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ABsTrRACT: The early environmental history of Mars is encoded in the planet’s record of sedimentary rocks. Since
2012, the Curiosity rover has been ascending Mount Sharp, Gale crater’s central mound, making detailed
observations of sedimentary strata exposed there. The primary depositional setting represented by the rocks examined
thus far has been a perennial lake, represented by the mudstones and sandstone lenses of the Murray formation. Here,
we report on the sedimentology of outcrops examined in the Carolyn Shoemaker formation, which sits
stratigraphically above the Murray formation. We interpret strata exposed in the Glasgow and Mercou members
of the Carolyn Shoemaker formation to represent river bars in ancient alluvial and shoreline settings based on
sedimentary structures, stratal geometries measured from photogrammetric data, and erosional morphology. The
transition from a lacustrine to a fluvial depositional setting records the aggradation and progradation of coastal rivers
into what was previously the extent of the Gale lake system. This may have occurred due to the shrinking of the lake
over time due to climate-driven changes in the basin water balance, or local three-dimensionality in shoreline

evolution, such as the formation of a new sedimentary lobe following a channel switch.

INTRODUCTION

The history of water on the surface of Mars is encoded into the planet’s
sedimentary rocks (Grotzinger and Milliken 2012). Since 2012, the Mars
Science Laboratory (MSL) mission’s Curiosity rover has provided the
means for field-scale investigations of sedimentary rocks in Gale crater, a
155-km-wide impact crater near the martian equator, which is proposed to
have held a lake during the Noachian—Hesperian transition about 3.6 Ga, a
time when water flowed freely across both hemispheres of the martian
surface (Fig. 1A, B; e.g., Gulick 2001; Fassett and Head 2008; Burr et al.
2009; Dickson et al. 2020). Sedimentology has been pivotal for
understanding ancient depositional settings recorded across Gale crater,
which includes shorelines (Grotzinger et al. 2014, 2015), lakes (Grotzinger
et al. 2014; Stack et al. 2019), rivers (Williams et al. 2013a; Szabo et al.
2015; Edgar et al. 2017), and sand seas (Banham et al. 2018, 2021;
Bedford et al. 2020). Sedimentological studies have provided not only
broadly defined depositional settings, but also important details about these
settings including lake salinity (Stack et al. 2019), lake-drying episodes
(Stein et al. 2018), wind regimes (Banham et al. 2018, 2021; Bedford et al.
2020), sediment transport (Szabo et al. 2015; Edgar et al. 2017), sediment
sources (Edgett et al. 2020), and the role of waves and presence/absence of
ice cover (Rubin et al. 2022), all of which help further constrain the
evolution of the ancient martian surface at a time when it may have been
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habitable. Indeed, the history recorded in the stratigraphy at Gale crater is
one that describes a potentially habitable environment throughout the
deposition of the Murray formation.

The Carolyn Shoemaker formation, located stratigraphically above the
Murray formation, records a significant shift in depositional setting,
broadly recorded by an increase in the sandstone-to-mudstone ratio
(Caravaca et al. 2022) (Fig. 1C). Here, we present results regarding the
depositional setting of this formation, and what it might represent for the
evolution of Gale’s ancient habitable environments. We examined two
exposures of sedimentary rock in Gale crater investigated between mission
sols (Mars days) 2,943 and 3,083 in the Glasgow and Mercou members of
the Carolyn Shoemaker formation (Fig. 1). Mont Mercou, one of two high-
standing ridges located at the transition to the cross-bedded facies that
define the Mercou member, and the bench-forming exposures of the
Glasgow member are located 1.2 km apart laterally and 30 m apart
vertically (Fig. 2). We use sedimentary structures, bed orientations, and
paleotransport measurements to interpret the depositional setting at these
locations as alluvial. That is, these strata were deposited by net-
depositional rivers that created their own beds of sediment, rather than
net-erosional rivers incising into bedrock.

Alluvial rivers were commonplace across the surface of Mars during the
Noachian—Hesperian transition, particularly around the boundary between
the topographically high southern hemisphere and the low northern
hemisphere where Gale crater is located (Burr et al. 2009, 2010; DiBiase et
al. 2013; Williams et al. 2013a; Kite et al. 2015; Davis et al. 2016, 2019;
Cardenas et al. 2018; Hughes et al. 2019; Balme et al. 2020; Dickson et al.
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Fi6. 1.—Geographic and stratigraphic context. A) Digital elevation model showing Gale crater’s location along the planet’s highlands—lowlands boundary. The location of
Part B is shown in the black box. B) Zoom in to the rover traverse from north to south (red line). Contours are at 100 m intervals. The location of the study area shown in
Figure 2A is shown. C) Gale crater’s stratigraphic column showing the intervals of the Carolyn Shoemaker formation studied here.

2020). These alluvial sequences can be identified where they form ridges
observed in orbiter image data due to the differential erosion of coarse-
grained channel belts and fine-grained overbank deposits (Pain et al. 2007;
Williams et al. 2007; DiBiase et al. 2013; Hayden et al. 2019; Cardenas et
al. 2020; Hayden and Lamb 2020; Clarke et al. 2020). Thus far, Curiosity’s
observations of the Carolyn Shoemaker formation, as well as lower parts of
the Murray and Yellowknife Bay formations (Williams et al. 2013a; Edgar
et al. 2017), provide the opportunity to examine alluvial strata in detail to
complement orbiter-based observations.

