Stimson outcrops (Banham et al.,
2018; Williams et al., 2018) as well as with Mastcam observations along
Curiosity’s circumnavigation of the pediment escarpment. Nonetheless,
the actual thickness of the Stimson cover in the center of the pediment is
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unknown and so this projection at the center of the feature can be
considered a suggestion.

Most of the Stimson at the Greenheugh pediment does not exhibit the
coherent washboard texture (Fig. 7). Isolated outcrops of washboard
indicate the feature once likely covered the pediment surface and has
subsequently experienced erosion regardless of formation mechanism.
The current Stimson surface thus represents a second, currently active
beveled bedrock surface. Satellite imagery shows the washboard pattern
extending to the edge of the Gediz Vallis ridge on both sides of the
outcrop. At neither ascent location were foreign blocks visible across the
pediment, indicating effective elimination of Gediz Vallis shed clasts by
strong wind erosion across the pediment. Nonetheless, as noted above,
foreign clasts were found beyond the Sands of Forvie, over 1.2 km from
the edge of the pediment. It is also possible that foreign clasts from the
former Gediz Vallis ridge may be visually indistinguishable from the
rubbly Stimson top at the pediment.

4.2. Former extent of the Greenheugh pediment

At every location, ground-based observations indicate the SPg un-
conformity is capped by the dark-toned and often cliff-forming aeolian
Stimson sandstone (Figs. 4, 10, 14-16; Banham et al., 2018, 2021, 2022;
Watkins et al., 2022). Effectively, the Stimson deposit preserves a paleo
erosion surface. Paleorelief along the unconformity varies among
Stimson outcrops. Watkins et al. (2022) performed geometric analysis of
the SPg unconformity along the northern Stimson outcrops previously
encountered by Curiosity (Murray buttes, Naukluft and Emerson pla-
teaus, Figs. 1b and 2). Exposure of the unconformity in these areas was
good, typically occurring at the base of buttes, thus enabling accurate
measurements of paleorelief of up to ~10 m locally. Despite these areas
of local relief, Watkins et al. (2022) found broad agreement between the
modern topographic surface and the preserved paleosurface. In contrast,
the unconformity at the Greenheugh pediment (upslope of Vera Rubin
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Fig. 14. Exposure of the SPg unconformity along the northern and eastern margin of the Greenheugh pediment. a) Mastcam location and look angles for Mastcam
mosaics in b-d. b) Northern margin of the pediment. ¢) Northeast margin of the pediment. d) Eastern extent of the pediment escarpment south of Siccar point showing
planar SPg unconformity and patches of regolith mantle flanking the escarpment. HiRISE image credit: NASA/JPL/University of Arizona. Mastcam image credit:
NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for image sequence identifiers.

Fig. 15. Pediment exposure west of Bloodstone hill (see Fig. 14a for look angle). a) Residual scree slope mantle (green dashed lines) along the pediment margin that
suggest episodic or differential scarp retreat. b) A closer view of the mantle patch Image credit: NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3
for image sequence identifiers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 16. Pediment escarpment exposure revealing soft sediment deformation features in the lower Stimson. a) 3D view of the outcrop exposure located between
Siccar Point and Maria Gordon notch. (b-e) Mastcam mosaics of the basal Stimson (b) showing loss of coherent bedding, as well as the irregular boundary between the
deformed sediments and the undisturbed upper layers including evidence for possible fluid escape paths. (f-h) Mastcam mosaics of tumbled blocks accessed for
chemical analysis and grain size measurements. HiRISE image credit: NASA/JPL/University of Arizona. Mastcam image credit: NASA/JPL-Caltech/MSSS. See

Table S1 in Supporting information S3 for image sequence identifiers.

ridge) occurs near the top of the escarpment and is poorly exposed, most
commonly covered by scree and modern wind-blown sand. Direct
measurements of paleorelief (where possible) were never greater than 1
m indicating even stronger correspondence between the modern topo-
graphic surface (top of the Stimson) and the unconformity at the
Greenheugh pediment (Fig. 14). The total range in thicknesses among
Stimson outcrops (on the contiguous Greenheugh pediment and in the
isolated outcrops to the north) observed using both HiRISE and Curiosity
imagery is relatively narrow — averaging 2.8 m and never exceeding 12
m (Fig. 21; Banham et al., 2018). We found no exposures to the north in
the crater floor that would indicate that the Stimson capped pediment
once extended much beyond the Naukluft plateau area (Fig. 1) and was a
deposit of great thickness.

Together these observations paint a consistent regional picture of the
Stimson formation. The modern Stimson formation is a thin, laterally
extensive, crater preserving, mesa forming unit with major outcrops
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concentrated at the base of Mt. Sharp (Figs. 1-3). The observed Stimson
outcrops correspond to areas previously mapped from orbit as areas of
Mound Skirting unit (Anderson and Bell, 2010) and in situ as the Siccar
Point group (Fraeman et al., 2016; Stack et al., 2017; Kronyak et al.,
2019; Watkins et al., 2022; Banham et al., 2018, 2021 and 2022). These
outcrops include the more remotely observed area of the Emerson
plateau, to the east of the rover transect, where a clear dark toned cliff
forming unit is visible (Fig. S14 in Supporting Information S1). Hence,
we propose that south of Aeolis Palus, the Mound Skirting unit and the
Siccar Point group are both represented by the Stimson formation
deposited on a paleosurface (now recognized as the SPg unconformity)
that unifies Stimson-capped buttes (e.g., Murray buttes, Naukluft and
Emerson plateaus; Figs. 3 and 4) with the Greenheugh pediment. This
pedimentation surface thereby records a period when net erosion shifted
to net deposition along the base of Mt. Sharp.

On the basis of this hypothesis, we made a projection of the full
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extent of the Greenheugh pediment in the region of the MSL traverse
(Fig. 22a). We included an extensive patch of Mound Skirting unit to the
west for which we lack rover-based observations, but, given its prox-
imity to the current Greenheugh pediment, may have been part of the
same contiguous feature. In order to make the map, the modern Mound
Skirting unit outcrops (Fig. 22a green outlines) were interpolated across
the basin using a thin plate projection (Pohjola et al., 2009) through data
chosen from the top surface of each outcrop. Everywhere the rover
observed the Stimson, the topographic (top) surface was roughly parallel
to the unconformity and the average thickness of the unit is 2.8 m.
Therefore, the top surface of the Stimson, although a somewhat eroded
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feature itself, represents a reasonable approximation for the pediment
cap at the regional scale. To be consistent, we added this thickness to the
top of Vera Rubin ridge (VRR) in the final map. This reconstructed
surface matches the local projection of the pediment north to the Murray
buttes (Fig. 22b; Bryk et al., 2020; see also Fraeman et al., 2020). The
northern extent of the paleosurface is constrained by visible outcrops.
The low relief, beveled bedrock surface of the northern floor of Gale
(Aeolis Palus) could also be called a pediment, but given the break in
slope, it is likely a different surface than what we have mapped in this
reconstruction (Fig. 22a).

The Greenheugh pediment

reconstruction follows modern
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Fig. 17. Map showing the Southern pediment ascent at Blackcraig. The green line delineates pediment edge and the yellow line indicates the rover path. HiRISE
image credit: NASA/JPL/University of Arizona. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 18. Exposure of an alteration zone in the Stimson facies at the Blackcraig ascent location (see Banham et al., 2024). Note exposures of coherent washboard in the
distance and fluid escape structures bounded above and below by typical Stimson cross-bedding. Mastcam image credit: NASA/JPL-Caltech/MSSS. See Table S1 in

Supporting information S3 for image sequence identifiers.

topography at the regional scale (see contour similarities between
Figs. 1-2 and 22a). Notably, the reconstructed surface (and thus the
Greenheugh pediment) follows the topographic form of the inclined
conical surface or topographic hump that spans nearly the entire MSL
mission traverse up Mt. Sharp (Fig. 1; Video S11 in Supporting Infor-
mation S1).

4.3. Sequence and pattern of erosional destruction of the pediment

By subtracting the current topography (Fig. 1b) from the recon-
structed Greenheugh pediment surface (contours in Fig. 22a), we
document the spatial pattern of erosion of the pediment and underlying
bedrock (Fig. 23). The depth contours in Fig. 23 indicate the amount of
erosion that has occurred since the deposition and lithification of the
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Stimson. The map reveals significantly more post-Stimson erosion near
the mountain front than away from it as would be predicted by slope-
wind erosion models (e.g., Kite et al., 2016). East of the Greenheugh
pediment the depth of post-Stimson erosion exceeds 145 m into under-
lying bedrock in some locations (Fig. 23). The region SE and upslope of
the Greenheugh pediment was excluded from the reconstruction as there
are no Stimson outcrops to guide the projection. It is unknown whether
the Stimson once extended this far up Mt. Sharp.