METHODS

The objective of our study is to understand the depositional settings of
the selected outcrops using geometric measurements of the sedimentary
structures exposed there, as well as measurements and observations of the
erosional geomorphology of the outcrops. We focus our analyses on
Mastcam (Malin et al. 2017) data collected during two imaging campaigns.

The Mastcam instrument on Curiosity consists of two fixed-focal-length
cameras (34 mm and 100 mm) mounted on the rover mast at a height of
approximately 2 meters. The cameras are separated by a distance of 24.64
cm, with a toe-in of 2.5 degrees to allow stereo imaging.

Imaging Campaigns

The imaging campaign at Mont Mercou was focused on moving into
two close positions to the cliff face in order to perform high-resolution
stereo imaging using both Mastcams at three locations. A close approach
was made at an eastern location, and another at the western edge of the
north-facing cliff face. The image IDs used for stereo measurements are
shown in Table 1. Following the close approaches, the rover continued
around and up the western flank of Mont Mercou (Fig. 2).

Imaging of the Glasgow member exposures was primarily performed
during the ascent from the Mary Anning drill location (Fig. 2). A close
approach was made to the outcrop Maybole, followed by a path selected as
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TaBLE |.—Statistics on dip directions and magnitudes measured from stereo Mastcam data. The number of individual measurements is shown by the n
value. P-values represent the similarity of the original results, which are presented here, and the Monte Carlo simulated results. All comparisons are
unable to reject the similarity of the datasets.

Dip Directions Dip Magnitudes

Location image sequence n mean sigma p-value mean sigma p-value
Mont Mercou, central mcam16055 sol 3074 290 321° 33° 0.99 8° 4° 1
Mont Mercou, western end mcam16076 sol 3079 353 327° 61° 1 12° 7° 1
Mont Mercou, eastern end mcam16054 sol 3074 315 107° 64° 0.99 19° 9° 1
Glasgow, Maybole mcam15267 sol 2926 535 276° 11° 0.42 21° 7° 0.99
Glasgow, central mcam15328 sol 2983 120 122° 38° 0.94 4° 8° 0.08
Glasgow, eastern end mcam15342 sol 2940 211 356° 35° 0.94 8° 4° 0.99

a combination of lowest slopes and best imaging opportunities. Given the
area of exposures, stereo data were collected strategically, with more
extensive coverage from the lower-resolution Mastcam 34 mm camera. The
stereo images used here are also shown in Table 1.

In an effort to measure grain size (Edgett et al. 2012), Mars Hand Lens
Imager (MAHLI) images were collected at the Glasgow exposures.
However, no clear measurements could be made. A MAHLI malfunction
precluded imaging of the Mercou member.

Mastcam Mosaics

We acquired individual Mastcam 34 mm and 100 mm frames from the
publicly accessible Cartography and Imaging Sciences Planetary Data
System Node (PDS; https:/pds-imaging.jpl.nasa.gov/volumes/msl.html).
We converted the raw data format, .IMG, into .PNG, and used the
automatic stitch function in Adobe Photoshop to create mosaics for line
sketches. Mastcam image sequences are listed in the figure captions.

Stereo Measurements

Stereo digital elevation models were derived from Mastcam image data
products using a pipeline similar to that described by Deen and Lorre
(2005) and Alexander et al. (2006), using JPL's VICAR software package
(https://github.com/NASA-AMMOS/VICAR). Raw Mastcam images are
demosaicked to interpolate over the Bayer color grid using the algorithm of
Malvar et al. (2004). Demosaicked images are decompanded (converted
back from 8 to 12 bit using a lookup table), radiometrically corrected, and
linearized (projected to a linear CAHV camera model, Yakimovsky and
Cunningham (1978)). Linearization results in epipolar-aligned and equally
scaled images, from which a 1-D correlation is conducted across the image
pair. The resulting 1-D disparity maps are then unprojected to the original
image space, and a 2-D correlation is performed on the original
(unlinearized, but demosaicked and radiometrically corrected) images.
This 2-D matching process generally improves the image correlation over
the initial 1-D process. Finally, the resulting 2-D disparity map is
transformed to a DTM in site-frame coordinates using the known camera
position and orientation.

We used three products associated with a Mastcam stereo frame to
measure the local orientation of stratigraphic surfaces: a visible image used
for mapping, a three-band raster containing XYZ data, and a three-band
raster containing the associated error in XYZ. In a Geographic Information
System (GIS) Mastcam visible stereo frames were placed on top of
Mastcam stereo XYZ and XYZ-error rasters. We mapped bedding planes
on vertical exposures as polyline shapefiles in the GIS and converted
polylines to a series of points. At those points, we extracted XYZ and
XYZ-error data from the co-located stereo rasters. Mapping on these stereo
frames is limited to a single frame at a time to avoid distortion associated
with mosaicking. Many of the Mastcam mosaics shown here consist of
several dozen or for some over 100 individual frames, each imaging a few

cm to a few tens of centimeters of outcrop. As such, the lines we mapped
and fit planes to during this process ranged from a few centimeters to a few
tens of centimeters. Because of this, the measurements presented here
represent the full three dimensionality of these strata sampled over several
meters, rather than spatial averages over several meters.