Several observations suggest that post-lithification of the Stimson,
significant net erosion of the pediment was initiated in the northern
footslopes and spread upslope. The rover’s journey crossed into Stimson-
capped aligned bluffs bordered by broad Murray bedrock floored valleys
as it entered the Emerson plateau (Fig. 1). Curiosity then traveled across
the Naukluft plateau nearly along contour for ~2 km before turning
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Fig. 19. Pediment surface at the Blackcraig ascent area a) Ridges (red) and troughs (yellow) and prominent ventifaction pattern (“gatorback*) characteristic of intact
washboard Stimson. Inset shows gatorback pattern present near the base of the Gediz Vallis Ridge b) A cross-sectional view of the washboard pattern suggesting a
relationship between the topography Stimson internal stratigraphy. Mastcam image credit: NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for
image sequence identifiers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 20. Schematic cross-section and generalized stratigraphic column of the Stimson on the Greenheugh pediment and the underlying uppermost Glasgow member
at Tower butte and Blackcraig. Synthesis figure for pediment ascent stratigraphy.

south towards the Murray buttes area (Figs. 1-2; 4a, b) towards VRR.
This eroded landscape revealed the topography of the pediment
boundary between the Murray and Stimson (the SPg unconformity)
which tended to be near the base of the bluffs (Banham et al., 2018,
2021; Watkins et al., 2022). Wiens et al., 2020 describe that at three
locations the rover passed unconsolidated heterolithic deposits of gravel
and boulders. One of the deposits (Blackfoot) lay on both Stimson and
Murray bedrock and the outcrop was bordered by 4 m deep canyons
(Fig. 24a; Wiens et al., 2020 Supplemental Fig. 1-1). A second
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(Brandberg) lay on just the Murray and on its north side was a bench, the
north edge of which dropped 10 m. The third site (Bimbe), farthest south
and west, lay on the sloping eroded topographic surface underlain by the
Murray formation. These gravel and boulder deposits therefore, were
deposited after significant dissection and butte retreat had occurred
here, but some erosion continued after deposition. The heterolithic de-
posits may have been much more extensive and thicker after initial
deposition. Based on inspection of these deposits in the field, we used
HiRISE imagery to make a map of the possible occurrence of other like
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Fig. 21. Contoured thickness map of the Stimson formation on the Greenheugh pediment. Red dots indicate locations where the SPg unconformity could be reliably
identified due to both a topographic inflection and a change in HiRISE false colour image tone. Locations were confirmed with Mastcam where possible. Thicknesses
in the interior pediment was derived from a thin plate approximation. HiRISE image credit: NASA/JPL/University of Arizona. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

deposits (Fig. 24a). Those most like the field sites observed with Curi-
osity lie in or close to the projected former extent of the pediment
(Figs. 22; 23). A fourth unconsolidated gravel patch (see ‘Bressay’ in
Fig. 24a) was subsequently encountered on VRR (Fraeman et al., 2020).
The deposit is 40 m long, approximately 15 m wide, and is heterolithic
with highly variable grain size (Fig. S12 in Supporting Information S1).
It appears to lie in a subtle trough that crosses the narrow Vera Rubin
ridge. The deposit rests directly on the exposed diagenetically altered
erosion resistant bedrock of VRR and is aligned in the downslope di-
rection. Wiens et al. (2020) note that the lithologic composition seems
distinct from the heterolithic patches to the north.

For these sediments (including Bressay) to have crossed Vera Rubin
ridge and been transported to Murray buttes, the pediment would have
been still topographically connected to VRR (although the Stimson cap
would likely have been removed). This then suggests that significant
erosion at and north of Vera Rubin ridge as well as removal of the
Stimson at VRR, and deposition of the heterolithic unit preceded the
development of the Glen Torridon trough between VRR and the
Greenheugh pediment. Wiens et al. (2020) offer several hypotheses for
the transport processes that generated these deposits, which includes
fluvial or debris flows, raising the possibility that deposits record the
onset Gediz Vallis ridge fan construction.

Upslope of Vera Rubin ridge, wind erosion caused 8 m of vertical
incision along the north facing bluff edge as the pediment escarpment
retreated southward. To either side of the modern Greenheugh pedi-
ment, the erosion cut progressively deeper as it approached the steeped
slopes to the south, possibly greater than 145 m, overall much greater
than erosional incision north of Vera Rubin ridge (Fig. 23).

At two northern locations along the bluff floor adjacent to the former
pediment, Martin et al. (2021) obtained exposure age dates from drill
samples, both indicating ages of about 1 billion years. At Mojave
(Figs. 1-2; 24b) the sample was taken 40 m from the basal edge of the
bluff. At Quela, closer to Vera Rubin ridge (Figs. 1-2; 24b) the drill
sample was just 5 m away from the edge. A 50 m long heterolithic
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deposit, lying 1 to 4 m above the current Murray formation exposed
floor, lies just to the north of the Quela bluff (Fig. 24b). Martin et al.
(2021) concluded that these exposure age dates indicate that over at
least the last billion years there had been essentially no vertical erosion
and only 5 to 40 m of bluff retreat. These rates are far less than needed to
explain the dissected landscape south of Vera Rubin ridge. The simplest
interpretation is that there had been a significant decline in erosion rates
along the northern footslopes by at least 1 billion years ago. This is in
contrast to the much greater depth of erosion upslope of Vera Rubin
ridge on either side of the preserved pediment, including canyon inci-
sion by over 100 m forming large yardangs on the slopes (Fig. 23).

5. Discussion
5.1. Processes that formed the Greenheugh pediment

On Earth, it is widely accepted that over large distances, preserved
erosional surfaces (unconformities) are polygenetic and time-
transgressive, meaning that although these surfaces today are laterally
continuous, distinct areas of the surface have undergone cycles of
denudation and burial at different times often by different processes (e.
g., Vail et al., 1977; Fairbridge and Finkl, 1980; Karlstrom and Timmons,
2012). In fact, the only requirement for the creation of an erosional
unconformity is that a landscape undergoing net erosion transitions to
one undergoing net deposition. In Gale, the preservation of the Siccar
Point unconformity by the Stimson formation enables us to study a
former episode in the paleo-erosion history of northern Mt. Sharp.
Essentially, the unconformity, although not a snapshot, gives us a
glimpse at what the topography of Mt. Sharp looked like billions of years
ago. Observations made with the Curiosity rover now enable us to un-
derstand the processes that produced that erosion surface.

There is no clear evidence for fluvial or glacial erosion processes
preserved along the SPg unconformity at the Greenheugh pediment.
This leaves wind erosion as the most probable erosion mechanism that
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Fig. 22. Mound Skirting unit surface reconstruction prior to erosional dissection. a) HiRISE orthoimagery overlain with 25- and 100-m contours of the reconstructed
Mound Skirting unit. Modern exposures of the Mound Skirting unit (equivalent to the SPg group in this area) are shown outlined in green. The Greenheugh pediment,
Vera Rubin ridge, and the Gediz Vallis ridge are shaded in green, blue, and orange respectively. Projection assumes all the Mound Skirting Unit outcrops and Stimson
mantled Greenheugh pediment were part of a footslope aeolian dune field (Stimson fm.). b) Topographic profile A-A’ (see (a)) with labeled locations and two re-
constructions (linear and 2nd order polynomial fits) of the Greenheugh pediment (Reproduced from Bryk et al., 2019b). Red dots indicate topographic data used for
the polynomial fit. HIRISE image credit: NASA/JPL/University of Arizona. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

created the pediment. Wind eroding bedrock, however, tends to etch out
heterogeneities in bedrock properties and, through positive feedback in
otherwise homogeneous material, cut canyons. Yardangs emerge, and
smooth plains by wind alone would seem unlikely (Pelletier et al., 2018;
Pelletier, 2018; Barchyn, 2018). Yardang-shaped hills do currently occur
upslope of the southern edge of the pediment where the mean landscape
slope steepens considerably (Figs. 1-3), but most of the reconstructed
pediment surface lies below these features, which may be both litho-
logically different from lower Mt. Sharp and also subject to distinct wind
patterns (Fig. 25; Dromart et al., 2021). Based on observations in Gale
crater, Day and Kocurek (2016) proposed an erosional sequence in
which wind dissection of bluffs progressively reduces an area to low
gradient nearly planar “desert pavement”, in which rocky plains are
mantled by residual clasts. Neither the Greenheugh pediment contact
surface with the Stimson, nor the current exposed bedrock surface of the
eroded Stimson are marked by a mantle concentration of residual clasts.
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The ascent of the rover from Murray Buttes also did not reveal areas of
residual rock debris forming a pavement covering the underlying
bedrock. Nonetheless, Day and Kocurek (2016) do propose a planation
process by wind.

Watkins et al. (2022) reported total paleorelief values between 7 and
71 m along the Siccar point unconformity along the northern Stimson
outcrops (Murray buttes, Naukluft and Emerson plateaus), concluding
that the mechanism for erosion along the unconformity at these loca-
tions was wind scour. Removing the regional paleoslope of the uncon-
formity at these outcrops and recalculating local paleotopography yields
values averaging to only a few meters with a maximum of ~10 m over
many tens of meters distance (Fig. S13 in Supporting Information S1).
Despite this correction, paleotopography along the preserved uncon-
formity north of the pediment is significantly greater than at the present
Greenheugh pediment, where local topography along the unconformity
was never greater than 1 m. It may be that along the northern edge of
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Fig. 23. Erosion depth below the projected top of the Mound Skirting unit (shown in Fig. 24) to the present Martian surface. Note depth contours are referenced to
the top of the Stimson and thus do not account for the thickness of the Stimson, which averages 2.8 m across all areas it has been observed by Curiosity. Colour
corresponds to specific erosion depth intervals. The region SE and upslope of the Greenheugh pediment was excluded from the reconstruction as there are no Stimson
outcrops to guide the projection. HiRISE image credit: NASA/JPL/University of Arizona.

pediment projection (e.g., Murray buttes) wind had scoured subtle ridge
and swale topography before Stimson deposition.

The relative smoothness of the regional projection (Fig. 24) unifies
the pediment with the northern outcrops as a single regionally extensive
contiguous surface overlain by the Stimson formation. Across the
northwest slopes of lower Mt. Sharp, the process of erosion that cut this
surface is most likely wind abrasion. In some places this resulted in an
exceptionally smooth planation surface (i.e., at the Greenheugh pedi-
ment), while elsewhere local ~10 m scale topography was produced (e.
g. at Murray Buttes) (Fig. 1; Watkins et al., 2022). The difference may
have been caused by episodic and/or partial cover of the northern
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outcrops by aeolian sands during the denudation phase or possibly due
to differential hardness within the Murray as the pre-Stimson landscape
lowered.

Upslope above the southern pediment margin as traversed by Curi-
osity, lithologic properties may have played a role in the enabling wind
to scour without forming prominent (> meter-scale) yardangs in the
lower slopes. Presently, the transition from lower slopes of Mt. Sharp,
which are gently sloping with few local hills, to the yardang shaped
upslope steep hills corresponds approximately to the lithologic transi-
tion from the mudstone (Murray and lower Carolyn Shoemaker forma-
tions) to sandier aeolian deposits (upper Carolyn Shoemaker to Mirador
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Fig. 24. Location of heterolithic units of unlithified gravel deposits. a) HiRISE orthoimagery overlain by likely (green), possible (orange) and visited (red) heter-
olithic units (e.g., Wiens et al., 2020). b) The Quela area where a heterolithic unit (red outline) is deposited on top of both the Murray and Stimson formations and
Martin et al. (2021) report an exposure of 1 billion years (located at the triangle). HiRISE image credit: NASA/JPL/University of Arizona. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

formations) (Fig. 25; Fig. S3 in Supporting Information S1). Although
the prominent erosionally resistant ‘Amapari Marker Band’ unit lies
above the Mirador fm. (Figs. 2; 25; Milliken et al., 2010; Kite et al., 2013;
Weitz et al., 2022), the steepened hills extend to the north beyond the
marker band outcrop, making its role less important in slope evolution.
It may be that the mudstone of the Murray and lower Carolyn Shoe-
maker formations is sufficiently uniform and erodible, that low gradient
erosional slopes are formed in it without yardang emergence.

Two other observations support wind abrasion origin of the Green-
heugh pediment. First, post-Stimson erosion on the eastern side of the
pediment has cut a wedge of increasing depth from Vera Rubin ridge to
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the steepened slopes of Mt. Sharp, to depths greater than 100 m
(Fig. 23). This was likely done during a period free of any fluvial pro-
cesses with the only erosive agent being wind. Although the currently
active eroding surface is not a smooth plane, wind erosion, nonetheless,
has not led to large yardang forms. An even smoother modern surface
can be found on the north side of VRR (Figs. 1-2). Second, as noted
above, the surface of the Greenheugh pediment is capped by the lithified
Stimson formation, which over the majority (75 %) of the pediment
surface has experienced sufficient erosion to be entirely missing the
washboard pattern. Hence, the current top of the Stimson at the
Greenheugh pediment defines a second, clearly wind scoured pediment
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1.25x vertical-exaggeration

Fig. 25. A 3D HiRISE view of the NW margin of Mt. Sharp facing WSW including the Greenheugh pediment (green outline), Amapari Marker Band (purple), and
Curiosity’s traverse (yellow). Note the 1.25x vertical exaggeration. HiRISE image credit: NASA/JPL/University of Arizona. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

surface. Although fluvial and debris flow deposits (Gediz Vallis ridge)
did partially cover (at least) the Stimson, we found no evidence of fluvial
wear on the surface at the rover ascent locations and no foreign sorted
gravels away from the Gediz Vallis ridge.

Modeling predicts pediment formation by fluvial processes on Earth,
especially under conditions of bedrock footslopes with fixed basal
elevation (i.e., a stable lower boundary condition) (e.g., Howard, 1997.)
Aeolian abrasion models for yardang formation after an initial seed
topography have further explored yardang emergence and evolution (e.
g., Pelletier et al., 2018). Exploration of the conditions under which
wind abrasion alone can produce laterally extensive planar slopes
without destabilizing into ridge and swale topography (and ultimately
yardangs) will require a fully coupled wind shear and sediment trans-
port and abrasion model (including lithologic controls on abrasion
resistance), an effort that is beyond the scope of this study.

Our analysis has implications for interpreting pediment elsewhere on
Mars. Although we cannot conclude that all pediments on Mars were
formed by wind abrasion, our observations suggest that pedimentation
by wind-abrasion is possible and may be common. Unless separate ev-
idence suggests fluvial erosion, Martian pediment forms may not be a
reliable indicator of past wet conditions. Future field studies identify
evidence for fluvial erosion, then widely mapped Martian pediments
should not be considered reliable indicators of past wet climate
conditions.

5.2. Spatial extent of the Greenheugh pediment before erosional removal
began

The regional reconstructions shown in Figs. 22 and 23 indicate a pre-
Stimson surface of pedimentation that unifies the Greenheugh pediment
with the northern outcrops (Murray buttes, Naukluft, and Emerson
plateaus) and unconformably cuts across ~630 m of exposed Mt. Sharp
stratigraphy. The preserved surface records at least part of the initial
pre-Stimson denudation phase of Mt. Sharp, during which time the
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majority of material that once filled northern Gale was removed. While
it is obvious the layered sediments cut by the pediment surface (SPg
unconformity) once extended far beyond their current positions (Figs. 2,
3, 25; Fig. S1 in Supporting Information S1), the depth of crater in-filling
and thus the amount of material removed prior to- and during- ped-
imentation remains disputed (e.g., Lewis et al., 2019a, 2019b).

Our regional reconstruction of the Stimson upper surface (Fig. 22)
(which reasonably parallels the SPg unconformity) now reveals that the
regional paleotopography of the pedimentation surface conformed to
the inclined convex surface (humped topography) that characterizes
much of the modern landscape downslope of Gediz Vallis (Figs. 1-2; 22).
The surface of this topographic feature exists today both as 1) a pre-
served surface (by the Stimson) that reflects at least part of the pro-
gressive denudation phase of Mt. Sharp that removed much of the upper
mound stratigraphy, and 2) also today as a modern erosion surface.
There is no evidence that it formed as a depositional feature (i.e., an
alluvial, debris flow, or submarine fan). The most likely origin of the
feature is that it is broad antiform formed due to differential compaction
that has now been exhumed through wind abrasion. Searching higher on
the mound for evidence of differential compaction could help further
constrain the timing of deformation. The majority of Curiosity’s traverse
up Mt. Sharp has been along the axis of this feature, which given the
scale of the landform and the subtle changes in bedding orientation,
could explain some of the difficulties in comparing orbital and ground-
based bedding orientation measurements at various locations across
lower Mt. Sharp (Kite et al., 2013; Fraeman et al., 2013; Stein et al.,
2020; Turner and Lewis, 2023).

The Greenheugh pediment may have been laterally more extensive
than shown in Figs. 22 and 23. Given the pattern of wind transport (e.g.,
Day and Kocurek, 2016) around the base of Mt. Sharp and as reflected in
the current Bagnold dune field, Stimson deposits may have extended
well to the east and west, as suggested by the mapped Mound Skirting
unit outcrops (Fig. 1; Anderson and Bell, 2010). Though likely of similar
origin, we can’t assess whether these more distant outcrops record



A.B. Bryk et al.

simultaneously active deposits (that would have preserved the erosional
surface that is the Greenheugh pediment).

The proposed projection of the pediment (Fig. 23) is conservative
and is supported by the downslope Stimson bluffs of the Murray Buttes,
Naukluft, and Emerson plateaus and Stimson blocks found throughout
Glen Torridon (Fig. 3), as well as along the easterly journey around the
Sands of Forvie (Fig. 3) dune field (where probable Stimson blocks were
found over 1.2 km from the current outcrop). The SPg unconformity
definitely crossed Vera Rubin ridge and was likely a contiguous surface
at the time the Stimson was deposited. There is a break in slope at the
base of Mt. Sharp, to the north of which no Stimson capped outcrops
have been observed. On the floor of Gale crater (Aeolis Palus to the north
of the projected pediment extent), there is exposed bedrock that includes
fluvial deposits, but not Stimson aeolian deposits (Williams et al., 2018).
As noted above, some papers have proposed thick (100 s of meters)
Stimson deposits to the north of our projection (e.g., Grotzinger et al.,
2015), but we found no exposures to support this interpretation.

Based on spatial changes in bedform morphology recorded in the
Stimson, Banham et al. (2021) suggest that the smaller scale bedforms
found at the top of the Stimson and the Emerson plateau exposure (first
rover encounter with Stimson at the base of Mt. Sharp) are typically
what would occur at the distal edges of an erg (large dune field). This
then points to a finite reach of the Stimson at the time when the deposit
was preserved, supporting the idea that these locations (Greenheugh
pediment and the Emerson plateau) were the up- and down-slope mar-
gins of the Bagnold-dunes-scale Stimson erg.

The Greenheugh pediment, along with the northern Stimson out-
crops, exists because the capping Stimson sandstone was strongly
cemented, creating a resistant unit over soft underlying sediments. This
favored a bluff retreat mechanism in which the underlying softer rock is
eroded, forcing the exposed capping Stimson to tumble downslope.
Chemical analysis of both the lithified Stimson formation, and the
modern Bagnold dunes suggests that a combination of magnetite
(through the aqueous alteration of basaltic olivine), and amorphous
silica are responsible for cementing the Stimson (Yen et al., 2017). We
do not, however, know through which process(es) lithification occurred.
Given the 10s of kilometers over which the Stimson has been observed, it
is reasonable to suggest that the lithification process must have been
regionally extensive. Finally, the absence of Stimson outcrops across
Aeolis Palus suggests that either the Stimson erg did not extend far to the
Northwest or that the lithification process hardening at least the basal
Stimson, although widespread, did not extend far to the NW across the
floor of Gale.