Using the Python application Attitude (Quinn and Ehlmann 2019), we
found the dip magnitude and direction of the best-fit plane for each
bounding surface. Using the XYZ-error values for each point along every
mapped bounding surface, we performed 1,000 Monte Carlo simulations to
find the orientation of other possible plane fits within the given error of
each point along a bounding surface (Stein et al. 2020). We plotted the
distribution of these simulated planes on rose diagrams and identified
poorly fit planes with bimodal or diffuse solutions, which composed only a
small percentage of the measurements. For each set of measurements from
a particular location, we statistically tested the similarity of the orientations
of measured planes with all orientations produced during the Monte Carlo
simulations. Poorly fitted planes would produce a wide array of Monte
Carlo solutions and thus dissimilar distributions. We compared dip
magnitudes to the Monte Carlo results using a two-sample Kolmogorov-
Smirnov test. To compare dip directions, we used two-sample Kuiper tests,
which are designed to test the similarity of circular datasets. Means and
standard deviations in dip-direction data were calculated using the CircStat
toolbox in Python (Berens 2009). To provide context for these measure-
ments, we completed outcrop sketches on Mastcam mosaics. To support
rover observations, we used HiRISE image PSP_009149_1750 and a
stereo-pair elevation model generated from this image and
PSP_009294_1750, which we used to calculate contours for Figure 2
and to generate slope maps using GIS toolboxes. The Context Camera
seamless global mosaic (Dickson et al. 2020) and Mars Orbiting Laser
Altimeter (Smith et al. 2001) data were used to create Figure 1B and C. For
additional visualization, we created 3D outcrop models of the Mont
Mercou and Maybole outcrops (see Appendix for details and a link).

RESULTS

Dip directions and magnitudes presented here, and shown in detail in
Table 1, all have statistically significant similarity to their Monte Carlo
simulated distributions, indicating a high level of confidence in the
measurements. This is particularly true for the measurements made from
the close-approach images to Mont Mercou. Importantly, all measurements
match general trends observed by eye in the mosaics.

Mercou Member

Though the Glasgow member exposures were observed by the rover
before the Mercou member, we are presenting Mont Mercou first, as it is
well exposed in three dimensions that proved useful for understanding the
less-well exposed Glasgow member strata. Mont Mercou stands 6.78 m tall
(Fig. 3) along a nearly vertical cliff face 21 m wide (aspect ratio of 3.1) that
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Fi6. 3.—A) The north-facing cliff face of Mont Mercou (mcam15933, mission sol 3051, looking south). Boxes show the locations of other figures taken during close
approaches. B) The eastern flank of Mont Mercou (mcam16061, mission sol 3076, looking southwest). C) The western flank of Mont Mercou (mcam16090, mission sol 3081,
looking southeast) (Mastcam image credit: NASA/Caltech-JPL/MSSS).

trends east—west at the end of a 100-m-long north—south-trending ridge
(Fig. 2). The upper 2.80 m (41%) appears to be structureless, likely due to
diagenetic modification (Seeger et al. 2021), and will not be discussed
further here. The bottom 3.98 m (59% of the thickness) is composed of
well-defined sedimentary structures. The most prominent sedimentary
structures of Mont Mercou are the planar beds and laminae observed

across the cliff face, composing a section 3.34 m thick (49% of the total
thickness) (Fig. 4A). Though there is continuity in these beds at the meter
scale, we identified a limited section of offset beds (Fig. 4B). The offset
appears to drop to zero beneath the structureless region of the cliff face. In

the central image, these beds dip towards the northwest with a mean dip of
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Fi6. 4.—Characteristic bedding of the Mont Mercou cliff face (mcam16055, mission sol 3074, looking south). A) Planar beds of the Mont Mercou cliff face (location
shown in Fig. 3A). White arrows point to locations where bedding can be observed in units that elsewhere appear structureless. B) Offset strata (location shown in Fig. 3A).
Colored arrows point to beds with similar erosional expressions on either side of a small growth fault, with offset increasing down the fault (Mastcam image credit: NASA/

Caltech-JPL/MSSS).

8° (Table 1). Across the exposure, adjacent beds are variably recessive
enough to be identified by shadowing (e.g., Fig. 4).

At the western end of the cliff face, bed orientations change across a
scour surface, dipping towards the west with a mean dip of 12° (Table 1).
Modes near 270° represent strata on the western end of the scour, while
modes near 300° and 000° represent strata on the eastern side of the scour
and draped above the scour (Figs. SA—C, 6). The scour surface persists to a
height of 0.64 m above the base of the exposure, but bedding orientations
change above that in a draping pattern, with a visible and gradual decrease
in the reorientation upsection (Fig. 5). A similar change in bedding
orientation is observed at the eastern end of the outcrop 13 m away (Figs.
SD-H, 6). There, beds reorient towards an eastern dip direction with a
mean dip of 19° (Table 1), though we could not confirm if a similar scour
surface exists here due to sand cover. Sedimentary structures do not change
in concert with either of these changes in bed orientation (Fig. 5). Together,
the measured changes in dip direction reflect a 13-m-wide north-convex
structure.

The bottom 0.64 m of Mont Mercou contains trough cross strata in
nearly vertical exposures (Fig. 5). On the western flank of Mont Mercou,
trough cross strata are exposed along surfaces dipping 10-20°, similar to
the dips of the planar beds (Fig. 6). In these outcrops, bounding surfaces
package strata with a clear southward concavity that we interpreted as
planview dune-trough cross strata, and used as an indicator of paleotran-
sport direction (Fig. 7).

A similar ridge east of Mont Mercou was not approached, but
observations made from Mont Mercou about 100 m away show similar
inclined strata in coherent exposures that appear to be in place (Figs. 2, 8).