5.3. Source of sediment for the Stimson

What events reversed a long period of erosion (and pediment gen-
eration) to a condition of net accumulation of sediment along the foot-
slopes of Mt. Sharp? Banham et al. (2022) report that the Stimson at the
northern edge of the Greenheugh pediment and the measurements made
north of Vera Rubin ridge indicate that the Stimson has a geometric
mean grain size of 486 pm and 406 pm, respectively. These data come
from MAHLI, which can collect images to within 10 mm of the surface
yielding up to 16 pm/pixel (Edgett et al., 2012; Yingst et al., 2016
Banham et al., 2018 methodology). The reported mean grain sizes may
be systematically high because, even with 16 pm pixel resolution,
densely packed fine sand on unbroken rock surfaces is difficult to
identify and measure individually: its presence goes largely uncounted.
MAHLI imaging point locations without detectable large grains in the
image were not subject to a grain size analysis. In contrast, Banham et al.
(2018) reports the currently active Bagnold dunes along the northern
footslopes are composed of 112-120 pm size sand (but here well sorted
sands without any matrix are readily counted using MAHLI). Large
variations in bedforms and transport directions (north, south, west)
(from bottom to top of section) at the northern edge of the pediment at
Tower butte differed from the primarily northerly direction in the
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northern footslope deposits (Banham et al., 2022). Bedford et al. (2022)
note that the upper unit west-migrating dunes have a slightly different
geochemistry and mineralogy from the lower deposits. All of the Stim-
son deposits are sandstones noted by their distinctive dark colour, wind
abrasion resistance, and a fracture density that enabled large blocks to
be released and tumble down bluffs during retreat.

As proposed above (section 5.2), it seems likely that the downslope
outcrops of the Stimson capped bluffs correlate to the those exposed in
the Greenheugh pediment (Figs. 22 and 23), thus unifying the Stimson
as a once laterally contiguous unit. This, along with the scale of the
dunes reported by Banham et al. (2018, 2021, 2022), suggests that the
Stimson, rather than being an event that caused significant great depth
of refilling of Gale, was in essence a greatly expanded version of the
current Bagnold dune field, i.e., a dune field band along the lower slopes
of Mt. Sharp. As noted above, this band may be contemporaneous with
other units mapped as mound skirting unit elsewhere in Gale mapped by
(Anderson and Bell, 2010; Fig. 1). The Stimson, then, at full extent may
have been a large dune field that draped the lowest slope of north facing
Mt. Sharp (possibly well up into Gediz Vallis) and extended at least
about 4 km wide (North- South) across a 500 m elevation change, and
laterally at least 10 km (and possibly much more). On the scale of Gale
crater, much like the modern Bagnold dunes, the Stimson dune field
would have been a relatively small feature. Because it is difficult to
decipher the timing of events, it is possible that deposition and lithifi-
cation occurred in various regions of the Stimson dune field at different
times. Without direct correlation of time-synchronous features, we
cannot definitively say the dune field covered the entire reconstructed
Stimson unit all at once — although this is perhaps most likely.

Two hypotheses with very different significance can explain the
Stimson capping event: internal dynamics within Gale crater resulting in
a lag of sandy material, or an influx of sand into Gale crater from else-
where. Progressive back wearing erosion of the northern face of Mt.
Sharp and erosion of the basal floor of Gale in strong winds must have
lifted out of the crater clay, silt and fine sand. This may have left the
larger, mineral grains and lithic fragments composing the dark sands of
Stimson, as found in the Bagnold Dunes, and as loose sand typically
found darkening outcrops presently. Topographically-driven winds then
could have concentrated the sands into Stimson sand dunes as a band
along the base of Mt. Sharp. Day and Kocurek, 2016 describe how as the
period of net erosion and exhumation of Gale develops, wind directions
will change. Katabatic winds on the crater walls and the exposed Mt.
Sharp mound would develop and a regional wind direction from the
northern would be deflected around the mound. Such processes
currently drive Bagnold dunes and have led to the development of 34 km
long 15 km wide dune field along the western side of Gale floor (Day and
Kocurek, 2016).

An example calculation examines this idea. Consider just the broad
northern floor of Gale crater (where fluvial sandstones have been
mapped by Williams et al. (2018)) to be a source area of sand entrain-
ment (1050 km?) which would then be deposited on an estimated
pediment depositional area (66 km?). And if we assume 15 m of original
Stimson deposition, then it would take just 1 m of erosion in the source
area to produce enough material for the Stimson formation, if the
erosion was of similar sand size. If the source area is just 10 % coarse
sand, then it would take 150 m of erosion to produce the 15 m of
deposition. These numbers are obviously guesses but it illustrates that
just erosion and concentration of residual sand grains could provide a
residual mass capable of feeding the Stimson accumulation. The net
erosion and then burial and concentration of a large dune field does
require, nonetheless, atmospheric conditions capable of such work,
which may have largely occurred during times of denser atmospheric
conditions (Bridges et al., 2017). Furthermore, Day and Kocurek (2016)
argue that the modern sand deposits found around the crater are only a
small amount of the sand that would have been produced by progressive
exhumation of Gale, hence past winds must have been sufficient to carry
most sediment out of the crater.
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The simpler argument, but one that calls for dynamics in external
sourcing of sediment is to propose that Stimson sediment records a
period of return to net deposition of sediment from external sources into
Gale, where topographically directed (as described by Day and Kocurek
(2016)) winds accumulate the sediment along the base of Mt. Sharp.
Such a change in sediment input could be a response to an episode of
glacial/fluvial activity on Mars that mobilized abundant sand, then
ceased, providing a source of sediment for winds to carry across craters
such as Gale. Such events have been proposed in the mid latitudes (e.g.,
Head et al., 2005; Souness and Hubbard, 2012). Hence, the Stimson
capped pediment could record a climatic cycle of dry (net erosion-
forming the pediment surface)-to wet (sand generation elsewhere) to
dry (transport sand to the crater and net deposition). If one includes the
subsequent (presumably water-mediated) lithification process, the soft-
sediment deformation of the lowermost Stimson, and then later
erosional backstripping, at minimum of one more wet-dry cycle is
required. A still simpler explanation to initiate sediment deposition
would be that a significant change in just the wind direction may have
increased the transport of sand into Gale, turning the lower slope into a
net depositional environment. A significant delivery from an external
source could also lead to a much greater infill in Gale then is evident
from current exposure of Stimson.

The Stimson mineral composition differs from contemporary Bag-
nold dune sediments. Two samples collected from the Bagnold dunes
and one sand deposit collected near the landing site had olivine from 10
to 17 % and magnetite of 1 to 3 % (Ehlmann et al., 2017). Two drilled
Stimson samples collected along the northern outcrops (excluding drill
samples from zones of visibly strong alternation) had no olivine, but
instead contained elevated magnetite (10 to 11 %). One sample (Edin-
burgh drill site) on the Greenheugh pediment had both elevated olivine
(8.4 %) and magnetite (10 %) (Thorpe et al., 2022). These data suggest
that the original Stimson composition may have been similar to the
Bagnold dunes although with additional input from a more alkaline-rich
(Na and K) source rock (Thompson et al., 2022a, 2022b). Post-
depositional, diagenetic alteration of olivine to magnetite (which
contributed to lithification) also occurred (Yen et al., 2017), but perhaps
was simply incomplete at the Edinburgh sample site (Fig. 10b). These
data, therefore, do not suggest that Stimson was derived from a funda-
mentally mineralogically foreign source although there may have been
an additional source of e.g., olivine and potassium feldspar at the
pediment that was either diagenetically altered, or never accumulated
elsewhere in the Stimson. It is likely, however, that the modern Bagnold
dunes are at least in part comprised of recycled Stimson fm.

The estimated scale of dunes in the Stimson ranges from 3 m tall and
45 m in wavelength to 20 m tall and 300 m in wavelength (Banham
et al., 2018, 2021, 2022). Bridges et al. (2017) through field measure-
ments and modeling, suggest that higher atmospheric density and
warmer conditions than present would be needed to drive significant
Bagnold field dynamics. The implication is that whether internal dy-
namics or external sourcing, present atmospheric conditions on Mars
would be unable to generate sufficient erosion-generated sediment
supply and nor mobilize large scale active dunes recorded in the Stimson
formation. Bridges et al. (2017) who documented limited activity on the
Bagnold dunes at the base of Mt. Sharp cite Haberle et al. (2003) in
noting that near surface winds are a function in precession and eccen-
tricity and suggest that obliquity excursions could lead to periods of
greater dune activity. Haberle (2022) further explains the links between
obliquity and climate change on Mars. In Gale, presently, modestly
active dune fields are confined to the floor an edge of Mt. Sharp (Day and
Kocurek, 2016 maps).

5.4. Processes that caused Greenheugh pediment to retreat becoming an
elevated erosional remnant

The Greenheugh pediment area shifted from a location of net
erosion, cutting the pediment surface, to net deposition and cessation of
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erosion as the Stimson sediment accreted on the pediment, and then
back to net erosion, but this time through the lithified, erosion-resistant
Stimson cap. This later phase of erosion (that still weakly continues
today) probably started along the northern basal slopes. While wind
appears to have been the primary agent of erosion, lithology, diagenetic
alteration, and weathering (rock fracture) influenced the pattern and
pace of erosion (Day and Kocurek (2016) highlight the importance of
weathering influence on wind erosion).

Lithology influences wind erosion in several ways. Vertical erosion
through the hard Stimson cap that sits on the relatively soft Mt. Sharp
group sediments, leads to lateral retreat driven by the erosion of the
exposed underlying softer sediment (Day and Kocurek, 2016). This
forms the common hillslope profile seen in arid regions on Earth, of a
flat- topped bluff, the slopes of which are lined with blocks left by the
retreating cap. Given the resistance to wind erosion of the Stimson cap,
progressive wind incision through it to initiate bluff retreat must have
been a slow process, strongly influenced by sand supply and the strength
of winds. Craters larger than 30 m in diameter were probably needed to
penetrate to the underlying soft sediments, but these may not have been
large enough to allow winds to erode rather than fill. In the Murray
Buttes region there is an east-west trend to some of the bluff faces.
Whether this reflects dominant erosive winds or some stratigraphic
structure in the Stimson that influenced erodibility is unknown. The
absence of Stimson bluffs to the east of Greenheugh pediment may
reflect early exposure of the basal softer sediment with winds attacking
the distal edges of the pediment, a thinner cap, or perhaps less strongly
cemented Stimson.

Figure 26 shows mosaics of Tower butte and Quela base that illus-
trate how blocks on the bluffs form not only an erosional shield on the
underlying softer sediments, but they also generate a momentum defect
that causes the coarse dark sand to collect, further covering the slopes
from abrasive wind action. This covering must strongly slow the pace of
lateral slope retreat. As illustrated in a cartoon (Fig. 27), along the
pediment escarpment and at the isolated Stimson capped bluffs to the
north, the large blocks are not found at any significant distance across
the floor of the retreating surface. The downslope termination of block
coverage is abrupt and the blocks near that termination point do not
show exceptional abrasive wear by wind (ventifacts). Yet, the simplest
hypothesis for this striking pattern is that once the blocks become
exposed beyond the protective shield of other blocks, wind abrasion
with sufficient sand makes relatively quick work of eliminating the
block. It may also be the case that for some significant period of time, as
suggested by the billion-year exposure age date at Quela, wind stress and
perhaps sediment supply, has not been sufficient to attack blocks still
clustered with the rest on the bluff slope, but on more exposed blocks
away from the bluff, abrasion could persist. This analysis differs some
from the erosional sequence proposed by Day and Kocurek (2016) which
was based on hillslopes observed early in the mission. We highlight both
the retarding effects on lateral slope retreat by the colluvial mantle and
sand accumulation, and the sudden complete removal of blocks beyond
the base of the slope.

Blocky scree patches along the bluff slopes lining the Greenheugh
pediment indicate that this process has also been episodic (Figs. 15; S4 in
Supporting Information S1). Patchy removal could be due to just inter-
nal dynamics, but given the sensitivity to wind strength and the
dependence of that on obliquity, these patches may be another indicator
of small episodic climate shifts.

The northern edge of the Greenheugh pediment has an arcuate shape
that could suggest a fan origin (Figs. 1b, 2, 5) (e.g., Anderson and Bell,
2010). We suggest however, that this shape is more likely due to a
combination of the shaped diagenetically-hardened emergent ridge
(Vera Rubin ridge) and an upslope highly erodible mudstone that wind
has eroded into a trough and organized into periodic bedrock ridges
(Stack et al., 2022). The shape of emergent VRR essentially set the shape
of the pediment escarpment. Hence, the shape has nothing to do with a
fan, but rather the interplay of various lithology resistance and wind
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Fig. 26. Fallen Stimson boulders with associated wind-blown sand flanking steep-sided buttes at Tower butte (a) and Quela area (Butte M12). Note the absence of
sand and boulders away from the base of each butte. Mastcam image credit: NASA/JPL-Caltech/MSSS. See Table S1 in Supporting information S3 for image

sequence identifiers.
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Fig. 27. Schematic diagram showing relationship between fallen Stimson boulders and local sand accumulation characteristic of the steep side slopes flanking many
of the buttes observed by Curiosity. Boulder and associated sand mantling retard scarp retreat. Enhanced wind abrasion removes blocks at the base of retreat-

ing buttes.
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erosion.

One other important lithologic control on erosion is bedrock frac-
turing. All of the bedrock along the footslopes of Mt. Sharp is fractured.
These fractures arise from many processes including hydrofracturing (e.
g., Schieber et al., 2017; Kronyak et al., 2019), impact cratering, and
differential compaction. In addition, large scale topographic induced
stresses may be important (e.g., Moon et al., 2017). Yardang develop-
ment in which concentrated erosion on either side of an emergent
streamlined form can produce convex hillslopes that, should the rock be
sufficiently brittle, will experience tensile stresses at subcritical levels
that over time led to fracture propagation. This process, however, may
be dampened by anisotropy in the strength of the convex hillslopes due
to their layered stratigraphy. Periglacial processes may have also
contributed to fracturing (Hallet et al., 2022), perhaps during high
obliquity conditions. Day and Kocurek (2016) suggested thermal
stresses contributed to fracturing. High fluid pressures during burial/
diagenesis was also likely common (e.g. Cosgrove et al., 2022). The
ground temperature monitor on the Curiosity rover documents that on a
daily basis surface rocks typically experience 80 degree C temperature
variation (e.g., —70 C to +10 C on the southern ascent on the pediment)
(Pla-Garcia et al., 2016). Despite the low air humidity levels, over the
probable billions of years of exposure these oscillations could induce
subcritical stress crack growth (e.g., Eppes and Keanini, 2017). Combi-
nations of pre-erosion fracturing and, then erosion and further possibly
topographic induced fracture opening, cause rocks to become more
erodible, and to release blocks down slopes where wind abrasion can
remove them. A wind-driven landscape evolution model will need to
include these processes to account for the pace of change and resulting
landscape form.

5.5. Diagenesis associated with the pediment surface (SPg unconformity)

Numerous observations throughout the MSL mission indicate an
extensive and complex diagenetic history experienced by the sediments
of Mt. Sharp. At both the Emerson and Naukluft plateaus (Figs. 1b; 2),
Rampe et al. (2020a) report extensive fracturing and associated halos
(characterized by silica enrichment and deposition crystalline silica).
These features were observed to crosscut the Murray and the overlying
Stimson, and were interpreted to have formed through multiple fluid
events likely originating deep below the surface. At least one of these
fluid events postdated the lithification of the Stimson (Yen et al., 2017;
Frydenvang et al., 2017). Within the lowermost Stimson in these areas,
occasional nodule formation was also observed (Banham et al., 2018,
2021).

Fraeman et al. (2020) proposed a diagenetic origin for Vera Rubin
ridge (VRR), the top of which is hypothesized to have been within a
meter of the pediment surface (Fig. 23; Bryk et al., 2020). Multiple
diagenetic fluid events (leading to increased hardness) generated iron
recrystallization of iron bearing minerals, the formation of nodules and
crystal pseudomorphs, extensive calcium sulfate veination, the forma-
tion of patches of red and gray hematite, and resulted in significant
cementation and hardening of the rock (Bennett et al., 2021; Das et al.,
2020; David et al., 2020; Frydenvang et al., 2020; Horgan et al., 2020;
L’Haridon et al., 2020; McAdam et al., 2020; Rampe et al., 2020a,
2020b; Thompson et al., 2020; Wong et al., 2020). Rampe et al. (2020b)
found evidence for crystalline silica in VRR, marking the third location
near (but not crossing) the unconformity where the team identified
quartz polymorphs. With the Stimson absent at VRR, it was not possible
to assess whether there was extensive fluid exchange across the un-
conformity like there was downslope. However, several authors identi-
fied evidence such as hematite recrystallization (Rampe et al., 2020b),
and nodule formation (Sun et al., 2020) that likely formed through
late-stage diagenetic fluids that postdated at least the lithification of the
Murray, and so could have influenced the Stimson at this location. While
the origin and number of diagenetic fluid events that formed VRR re-
mains poorly constrained, several authors hypothesized alteration on
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the ridge was in part due to fluid flow along the SPg unconformity (see
Fraeman et al., 2020 and refs therein).

The stratigraphic interval of alteration extending from the SPg un-
conformity down <3 m (informally termed the ‘Hutton Interval’) is
characterized by extensive dark and light-toned veins that do not cross
the unconformity, extensive nodularization, as well as chemical,
mineralogical, and spectral differences from typical Glasgow member
below (O’Connell-Cooper et al., 2022; Thompson et al., 2022b; Gasda
etal., 2022; Dehouck et al., 2022; Thorpe et al., 2022; Sutter et al., 2022;
Rudolph et al., 2022). These characteristics were observed both at the
top of Western butte and at Tower butte.

ChemCam LIBS and APXS data indicate the veins and nodules below
the unconformity as well as the bulk bedrock are enriched in Fe, Mg, and
Mn with respect to elsewhere in the Glasgow member (Thompson et al.,
2022b; Gasda et al., 2022). In addition to elevated Fe, Mn, and Mg, the
Hutton interval bedrock very close to the unconformity was also
enriched in mobile elements Ca and Na, depleted in S (Thompson et al.,
2022b), and had low values of Chemical Index of Alteration (CIA)
(Dehouck et al., 2022). Mineralogically, the interval contained low clay
abundance and a significant component of crystalline silica (Thorpe
et al., 2022).

In contrast to the bedrock below the unconformity, the Stimson
above it showed generally less evidence for diagenetic alteration except
for directly above the contact. Directly above the unconformity the
Stimson does contain elevated S possibly associated with the event that
depleted the strata directly below the unconformity (Thompson et al.,
2022b). The lower Stimson (Gleann Beag interval) also contains exten-
sive centimeter-scale nodules, but their chemistry is indistinguishable
from the adjacent Stimson bedrock. (Fig. S6 in Supporting Information
S1; Thompson et al., 2022b). Several meters above the unconformity,
the Edinburgh drill sample had relatively abundant olivine, potassium
feldspar, and phyllosilicates, and indicated redox disequilibrium in Iron
sulfides/sulfates consistent with relatively less diagenetic alteration
than elsewhere (Sutter et al., 2022).