Glasgow Member

The topographic benches (elongated flat surfaces bound by steeply
dipping surfaces; Fig. 9) exposing the Glasgow member span 16 m in
elevation (Fig. 2). Curiosity traversed five successive benches from bottom
to top, each bench 2 to 4 m higher than the previous. Bench tops have a
median slope of 5° with a standard deviation of 3° towards, away, and along
bench tops. Slopes between benches have a median slope of 17° with a
standard deviation of 6°, and are as steep as 30°. The curved planview
geometry of the benches forms a convex-south shape (Fig. 2). Most of the

exposures of the Glasgow member occur along bench margins and tops,
which are observable from both rover- and orbiter-based remote sensing
data (Fig. 2). Strata are not clearly exposed along the hillslopes located
between benches (Fig. 9). The bench margins themselves can be either
rounded or cliff forming, and some bench strata form an overhang above
the hillslope below (Fig. 9). Together, these form a scarp-and-slope
morphology (Fig. 9). Some outcrops exposed along topographic benches in
the Glasgow member of the Carolyn Shoemaker formation have many of
the same sedimentary structures observed at Mont Mercou. Most
exposures feature planar beds and laminae with low-angle truncations,
non-parallel strata, and variably recessive beds (Fig. 10). Bedding at the
Maybole outcrop (Fig. 11), the topographically lowest exposure, dips on
average 21° towards the west (Table 1). The dip directions of planar beds
measured along the tops of benches changes from southeast with a mean
dip of 14° at a central location, to north along the snout of a bench with a
mean dip of 8°. Together, these measurements represent a 125-m-wide
south-convex structure. At the locations where we were able to measure,
these dip directions change in concert with the geomorphic curves of the
exposed bench tops, such that the stratigraphic dip directions dip away
from bench edges (Fig. 12), suggesting that bench morphology is related to
the geometry of the deposit.

DISCUSSION

Regionally, stratal orientations in Gale crater measured from the rover
are within a few degrees of flat lying (Stein et al. 2020), with no suggestion
of major postdepositional terrain movement. We therefore infer that all dip
directions and dip magnitudes presented below are primary and reflect the
original orientation of stratal surfaces.

Mercou Member Interpretation

Several hypothesized depositional settings of the strata at Mont Mercou
can be tested using the combination of facies, dip directions, and paleo-
transport directions we collected (Fig. 13). The back and front of a
downstream-migrating fluvial bar or deltaic mouth bar are both consistent
with a convex arrangement of dip directions. The fronts and backs of these
bars can be distinguished from each other using the relative direction of
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Fig. 5.—A) Eastern scour of Mont Mercou (mcam16054, mission sol 3074, looking south). B) Interpretation, with boxes showing the location of Part C. Red arrow shows
the draping strata above the scour decreasing in dip upwards. C) Dune trough cross strata, with white dashed lines marking scour surfaces at set boundaries. D) Western scour
of Mont Mercou (mcam16076, mission sol 3079). E) Interpretation of Part D showing the locations of Parts F and G. F) Superimposed ripple cross laminations on larger-scale
dipping strata. The blue arrow shows inferred transport direction from the ripple cross laminations. G) Compound ripple and dune cross bedding. The blue arrow shows the
inferred paleotransport direction from the dune-scale cross bedding (Mastcam image credit: NASA/Caltech-JPL/MSSS).
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Fi. 6.—A) Planview trough cross beds along a surface dipping 10-20° at the western flank of Mont Mercou (mcam16100, mission sol 3083, looking southeast). Boxes
show the locations of Parts B-H. We measured paleotransport directions by measuring trough axes. B-T) Images and interpretations highlighting truncation surfaces and
south-concave cross strata (Mastcam image credit: NASA/Caltech-JPL/MSSS).
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Fi. 7—Dips and dip directions of planar beds measured from the close approaches to Mont Mercou’s north-facing cliff face using Mastcam stereo data. Black arrows
originate from rose diagrams and point to the locations where those measurements were made. The extent of this image is shown in Figure 2A and B. A) Red rose diagrams
show the dip directions. Note the north-convex geometry represented across the cliff face. Paleotransport directions measured from planview exposures of trough cross strata
are shown in the blue rose diagram. B-D) Dip magnitudes from the same fitted planes.

paleo-transport (Ashworth et al. 2000; Schomacker et al. 2010; Cardenas et
al. 2020). Similarly, an overwash delta behind a beach ridge may have a
lobate geometry with transport oriented downslope (Neal et al. 2003) and
with evidence of an adjacent beach ridge oriented perpendicular to the
lobe. The beach ridge itself would not have surfaces as steeply dipping as
we observed, and would likely be too high-energy an environment to form
the observed draping beds (Fig. 5A, B; Vespremeanu-Stroe et al. 2016).
The back (stoss slope) of an aeolian dune, if preserved, can show the same
geometry and paleotransport direction as the back of a fluvial bar
(Lancaster 1988; Brothers et al. 2017). The front (lee slope) of an acolian
dune would instead show convexity, except around the limb of a barchan
(Bourke 2010). In this scenario, we would also expect a change in facies
associated with the changing orientation of the dune crest to the wind
direction and relative importance of grainflow and ripple migration shift
(Hunter 1977; Eastwood et al. 2012; Zhao et al. 2021), but this was not
observed. Parabolic dunes were not considered since they are typically the
result of vegetation growth on a dune modifying sediment transport (Nield

and Baas 2008; Reitz et al. 2010), and thus are unlikely to be preserved in
the martian sedimentary record.

Considering the change in dip orientations across the face of Mont
Mercou, dip magnitudes distributed around depositional ranges, the south-
southwest paleotransport direction inferred from dune trough cross strata,
and the ridge shape of the exposure, we interpret the strata exposed at Mont
Mercou to represent a downstream-migrating fluvial barform that had
superimposed dunes migrating up the back of the bar in a river that locally
flowed south. Though the geometry and paleotransport directions are also
consistent with the back of an aeolian dune, preserved dune stoss slopes
are rare in most environments. Preserving the backs of large aeolian dunes
has been attributed to relatively extreme and unusual events, including the
rapid flooding of dune fields (Kocurek et al. 2019) and burial by lava flows
(Jerram et al. 2000; Waichel et al. 2008; Gaylord et al. 2021). While these
situations have likely occurred on Mars (Day and Catling 2018), we did not
observe independent evidence for these events. In contrast, the preservation
of fluvial bar stoss slopes is common because channel abandonment during
channel switching leaves riverbed topography “frozen-in-place” where it is
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Fic. 8.—A) West-facing wall of the ridge east of Mont Mercou (mcam16062, mission sol 3076, looking east; location shown in Fig. 2). Boxes show the locations of Parts B
and D. B-E) Bedding and possible cross bedding similar in scale to beds observed at Mont Mercou. Parts C and E show interpretations (Mastcam image credit: NASA/
Caltech-JPL/MSSS).

later draped by overbank deposits from an adjacent channel (Mohrig et al.
2000; Jerolmack and Mohrig 2007; Toonen et al. 2012; Chamberlin and
Hajek 2019; Cardenas et al. 2020). Additionally, the offset strata with
decreasing offset upwards are interpreted as minor growth strata of a small
syndepositional fault associated with a centimeter of offset from slumping
that was likely subaqueous (e.g., Wignall et al. 2019) (Fig. 4). Though the
orientation of beds and paleoflows are also consistent with a deltaic mouth
bar, the narrow aspect ratio of the cross-bedded unit (20:1) is more
consistent with an in-channel bar (Schomacker et al. 2010), though erosion
has likely increased this ratio as there is no preserved rollover marking the
top of the interpreted bar. The elongate erosional morphology of Mont
Mercou and the adjacent ridge also suggests that these strata were part of
channel belts (Fig. 2). Channel belts are elongate sedimentary deposits
recording the migration and aggradation of river channels (Friend et al.
1979; Bridge and Tye 2000; Jerolmack and Mohrig 2007). Across Mars,
partially eroded channel belts form fluvial ridges with similar topographic
expressions (Burr et al. 2009; Williams et al. 2013b; Davis et al. 2019;

Balme et al. 2020; Dickson et al. 2020). From orbit, fluvial ridges are
readily identified by their continuity, being persistently mappable for tens
and even hundreds of kilometers. The ridges in the Mercou member, in
contrast, are truncated at their north ends, and are presumably incompletely
exhumed at their south ends where topography continues to rise towards
the top of Aeolis Mons (Fig. 2).

The bar height was likely at least as tall as the thickness of the cross-
bedded interval, 0.64 m. We emphasize that this is a minimum estimate
due to possible reworking during channel filling, since any topographic
rollover representing the top of the bar is absent (Mohrig et al. 2000;
Alexander et al. 2020). As a further limit, the outcrop itself may not
completely expose the cross-bedded unit, as we did not observe its
bottom contact. Even if bar height were better constrained here, bar
heights can equal anywhere from 1/3 to 1 times mean bankfull channel
depth (Mohrig et al. 2000; Alexander et al. 2020). Thus, we estimate the
paleo-channel was about 1-2 m deep.
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Fi6. 9.—Erosional morphology of the Glasgow member exposures. A) A series of topographic slopes and benches define the region, with exposures limited to bench edges
and tops (mcam15328, mission sol 2938, looking east). B) Bench edges can be diffuse as in Part A, or form steep cliffs with minor overhangs as shown here and in Part C
(white arrows; mcam15351, mission sol 2943, looking north). C) Bench tops tend to provide relatively continuous exposures of primarily planar bedding (mcam15355,
mission sol 2943, looking south). D) Bench tops have relief on the meter scale (Mastcam image credit: NASA/Caltech-JPL/MSSS) (mcam15302, mission sol 2933, looking
east).

Glasgow Member Interpretation

We interpret the eastern Glasgow member exposures at the benches to
be either stacks of point-bar deposits or deltaic mouth bars. Most of the
exposures are defined by broadly dipping planar beds and laminae, but
locally we infer changes in dip to be associated with low-angle trough
cross stratification (Fig. 10). Low-angle trough cross strata are common in
some fluvial deposits (Fielding 2006) and can take on a more planar look

depending on viewing orientation (Fig. 14), similar to what we observed in
the Glasgow member (Fig. 10). The low-angle cross strata may be
associated with the preferential preservation of dune toesets (Fig. 14).
Subaqueous dunes with shallowly dipping lee slopes are found in relatively
deep rivers on Earth (Kostaschuk and Venditti 2019; Cisneros et al. 2020)
and would likely produce low-angle cross strata, but it is unknown if such
dunes would form in shallow (< 2.5 m; Cisneros et al. 2020) martian
channels.
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Fic. 10.—Sedimentology of the Glasgow member. A) Planar beds in a bench-forming exposure (mcam15353, mission sol 2943, looking southeast). B) Interpretation
shows strata are consistently oriented. C) Bench-forming exposure with planar beds as well as curved strata (mcam15298, mission sol 2933, looking southeast). A box shows
the location of Part D. D) Curved strata. E) Interpretation highlights a few truncation surfaces and the local variability in dip direction commonly associated with trough cross
strata. F) Low-angle cross beds (mcam15342, mission sol 2940, looking east). Boxes show the location of other parts. G-L) Zoom ins to Part F, with interpretations
highlighting the low-angle cross bedding (Mastcam image credit: NASA/Caltech-JPL/MSSS).
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Fi6. 10.—Continued.