The light-toned veins in the underlying Glasgow member observed
near Tower butte crosscut the dark toned veins suggesting the fluid
event that produced light-toned (CaSOj4-rich) veins post-dates the
emplacement of the dark (Fe and Mn-rich veins) (Gasda et al., 2022).
Neither light- nor dark-toned veins were observed crossing the uncon-
formity, suggesting both the light- and dark-toned veins predate ped-
imentation (Fig. 12; Fig. S5 in Supporting Information S1; Gasda et al.,
2022). The similarity in chemistry among the veins, nodules, and the
country rock in the Hutton interval suggests a possible timing relation-
ship. Gasda et al. (2022) hypothesize that the nodules formed early —
perhaps during initial burial as they are cross-cut by light-toned veins.
The dark-toned veins, although chemically similar, must have developed
after lithification of the Glasgow member. Given that the veins do not
cross the unconformity this brackets their timing to between the lithi-
fication of the Glasgow member and pedimentation, which could be a
large period of time. Enrichment of the uppermost Glasgow member in
mobile elements Ca and Na suggest Hutton interval bedrock alteration
was not due to surface weathering, which would more likely result in
concentrations of immobile elements (Thompson et al., 2022b). This is
supported by the possible depletion of S directly below the unconformity
with enriched S directly above it, and further suggests that this fluid
event must have occurred after the deposition of the Stimson. It is un-
clear if this event is related to the apparently isochemical formation of
nodules in the lowermost Stimson or whether it pre-or post-dates lithi-
fication of the Stimson (Thompson et al., 2022b).

As noted above, the soft sediment deformation within the Stimson
observed near Maria Gordon (Fig. 16) notch and at the Blackcraig ascent
(Fig. 18; Banham et al., 2024) is not obviously related to any of the
diagenetic events suggested above. In particular, nodules were not
observed in deformed Stimson and the chemistry of the deformed
Stimson is identical to undeformed Stimson at the same stratigraphic
level at Maria Gordon notch area. The Blackcraig fluidized sediments did
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have elevated Cr and slightly elevated Fe. The deformation event how-
ever, can be constrained to the time after deposition of the Stimson but
prior to its lithification — with the water perhaps originating as springs
from the Gediz Vallis catchment or elsewhere higher on Mt. Sharp.
Siebach and Grotzinger (2014) suggest spring activity leading to box-
work formation may have occurred far upslope from the pediment. It is
possible this is the precursor to, or part of the event which lead to the
lithification of the Stimson.

Alteration features along the SPg unconformity observed at the
pediment (and indirectly at VRR) contain some similarities with diage-
netic evidence at the Naukluft and Emerson plateaus. For example,
similar spectral and chemical trends were observed within several me-
ters of the unconformity at the Emerson plateau (Thompson et al.,
2022b), and nodules like those at Tower butte often occurred in the
basal Stimson at the Naukluft and Emerson plateaus (Banham et al.,
2018, 2021). However, there were also notable differences between the
pediment and the outcrops downslope (Naukluft and Emerson plateaus).
Extensive fracture networks (Kronyak et al., 2019) and associated
fracture halos, containing crystalline silica, cross the unconformity. Yen
et al. (2017) and Frydenvang et al. (2017) suggest a fluid origin from
deep in the basin. This is supported by Bristow et al. (2021), who suggest
fluids derived at depth (primarily due to interactions with basalt and
basalt-derived sediments) would likely be enriched in silica. In contrast,
the opal-CT/cristobalite found on VRR and at the Hutton drill site likely
formed through the recrystallization of in-situ silicate minerals (e.g.,
feldspars and phyllosilicates) rather than an ‘enrichment’ of silica from
saturated fluids (Thompson et al., 2022b; Dehouck et al., 2022; Gasda
etal., 2022). The temperature under which this happened remains under
debate.

This review suggests four important observations regarding the
timing of diagenetic events relative to pedimentation and Stimson
deposition. First, the dark and light toned veins in the Glasgow member
are truncated by the Greenheugh pediment erosional unconformity.
Second, downslope of the contiguous Greenheugh pediment, the pro-
jected pediment surface and Stimson mantle exposed in local bluffs are
crossed by fractures with crystalline silica halos. Third, before the
aeolian sediments of the Stimson were lithified, groundwater was pre-
sent in places, leading to soft sediment deformation. Fourth, nodulari-
zation of the basal Stimson and some of the chemistry on either side of
the erosional boundary suggests some fluid transport did cross the
pediment boundary. Hence, despite the geomorphic and stratigraphic
record of aeolian erosion and deposition of a large dune field (the
Stimson) under arid conditions, liquid water was present before, during,
and after these events unfolded.

5.6. Climatic history recorded by Greenheugh pediment formation and
subsequent erosion

Our observations suggest along the base of Mt. Sharp there has been a
fluctuating environment of alternating erosion and deposition that may
have been influenced by internal dynamics, but likely records external
climatic forcing. Table 1 lists process steps, starting after the building
and the onset of net erosion of Mt. Sharp, that led to the contemporary
stratigraphy and topography along the footslopes of Mt. Sharp. It is
meant as a summary of observations and interpretations organized to
reveal the apparent time sequence of alternating erosion, deposition and
apparent periods of wet and dry.

Our table begins with the active erosion of the northern face of Mt.
Sharp, hence a period after net accumulation of sediment to build Mt.
Sharp, when wind erosion then swept vast quantities of sediment out of
the crater. This erosion revealed sediments that had experienced strong
diagenetic alteration, including hydrofracturing (e.g., Caswell and Mil-
liken, 2017; De Toffoli et al., 2020), intensive nodularization (e.g., Stack
et al., 2014; Sun et al., 2019), and secondary mineral deposition (e.g.,
Bridges et al., 2015; Bristow et al., 2021). All of this indicates active
groundwater alteration preceding the erosional stripping of Mt. Sharp
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Table 1

Proposed timeline of events (1-9) from the onset of Mt. Sharp denudation,
through pediment formation, to the modern. All ages approximate except for the
1 billion year age derived from cosmogenic data (Martin et al., 2021).

Step Process Comment
9 Present erosion rate slowly Current low wind speed and low
continues along the footslope sediment supply
Bluff slope patchy colluvial deposits
record local episodic erosion
8 Progressive, deep wind erosion Second contemporary bedrock erosion
upslope of Vera Rubin ridge surface formed across the lithified top
surface of the Stimson and adjacent
exposed Mt. Sharp group sediment
7 Erosion nearly ceases in northern May be due to local burial by dune
slopes field
Renewed wind erosion on the northern
footslopes, likely before 1 billion
years ago
6 Fluvial/debris flow fan deposition latest Hesperian (~3.1 Ga)?
on the pediment and deposition on
eroded floors of Murray buttes.
(Gediz Vallis ridge is a remnant fan
deposit)
Vera Rubin ridge exposed at the
surface but still connected to upslope
pediment
5 Wind erosion advances along Slow incision through pediment and
northern footslopes slow lateral retreat
4 Groundwater and vadose zone water  Soft sediment deformation, then
cement Stimson sediment cementation, and deposition ceases
3 Wind reworking of Stimson surface
producing finer scales marking the
washboard pattern
Groundwater present
2 Aeolian sediment deposition of the Transport direction varied laterally
Stimson formation on footslopes in and vertically
large dune field, preserving
pediment surface at that time
Pediment formation on footslopes of
Mt. Sharp, late Hesperian (> 3.4
Ga)?
1 Wind erosion of northern front of Strong winds remove nearly all eroded

Mt. Sharp sediment from the crater; significant
groundwater alteration of sediments

preceding erosion

(Fraeman et al., 2020). Many studies have focused on this early phase of
Mt. Sharp sedimentary construction (e.g., Thomson et al., 2011; Deit
et al., 2013) and its climatic implications.

The wind erosion exhuming Gale along the base of Mt. Sharp, which
is mostly composed of lake deposits, had produced a low relief, gentle
sloping surface, i.e., a pediment (Step 1). The net erosion and retreat of
Mt. Sharp may have been for a considerable period of time given the
volume of net sediment removal. It continues presently, albeit at likely a
much slower pace (e.g., Kite and Mayer, 2017). Hence, the pediment
surface of the Greenheugh pediment does not record an individual
event, instead it was just an actively eroding boundary on in-place Mt.
Sharp sediment during a probably extended climatic period that pro-
vided strongly erosive winds. The event that is preserved and records
some local to perhaps global change is the onset of net deposition of
aeolian sediments across the exposed pediment. As documented by
Banham et al. (2018, 2021, 2022) it is a depositional sequence,
recording various scales, bedforms, and transport directions, developed
as part of a large dune field (the Stimson formation) (Step 2). As re-
ported above, the outcrop and stratigraphic evidence suggest that this
dune field was confined to the footslopes likely neither extending far
upslope onto upper Mt. Sharp, nor crossing significantly across the floor
of Gale crater. Though the field was then at least 4 km wide and
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probably more than 10 km in length, it was a very small area relative to
Gale crater. Given its relatively small size, in an area of active wind
erosion, and sand size dominated, compared to much of the exposed
bedrock on which it deposited, there is a possibility that the dune field
was a concentrated residual of the wind evacuation of Gale which was
swept to the base of Mt. Sharp. Changing wind fields with Gale exhu-
mation and relative emergence of Mt. Sharp could lead to wind di-
rections that favor sand accumulation along the flanks along Mt. Sharp.
In this case the climatic signature the Stimson records is sufficient strong
winds that were oriented favorably to build large scale active bedforms
of sediment. A thickness of at least ~10 m was deposited. As mentioned
above, Bridges et al. (2017) suggested that the present wind strengths in
Gale may not easily support aeolian migration/accumulation required to
halt erosion.