We infer the scarp-and-slope morphology to indicate that there are
weaker, unexposed rocks between the exposed bench-forming strata,
though we are limited to inference as no observations of the lithology
between bench-forming strata were made. This is a morphology that has
been observed elsewhere in Gale crater and has been attributed to the
differential aeolian erosion of stacked beds with different lithologies (Day
and Kocurek 2016), including the sandstone-mudstone contacts observed

at Yellowknife Bay (Farley et al. 2014) and Pahrump Hills (Grotzinger et
al. 2015), and in alluvial sequences on Earth (Hayden et al. 2019;
Chamberlin and Hajek 2022). Stacked and shingled channel belts with
overbank strata in between are common components of alluvial sequences
because unoccupied channels frequently attract later flow (Mohrig et al.
2000; Aslan et al. 2005; Jerolmack and Paola 2007; Hajek et al. 2010;
Chamberlin and Hajek 2015; Reitz et al. 2015; Owen et al. 2015; Cardenas
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Fig. 11.—A) Planar bedding at the Maybole outcrop, and the location of Part C (mcam15253, mission sol 2923, looking south). B) Interpretation shows the consistency of
orientations. C) Zoom in to Maybole. D) Interpretation of Part C shows bedding in the central part of the panel is at a low angle to surrounding beds (Mastcam image credit:

NASA/Caltech-JPL/MSSS).

et al. 2020; Sahoo et al. 2020), though stacking could potentially occur
randomly and not reflect reoccupation (Chamberlin and Hajek 2015). Low
accommodation and low supply of fine sediment could drive channel-belt
clustering without reoccupations (Chamberlin and Hajek 2015 2022), but
given the excess of accommodation in the crater (the Carolyn Shoemaker
formation is several kilometers below the modern-day crater rim; Fig. 1)
and the geomorphic indicators of mudstones between bench-forming
sandstones, we do not factor these into our interpretations. Across Mars,
and on Earth as well, erosion of alluvial strata with well-cemented
sandstones and more diffuse mudstones can result in sinuous ridges with
steep cliff faces that transition to shallow hillslopes formed from overbank
deposits (Williams et al. 2007, 2013b; Burr et al. 2009, 2010; Hayden et al.
2019; Hayden and Lamb 2020; Dickson et al. 2020; Cardenas et al. 2022).
The presence of variable lithologies would be consistent with the presence

of overhanging capping units at some places, although gentler transitions
from benchtop to hillslope define these boundaries as well (Fig. 9).

At the Glasgow member outcrops, the trends in dip orientation and the
curved geometry of bench-forming strata are consistent with stacked
fluvial point bars, downstream-migrating bars, and delta mouth bars (Fig.
12). Point bars are located at the inner bends of meandering channels and,
unlike downstream migrating bars, they accrete into the channel orthogonal
to the main flow direction and thus show net transport directions at oblique
angles to bar dip directions (Dietrich and Smith 1983; Ikeda and Parker
1989; Mason and Mohrig 2018, 2019a). Point bars are associated with a
suite of sedimentary structures, including planar beds, ripple laminae,
climbing ripples, and dune cross beds (Edwards et al. 1983; Mason and
Mohrig 2019b; Hagstrom et al. 2019). Importantly, the migration of the
same channel bend can occur over repeated river reoccupations, such that
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Fic. 12.—Dips and dip directions of planar beds measured from three locations across the Glasgow member exposures. Black arrows originate from rose diagrams and
point to the location where those measurements were made. The extent of this image is shown in Figure 2A and D. A) Red rose diagrams show the dip directions. Based on the
three locations measured, dip directions change across the exposure, dipping away from bench edges for the two western exposures, and down the nose of a dipping bench top
at the eastern location, altogether forming a roughly south-convex shape. Paleotransport directions measured from planview exposures of trough cross strata are shown in the
blue rose diagram. B-D) Dip magnitudes from the same fitted planes.

multiple stacked channel belts may deposit similarly shaped point bars at  directly test whether they are point bars versus downstream-migrating bars
the same location with the same accretion direction (Cardenas et al. 2020).  or mouth bars (Miall 1977; Edwards et al. 1983; Wu et al. 2015, 2016;
Unlike in the Mercou member, we lacked a clear indicator of paleoflow  Almeida et al. 2016; Cardenas et al. 2020). Although we could not

direction in the Glasgow member to compare to bar dip directions and  constrain the paleo-flow direction relative to the dip of the bar surfaces, the
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125 m width of the cuspate bench structure is about an order of magnitude
wider than the 21 m wide Mont Mercou (Fig. 2). This difference in width
suggests that the strata exposed along bench edges preserve a larger
structure than at Mont Mercou, more consistent with point bars or deltaic
mouth bars rather than a downstream-migrating bar as interpreted at Mont
Mercou, assuming that channel dimensions were not drastically different
between the two outcrops.

Wind erosion tends to cut cuspate forms into steeply exposed bedrock.
This is evident across Vera Rubin ridge and along the stepped exposed
bedrock in the region (Stack et al. 2022). However, the hypothesis that the
benches may record channel bars raises the possibility that the cusp shape
of the benches could reflect instead the traces of point bars in a meandering
river system. The observed agreement between the curved planview bench
geometry and dip directions (Fig. 12) suggests that the curved geometry of
the benches might reflect the curved geometry of point bars, though we
acknowledge that there was not enough Mastcam stereo coverage to test
this hypothesis along full benchtop traverses. Point bars have planform
deposit geometries that can reflect, in some cases, the curvature of the
paleo-channel (Wu et al. 2015; Jacobsen and Burr 2018; Hayden and Lamb
2020). This occurs because point bars accrete into channels as channels
migrate, creating stratigraphic packages that broadly track channel
migration. But problems can arise because the planform geometry of
outcrops is erosional and may not be related to underlying lithology, or
because differential erosion has modified the shape (Hayden et al. 2019,
2021; Hayden and Lamb 2020). These concerns are mitigated by the match
between bench curvature and stratigraphic dip directions, but other types of
bars can give similar relationships; thus, this is not a diagnostic test of
meandering. Nonetheless, the planform shape of delta mouth bars is not
thought to be related to channel curvature, since mouth bars do not grow at
channel bends (Edmonds and Slingerland 2007; Daniller-Varghese et al.
2020).

As a self-consistency test for the point bar hypothesis, we calculated
paleo-channel depth using the radius of curvature of a bench top to see if it
matched the paleo-channel depth at Mont Mercou. If the benches expose

flow (wind)

flow (water)

aeolian dune full lee face aeolian dune limb

yAA R

dlp dlrectlons

!:pkAﬂ

directions

FiG. 13.—Hypotheses to test for the large-scale
sedimentary feature preserved at Mont Mercou
using bedding plane orientations and paleotran-

flow (wind) sport directions measured from cross bedding.

point bars and if the paleo-channel depth does not vary between the
Glasgow and Mercou members, the reconstructed depths should be similar
between the members. We fit a circle to the top of the most continuous
bench in a GIS. We calculated the radius of that circle at 60 m and took this
to be the radius of curvature of a channel bend, assuming that this
curvature represented the curvature of an exhumed point bar. We used a
common relationship between radius of curvature and channel-form width
to calculate the width of the paleochannel, W (Williams 1986; Kite et al.
2019; Hayden et al. 2021): R = 1.5W"12. Solving for W gave a
paleochannel width of 27 m. A published dataset of alluvial-river
geometries on Earth shows that the median width-to-depth ratio of an
alluvial channel to be 18 (Trampush et al. 2014), and it is not thought that
width-to-depth ratios for martian channels should be significantly different
from Earth channels (Irwin et al. 2005). Using this width-to-depth ratio
gave a paleochannel depth of 1.5 m, similar to our independent estimate of
channel depth from the Mercou member and supporting the point-bar
interpretation. If we instead used a different width-to-depth ratio of 12.5
observed in nonvegetated rivers on Earth (Ielpi and Lapotre 2020), we
would calculate channel depths at the Glasgow member outcrops to be
slightly deeper at 2.2 m. Channels are expected to be deeper around bends
where point bars develop (Dietrich and Smith 1983; Bridge and Mackey
1993). Thus, it remains plausible that the Glasgow member outcrops could
represent point bars in channels that had a geometry similar to the Mercou
member. In this scenario, the 2—4 m vertical spacing between bench tops
could represent the thickness of a package of fine-grained overbank strata
and a channel belt, with the entire exposure here representing four distinct
stacked belts. However, none of these observations contradict the stacked-
mouth-bars interpretation. The results from the radius-of-curvature
comparison would have to be coincidental, but a mouth bar would be
consistent with the wave-ripple structures identified about half a kilometer
to the west and in a loose rock near the top of the benches (Fedo et al., in
review; Rubin et al. 2022). In this scenario, the observed lithologic
variability would represent interbedded lacustrine mudstones between
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Fic. 14—Low-angle crossbedding in an ancient point bar of the Jurassic Morrison Formation, south of Green River, Utah, USA. A) Vertical and planview exposure of
high-angle cross beds preserved at the preserved top of a bar surface, with a downstream transition into preserving only low-angle toe sets. Hammer head for scale. B) The
interpretation highlights the similarity in plane bed and low-angle cross strata. Hammer head for scale is in red. C) Three-dimensional exposure of bar strata. D) Interpretation
shows this exposure is composed of steep and low-angle cross strata and low-angle truncation surfaces. Brunton compass in red for scale. Red arrow points to steep cross

Strata.

stacked mouth bars rather than floodplain deposits (Schomacker et al.
2010).

We tested several alternative hypotheses to bars, but none explained both
1) the observed dip variability and 2) the bench topography. One
alternative hypothesis is that the south-convex dip direction pattern
represents a structure akin to a plunging anticline or a series of relay ramps.
Significant non-plate-tectonic deformation can occur in thick sedimentary
accumulations (Trevifio and Vendeville 2008; Armstrong et al. 2014).
However, while fractures in the benches exist throughout, they rarely show
offset and, where they do, it is on the order of centimeters, and not enough
to explain the observed variability in dip magnitudes. Additionally, the
wide distribution of dip magnitudes (Figs. 7, 12) is not consistent with the
regional tilting of beds that were originally horizontal. A second alternative
hypothesis is that the strata are undeformed, and that the bench-and-slope
morphology was set by spatially variable diagenesis in a lithologically
homogeneous sequence. However, the diagenetic mechanism alone cannot
explain the observed dip magnitudes or dip directions. A third alternative
hypothesis is that the benches represent early-stage wind-eroded bedforms,
which are common in adjacent parts of the crater (Stack et al. 2022), and
are unrelated to the barform stratigraphy. The bar interpretation better
explains the match between the cusp shape and bedding orientations (Fig.
12) and the inferred variability in lithology between bench margin and