Alternatively, this burial event could record a period of increased
sand influx into Gale crater due to changing sediment availability
external to Gale (such as the drying up of fluvial systems). Paleo-wind
direction would suggest a sediment source from the north. It would
then seem likely that other coincident deposits would be left in Gale.
Such sediment may now be part of the mound skirting units mapped by
Anderson and Bell (2010). In either case, the Stimson dune field appears
to require an atmosphere more capable of producing winds that can
transport medium sand into large scale dunes than currently is experi-
enced in Gale. The variable transport directions recorded in the Stimson
stratigraphy may record the interplay of variable regional and locally
controlled wind patterns.

The surface of the Stimson sequence was probably reworked and
possibly partially eroded by perhaps weaker winds into a field of smaller
bedforms leading to a washboard surficial appearance (Step 3). The
wavelength was not unlike that which is currently active on the exposed
bedrock to the east of the Greenheugh pediment edge (Fig. S16 in
Supporting Information S1). During the Stimson sediment accretion,
groundwater was likely present, contributing to local soft sediment
deformation and diagenetic alteration, perhaps including lithification of
the sandstone (Step 4). Later, along the northern most footslopes,
groundwater likely traveled up through the underlying Murray and into
the lithified Stimson along fractures creating distinct, strongly depleted
fracture halos in the bedrock (Yen et al., 2017) and silica enrichment
(Frydenvang et al., 2017). Under the intact Greenheugh pediment up-
slope of Vera Rubin ridge, we did not see veins nor reaction halos
crossing into the Stimson cap. Here groundwater was probably arriving
from upslope sources on Mt. Sharp likely at more than one time and
traveling along the much less permeable boundary with the underlying
Mt. Sharp bedrock (e.g., Siebach and Grotzinger, 2014). The likely
presence of groundwater during Step 4 (and possibly Step 2) indicates
that near surface temperatures were much warmer than present. The
groundwater influence here could be sourced far outside Gale (for the
footslope fracture flows) or be more locally driven, such as subsurface
runoff from Mt. Sharp through the Stimson deposit (e.g., Salese et al.,
2019; Fraeman et al., 2020). Taken together these observations suggest
that the Stimson may record at least locally more erosive (density and
possibly speed) winds and warmer temperatures than present, although
wind strength may have declined during the later phase of the Stimson
reworking. The Stimson formation conditions need not have had
stronger winds nor wetter conditions than the period of net erosion that
preceded it. It is unclear if during the period of exhumation forming
roughly the current topography (Step 1) whether groundwater flows
were concurrent. This seems likely given continued activity in subse-
quent steps (e.g., soft sediment deformation shortly after Stimson
deposition).

The Stimson surface shifted from accretion to net erosion after lith-
ification and this erosional process may have advanced first along the
northern basal slopes (Step 5). This reversal from accretion to dissection
is puzzling. The one clear correlation is that the Stimson by the time of
incision had been lithified, forming a hard cap on the underlying Mt.
Sharp group. For erosion to proceed, sufficient wind shear stress,
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availability of particles (to drive wear) and exposure of the bedrock is
needed (e.g., Kok et al., 2012). Perhaps the final lithification of the
Stimson happened during a less intense wind period, and sometime after
lithification high wind intensity returned with sufficient sediment to
attack the pediment surface but did not have enough sediment supply to
bury it for the given wind stress levels. Day and Kocurek (2016) propose
that dominant paleowind direction in Gale where the Stimson deposit
lay was from the north. This is opposite to the inferred transport di-
rection for much of the Stimson (Banham et al., 2022), suggesting either
changes in paleowind direction during Stimson deposition or local
topographic effects on wind direction. If the eroded Stimson bluff
orientation at Murray buttes is indicative of erosion wind direction
rather than being related to the depositional system, then east-west
winds, similar to that produced currently by wind being forced around
the base of the mountains (Day and Kocurek, 2016) may have prevailed.

After considerable erosion of the northern most footslopes, the het-
erolithic gravel was transported into the footslope area (Wiens et al.,
2020). The arrival of the gravels in the eroded Stimson capped topog-
raphy indicates a clear wet period of surface water that postdates
Stimson formation, lithification and erosion North of Vera Rubin ridge.
These gravels may be remnants of once extensive fan deposit across the
pediment, now preserved as the narrow remnant, Gediz Vallis ridge. The
stratigraphy suggests that the fan was built by a combination of debris
flow and fluvial processes (Bryk et al., 2019b; Bryk et al., 2024). Palucis
et al. (2016) identified a sequence of three deep lakes, that occupied
much of the northern half of Gale Crater up to a depth of 700 m. They
suggested the two lower lakes, whose level cross the Gediz Vallis ridge
deposits may have been coincident with the fan construction period.
Palucis et al. (2020) proposed, based on crater counting, that the deepest
and oldest lake may have formed over 3 billion years ago.

After deposition, wind erosion continued in the northern slopes but
then according to exposure age dating effectively stopped in this area, at
least 1 billion years ago (Step 7; Martin et al., 2021). Yet, wind erosion
swept the northern edge of the Greenheugh pediment towards the south
and narrowed laterally the extent of the pediment (Step 8). Lateral
retreat at the northern edge was at least 400 m and vertical erosion
exceeds 100 m at the southern edge on the upslope hills. As proposed
above, the cessation of erosion at the northern footslopes may be best
explained as being due to burial by a long narrow dune field (essentially
a larger, deeper version of the current Bagnold dune field). If so, the 1
billion years may be an underestimate as to how long-ago erosion sub-
stantially slowed there. Much of that dune sediment may then have been
progressively swept to the west side of the crater floor where presently
lies a large dune field (Day and Kocurek, 2016). This erosion period also
caused net loss of the washboard along the outer boundaries of the
Greenheugh pediment, thus forming across that surface a second bev-
eled bedrock surface (top of the Stimson) also formed through aeolian
processes and partially capped by the Gediz Vallis ridge. It may be that
the Gediz Vallis ridge topography deflected wind and reduced thereby
the washboard erosion near it. Pediment bluff retreat appears to have
locally been episodic, associated with the buildup and then stripping of
the boulder cover on the underlying exposed Mt. Sharp group bedrock.
Current wind and sediment transport along the footslope, as measured
and calculated by Bridges et al. (2017), suggest that contemporary
erosion rates are slow (Step 9). Gediz Vallis ridge deposits lack craters
indicating continued active erosion and the current strong outcrop
exposure on the east facing side versus the west suggests wind erosion
has been stronger from the east.

Taken together Steps 7 to 9 record an extended dry period with
winds (and available sediment) sufficient to drive erosion, but perhaps
at a diminishing rate overall, and essentially ceasing in the northern
area. The proposed transient reburial of the northern footslopes by an
expanded dune field, again calls for the buildup of sediment (Step 7).
Perhaps this records the wind-swept concentration of sediment from the
distal margins of the Gediz Vallis deposit, although paleo and current
local wind directions do not indicate transport towards the north. A
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pulse of wind derived sediment off the plains to the north of the crater is
potentially another source.

In summary, Steps 1 to 4 indicate a strong wind dominated period,
but with groundwater likely near the surface, in which the footslope area
shift from net erosion to net deposition may have been driven by internal
dynamics of coarse sediment accumulation during crater erosion and
topographic evolution driving wind patterns or by delivery to the crater
externally. In either case, wind strength needed to be great enough to
actively erode and then build a large dune field, and temperatures had to
permit near surface groundwater. The ceasing of deposition, and the
lithification and then onset of net erosion (Steps 4 to 5) may record at
first a reduction of wind intensity (or sand sediment supply to the crater)
and then a return to active wind erosion. In Step 6, a significant (but
possibly relatively short lived) wet period developed leading to depo-
sition of gravel and boulder rich sediment now visible in the Gediz Vallis
ridge and possibly forming coincident with lakes, gullies, and fan-delta
deposits found elsewhere in Gale crater. This may have been preceded
by a regional influx of groundwater that led to a delta on the southern
crater wall (Palucis et al., 2016), that records a lake level that was 700 m
deep over the Gale northern floor. This was followed by an extended dry
period with no evidence of either surface or subsurface free water (Step
7 to 9). However, Palucis et al. (2016) suggest that the Peace Vallis fan
on the northern crater wall formed after Gediz Vallis ridge and related
deposits. Grant et al. (2014); Grant and Wilson (2019) and Palucis et al.
(2020), using different approaches also suggest it was a more recent
event.

Together, this suggests that Mt. Sharp footslope exposures record a
rich history of varying intensity of erosion, reversals from erosion to
deposition to erosion, a probable early period with ground water near
the surface, followed by the wet period of lakes and fluvial (and possibly
deltaic) sedimentation, only to return to dry conditions perhaps with
progressively diminishing wind strength, and a local deposition phase
along the northern base that is currently being slowly stripped away.

There are a few dates of varying specificity that puts these events in a
time frame sequence. Crater counting on the ejecta blanket indicate an
impact age of ~3.6 to 3.8 billion (Thomson et al.,, 2011) or more
narrowly ~3.55 Ga and ~ 3.65 Ga (Le Deit et al., 2013). In either case,
this places it at the late Noachian/early Hesperian time frame when
there is ample evidence of extensive hydrogeomorphic activity across
Mars (e.g., Fassett and Head III, 2008; Grant et al., 2014; Grant and
Wilson, 2019; Haberle, 2022). To estimate the time when Gale erosion
had reached close to current topography and then slowed greatly, four
different groups have conducted crater counts on the floor and walls of
Gale, all counting different locations and different aerial extents.
Thomson et al. (2011) combined a patch of the northern Gale floor with
a few craters counted on the southern floor and footslopes of Mt. Sharp
to arrive at an exposure age of early Hesperian. Le Deit et al. (2013)
counted craters on two small areas on the northern floor and reported an
age of 3.46 Ga. The age may be problematic however because of the
small area and uncertain erosion rate (e.g., Palucis et al., 2020). Grot-
zinger et al. (2015) report a crater count (using data from Grant et al.,
2014) which combined two areas totaling 570 km? of ~3.3 to 3.1 Ga.
The surveyed areas included Peace Vallis fan and other areas with
apparent late surface inverted-channel features. Palucis et al. (2016)
counted craters for the entire 14, 200 km? floor and lower crater walls,
and used only the 33 craters that were greater than 1 km to arrive at an
exposure age of 3.3 Ga to 3.5 depending on the isochron system used.