hillslope (Fig. 9). A fourth alternative hypothesis is that the pattern of dips
represents a delta front with a lobate clinoform. Such structures have been
observed about 400 m lower in Gale’s stratigraphy (Grotzinger et al. 2015)
and in remote sensing data across the planet (DiBiase et al. 2013; Goudge
et al. 2017; Hughes et al. 2019; Tebolt and Goudge 2022). However, delta-
front clinoforms on Mars typically exhibit their lobate geometry over
several kilometers (Hughes et al. 2019) rather than the 100 m observed
here and in point bars elsewhere on the planet (Goudge et al. 2018;
Jacobsen and Burr 2018; Hayden and Lamb 2020; Mangold et al. 2021).

Shallowing Upward: Climatically Forced or Natural Variability?

The alluvial and possibly coastal strata in the Carolyn Shoemaker
formation form a shallowing-up sequence recording the progradation of a
coastal zone over subaqueous Murray accumulations (Caravaca et al.
2022). Two scenarios may explain this sequence, and while we do not make
an interpretation here, both could be tested through observation of the
strata Curiosity will observe on its continued ascent route up Aeolis Mons.

In one scenario, shoreline progradation from the crater rim towards the
center of the crater was coupled with the shrinking lateral extent and filling-
in of the Gale lake system. A drying climate where water flux into the crater
is exceeded by water loss in the crater, due to either evaporation or ground-
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water loss, could explain a shrinking lake, and would be consistent with the
drying interpreted by the sulfate-rich strata above this position (Milliken et
al. 2010; Horvath and Andrews-Hanna 2021). Essentially, this scenario has
Gale’s ancient coastal fluvial systems transitioning to a megafan setting
lacking a downstream body of standing water (Horton and DeCelles 2001;
Weissmann et al. 2010; Hartley et al. 2010). This is a sequence stratigraphic
interpretation of the stratigraphy, where all shallowing and deepening was
driven by external forcings (Wagoner et al. 1988). However, the progradation
of the fluvial system recorded here may also simply represent natural
variability in the geometry of the shoreline without any change in lake level
or any other external forcing (Galloway 1989; Kim et al. 2006). For instance,
this sequence could record the progradation of the fluvial system into the
lake under steady or even rising lake level (Porgbski and Steel 2006;
Chadwick and Lamb 2021). In this case, strata exposed higher on Aeolis
Mons may either be fluvial and not record any significant drying upsection,
or strata may transition back to sublacustrine should channel switching occur
and route sediment elsewhere in the crater. Indeed, other craters with 3D
exposures of deltas and fans show evidence that rivers avulsed several times
during crater filling (Wood 2006; Pondrelli et al. 2008; Irwin et al. 2015;
Goudge et al. 2018). Moreover, it should be expected that any shoreline in
Gale crater had significant three dimensionality that evolved over time.
Shorelines and lakes are low-sloping sedimentary environments, such that
any local variability in sediment deposition can create relief and three-
dimensionality (Straub et al. 2009). These hypotheses can be tested moving
forward.

The question these hypotheses explore is whether the Carolyn
Shoemaker rivers consistently flowed into standing water. This question
has potentially planet-scale implications, as the Carolyn Shoemaker
formation occurs at a transitional zone observed at Gale and across the
planet from clay-bearing stratigraphy to sulfate-bearing stratigraphy
(Milliken et al. 2010). This transition is thought to record the gradual
drying of the martian climate (Bibring et al. 2006; Ehlmann et al. 2011;
Horvath and Andrews-Hanna 2021), a hypothesis which could directly be
tested at Gale crater to see whether the sedimentary deposits also record
drying. A shallowing-up sequence at one location does not necessarily
imply regional drying (Galloway 1989; Kim et al. 2006), so additional
observations up-section are required.

CONCLUSION

We present measurements of bedding orientations made from Mastcam
stereo images and sedimentary structures of Glasgow and Mercou
members of the Carolyn Shoemaker formation overlying the lacustrine
Murray formation. At both locations, the suites of sedimentary structures,
larger-scale structure, and erosional morphology are most consistent with a
series of exhumed bars formed in ancient rivers and possibly coastal zones.
The record of fluvial progradation over the Murray formation lacustrine
mudstones could represent a climatic shift associated with the drying and
shrinking of the Gale lake system and the transition of coastal rivers to
megafan rivers, or it could represent the inherent variability over time in
sediment-routing rivers independent of climate change. With the strata
analyzed here as a baseline for new comparisons, these hypotheses could
be tested as the Curiosity rover continues to ascend the flanks of Aeolis
Mons by looking for evidence for drying in stratigraphically higher rocks.
Given the coupling of this change in depositional setting with a planet-
scale geochemical signal thought to record the drying of the planet, there is
an opportunity to test this important martian geochemical hypothesis
against sedimentological evidence.
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APPENDIX

3-D Visualization of the Outcrops

As a complement to the data presented here, a scaled 3-D mesh of the
Mont Mercou and Maybole outcrops have been computed using structure-
from-motion photogrammetry, we followed the method described in detail
by Caravaca et al. (2020) to reconstruct the exposures and their immediate
surrounding for context. The resulting models were computed from
hundreds of Navcam and Mastcam images, and can be viewed in the free
web based Sketchfab platform at https://skfb.ly/6ZDzO.
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