The wide difference in these estimates of when geomorphic activity
greatly slowed likely reflect differences in the size of area for which
crater counting was done and the relative importance of crater walls that
experienced late geomorphic activity versus crater floor regions that did
not. Counts in nearby Garu crater by Putnam and Palucis (2021) indicate
a formation age of ~3.5 Ga and yet this crater does not have a built-up
central mound that presumably would have formed if wind deposition
and mound construction had been active in Gale as late as 3.5 Ga. They
suggest that Mt. Sharp deposition was, therefore, accomplished by ~3.5
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Ga.

There is a reasonably consistent analysis here. The impactor likely hit
between 3.6 and 3.8 Ga, with 3.6 Ga being perhaps more likely. Mt.
Sharp built and then eroded back to close to its current form by ~3.3 Ga
years ago, but significant erosional and depositional activity may have
extended to 3.1 Ga, i.e., late Hesperian. Such a timing for decline is
consistent with estimates across Mars (e.g., Haberle (2022). Holo et al.
(2018) that suggest that since the late Hesperian, Mars obliquity has
been on average relatively low, which, as summarized by Haberle
(2022) would lead to low surface pressures and reduced near-surface
atmospheric densities such that erosion would be greatly reduced. Kite
and Mayer (2017) calculate erosion rates on the light toned upper Mt.
Sharp bedrock from crater retention analysis as equivalent to ~500 m
averaged over the most recent 3 Ga years. This is far too small to explain
the deep and extensive erosion of Mt. Sharp, thus supporting a large
decrease in erosion rates in the Amazonian period.

Thomson et al. (2011) counted craters on the actively eroding Mt.
Sharp and concluded an age of late Hesperian to early Amazonian. Grant
and Wilson (2019) combined 6 well-preserved depositional features to
obtain a survey area of 429 km? and argued that these features reveal
hydrogeomorphic activity possibly younger than 2 Ga ago. Palucis et al.
(2020) however concluded that one of the features selected (Pancake
Delta) is most likely older than 3 billion, while another feature (Peace
Vallis fan) could be as young as Grant and Wilson (2019) proposed, but
erosional rates create relatively large uncertainty. It is likely that
Stimson deposition and lithification (and thus erosion resistance) pre-
ceded the Pancake delta lake (which would have risen above the Stim-
son deposit).

We have the unique direct exposure age dating (at two sites) of 1
billion years which tells us that most of the events on the Mt. Sharp
footslope (Stimson formation, partial erosion, gravel deposition in
exposed valley floors) significantly predates that time. That there is a
fair chance that the exposure age sample area was buried by the
equivalent of an expanded Bagnold dune field, implies the actual date of
erosion cessation could be much older. Palucis et al. (2016) proposed
that the lake that led to the Pancake Delta formation preceded subse-
quent lakes. This delta most likely formed as a consequence of regional
groundwater flow to the north that caused characteristic canyons in the
southern walls of the craters that terminate in distinct deltas in many
craters in the Gale crater region (Palucis et al., 2016; Rivera-Hernandez
and Palucis, 2019). The subsequent lakes and deltas in Gale are clearly
associated with runoff from the northern crater walls and Mt. Sharp,
indicating locally driven hydrogeomorphic events. The >3 Ga age of the
Pancake delta (Palucis et al., 2020), and the minimum of 1 billion
exposure age, which occurs well after gravel deposition in the eroded
northern footslopes, would suggest that the Gediz Vallis depositional
events may be early Amazonian (e.g., Holo et al., 2021). Wind erosion
was significant after the Gediz Vallis depositional event, as the pediment
edge retreated and 100+ meters and incision into upslope topography
occurred. That erosion wave may have started before the Amazonian
period atmospheric conditions changed and led to much slower erosion
rates

Our analysis and the logic presented above places this sequence of
events as likely occurring in the late Hesperian to early Amazonian. The
climatic variability that drove this rich history of relatively small-scale
events could be a signal of infrequent, chaotic transitions in mean
obliquity (e.g. Laskar et al., 2004; Kite et al., 2015) that would cause
transient changes in atmospheric density and wind strength (driving
aeolian erosion and deposition cycles), and possibly sand supply to Gale
crater. In addition, groundwater was present during Stimson formation
and lithification, and lakes, deltas, and the Gediz Vallis fan deposition
occurred before a shift to a cold, dry and wind erosive state developed. A
likely brief period of limited surface erosion and fan formation led to
Peace Vallis fan deposition and possibly other small features in the
Amazonian.
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6. Conclusion

The rover-based inspection of the Greenheugh pediment has pro-
vided compelling evidence that fluvial processes played no role, leaving
wind erosion responsible for the erosional beveling of the underlying
bedrock that formed the pediment surface along the footslopes of Mt.
Sharp. This suggests that unlike what has been commonly concluded on
Earth, pediments on Mars may also form through aeolian processes and
consequently their form alone does not necessarily indicate past fluvial
activity. Unexpectedly, we have found that the footslope of Mt. Sharp is
a telltale environment for recording climate dynamics and the pediment
is key piece of the history. Cutting of the pediment surface came after a
long period of excavation of Gale and the back wearing of Mt. Sharp that
could have initiated as early as 3.5 Ga and likely mostly ceased by ~3.3
Ga. The pediment was capped by a dune field (the Stimson formation)
that formed along the sloping footslopes of Mt. Sharp (but not likely
extending across the entire crater floor). This burial halted the bedrock
erosion, preserving the local topographic surface at that time. That time
is not the time of the onset of a global climate shift from wet to dry
conditions (which stared perhaps as early as 3.5 Ga), but rather it re-
cords a time of renewed sedimentation along the base of Mt. Sharp. The
location, composition, and timing of the dune field suggests that the
arriving sand could have been derived from the coarse residual of the
massive wind excavation of Gale or from an increased supply from an
external source. In either case, the development of the field along the
base of Mt. Sharp is consistent with regional and topographically-
induced wind patterns. These winds were likely stronger than what is
possible under present atmospheric density. Importantly, during the
period of active sand dunes, groundwater was present, causing local
soft-sediment deformation, and contributing to diagenesis and lithifi-
cation. Later groundwater was emerging from the underlying Mt. Sharp
group sediments into the then lithified capping Stimson (creating reac-
tive halos along fractures) in the northern most footslopes, and in the
upper footslopes groundwater may have also been flowing within the
Stimson along the pediment boundary. When active, this near surface
hydrologic activity would require much warmer conditions under a
denser atmosphere than present.

The environmental conditions that caused the progressive change
from net sediment accretion, to lithification, and then to a net erosional
environment that was initiated in the northern slopes are uncertain.
Erosion rates may have been fairly low because of the highly resistant
Stimson sandstone cap, which had to be breached, and even when ver-
tical erosion cut beneath it into much less resistant Mt. Sharp bedrock,
the resultant bluff slope would be mantled by sandstone blocks which
would retard lateral erosion. Erosive winds supplied with sufficient
loose abrading sediment would be necessary. Exposure ages at the foot
of these bluffs indicate that by 1 Ga in the northern slopes lateral erosion
nearly ceased and under current atmospheric conditions with its rela-
tively weak winds, erosion rates are exceptionally slow.

Gravel delivery to the floor of the eroded northern footslopes likely
signals surface water runoff sometime during a possible extended period
of hydrogeomorphic events marked by lakes, deltas, and fans and the
buildup of the Gediz Vallis ridge boulder deposits on top of the Stimson
bedrock. The earliest, deepest lake (well above the Stimson capped
Greenheugh pediment) may have developed >3 Ga, likely formed after
Stimson lithification, and was driven by large flows arriving from the
south. Subsequent lakes record local surface runoff and erosion.
Importantly, gravel deposited in the eroded northern slopes became
locally elevated due to local wind erosion, and this happened before the
1 Ga exposure age. Furthermore, after near cessation of the northern
slope erosion, wind erosion continued in the south, causing emergence
of Vera Rubin ridge and the retreat of the Greenheugh pediment to its
current extent. Simultaneously south of the pediment more than 100 m
of erosion occurred, creating canyons into the Mt. Sharp bedrock. We
hypothesize that the cessation of northern erosion while erosion
continued in the south was due to partial burial of the northern slopes by
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the equivalent of an expanded Bagnold dune field. This would then make
the 1 Ga exposure age a potentially significant underestimate of the
onset of reduced erosion rate. These observations collectively suggest a
late Hesperian to early Amazonian surface runoff period followed by a
long period of wind erosion.

Taken together we propose this event sequence: erosion of diage-
netically altered bedrock (pediment formation), deposition (Stimson),
groundwater-driven diagenesis and lithification (Stimson), erosion that
initiates in the north, surface runoff and gravel deposition across the
eroded floor of the landscape and deposition on the Greenheugh pedi-
ment to the north (and deposition of the Gediz Vallis ridge sediment),
wind erosion under dry conditions that spreads from north to south, and
a transient reburial by a dune field and then partial exhumation of the
northern slopes. This sequence likely records both the global atmo-
spheric density decline and drying into the Amazonian and the
obliquity-driven perturbations creating transient periods of sedimenta-
tion, liquid water in the subsurface and surface erosion, strong wind
erosion and finally a contemporary dry, relatively weakly erosive
climate condition in the current low obliquity setting.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.icarus.2024.116445.
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