
1.  Introduction
Aeolis Mons, an 85 km wide, 5 km high mound, informally named Mount Sharp, is located within the 154 km 
diameter Gale Crater (Anderson & Bell,  2010; Figure 1). Partial erosion of lower Mount Sharp has exposed 
sedimentary strata, with fluvial and deltaic sandstones, and lacustrine mudstones (e.g., Grotzinger et al., 2015). 
Sulphate-bearing strata overlie those rocks, with relatively bright strata capping the stratigraphic section (e.g., 
Anderson & Bell, 2010; Milliken et al., 2010; Sheppard et al., 2020). Based on remote sensing image data, ex-
posure of the overall stratigraphic section that underlies Mount Sharp is due to an erosive combination of mass 
wasting, wind, surface runoff, groundwater, and possibly ice-related processes (e.g., Le Deit et al., 2013). In 
contrast, Curiosity images do not show evidence of glacial landforms or deposits, suggesting ice-related activity 
has not been an important component in shaping Mount Sharp. Water-related activity that post-dates formation 
of Mount Sharp includes the presence of three lakes within the surrounding plains (Palucis et al., 2016), with ev-
idence presented in the form of fluvial channels, deltaic complexes, and alluvial fans (Grant, et al., 2014; Palucis 
et al., 2014, 2016). Large debris flow deposits have also been proposed on northern Mount Sharp (Anderson & 
Bell, 2010; Le Deit et al., 2013).

Erosive landforms dominate the morphology of Mount Sharp. These include Gediz Vallis, on the northern side, 
and Sakarya Vallis on the western side, as well as other unnamed canyons (Figure 1). Both Gediz and Sakarya 
Vallis extend from the upper portion of Mount Sharp, through sulphate-bearing strata (e.g., Sheppard et al., 2020), 
to the floor of Gale Crater. Both canyons exhibit debris deposits that appear to over fill (i.e., they are ridges) sin-
uous channels cut into the canyon floors (Bryk et al., 2020; Hughes et al., 2020). Poorly sorted debris deposits 
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on the canyon walls range from those contained in chutes cut into wall rocks, 
to ridges standing above the surrounding wall strata. Where not obscured by 
modern wind-blown sand sheets, these materials merge with channel-filling 
debris deposits on the canyon floors.

The intent of this paper is to understand the formation mechanisms and mod-
ification of the debris deposits within Gediz and Sakarya Valles. We proceed 
by first describing data sets and methods. We characterize the overall mor-
phology of the two canyons, and then focus on debris deposits and associated 
features (e.g., chutes, lateral ridges, etc.). We consider the sulphate-bearing 
rocks cut by the canyons, with implications derived from the highly soluble 
nature, and likely low strength, for the generation of blocky regolith condi-
tioned to be eroded and transported downslope. We end with consideration 
of the role of fluvial processes, landslides that become debris flows, and dry 
landslides in generating the debris deposits and implications for hydrogeo-
morphic event(s) that post-date formation of the canyons.

2.  Data Sets and Methods
We used a multi-dataset approach to pursue the analyses outlined in the Intro-
duction (Table 1). We pursued mapping and morphologic characterizations of 
relevant deposits and associated features using the best available image data. 
We utilized Mars Reconnaissance Orbiter (MRO) Context Imager (CTX, 
Malin et al., 2007) mosaicked data and associated digital elevation models 
(DEMs) for Sakarya Vallis. The individual scenes for this mosaic are listed 

in Table 1 and available through the Planetary Data System Cartography and Imaging Sciences Node (https://
pds-imaging.jpl.nasa.gov/). MRO High Resolution Imaging Science Experiment (HiRISE, McEwen et al., 2007) 
images and HiRISE-derived DEMs were used where available. The HiRISE DEMs covering Sakarya Vallis were 
generated using the method described in Mayer and Kite (1903), and are publicly available (Hughes, 2021). For 
Gediz Vallis, a HiRISE-based mosaic and digital elevation models (DEM) were used for the analyses, and are 
publicly available on the USGS Annex (Calef & Parker, 2016). A Mars Express High Resolution Stereo Camera 
(HRSC) image mosaic and associated DEM over Gale Crater were also utilized (Gwinner et al., 2009, 2010; 
Jaumann et al., 2007). The individual scenes are available through the Planetary Data System Geosciences Node 
(https://pds-geosciences.wustl.edu/).

We calculated the solubility of reactive components for the sulphate-bearing strata previously identified by Mil-
liken et al., (2010), Sheppard et al., (2020), and Thomson et al., (2011) to assess the likelihood of water-induced 
weathering of wall rocks to produce a blocky regolith conditioned to fail as landslides. Calculations were per-
formed in The Geochemist's Workbench version 12.0.5 (Bethke, 2007) using a previously described Pitzer-style 
database (Liu & Catalano, 2016). Volume changes associated with sulphate mineral phase changes, along with 
likely rock strengths, were used in evaluating the likelihood of blocky regolith production.

An infinite slope stability model (e.g., Selby, 1993) was employed to evaluate the likelihood of landslide failure 
by incoming pore water for a range of plausible material properties and slopes.

3.  Morphologic Characteristics of Gediz Vallis
Gediz Vallis is located on the northern side of Mt. Sharp and is ∼9 km long, ∼900 m wide at it widest point, up 
to ∼140 m deep, with a mean slope of 10° (Figures 2 and 3). Gediz Vallis begins as a broad canyon that narrows 
downslope (Figures 1 and 2). It extends through the sulphate-bearing bedrock, and ends upslope of the Greenheu-
gh pediment (Anderson & Bell, 2010; Le Deit et al., 2013; Milliken et al., 2010; Palucis et al., 2016; Sheppard 
et al., 2020; Thomson et al., 2011).

Wind-induced erosion has shaped the relatively bright bedrock of upper Mount Sharp into linear ridges and val-
leys analogous to terrestrial yardangs (e.g., Anderson & Bell, 2010; Le Deit et al., 2013). Wind erosion has also 
occurred on the walls and floor of Gediz Vallis. Wind-blown sands shaped into sheets and ripple fields cover the 

Figure 1.  CTX-based mosaic views that cover Mount Sharp and the canyons 
that are the focus of this paper, Sakarya and Gediz Valles. Regional view is 
in the upper left covering Gale Crater and Mount Sharp, with the white box 
delineating the overall study area. White boxes in the detailed view delineate 
areas shown in detail in Figures 2 and 7.

https://pds-imaging.jpl.nasa.gov/
https://pds-imaging.jpl.nasa.gov/
https://pds-geosciences.wustl.edu/
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upper half of the Gediz Vallis floor where it cuts through the sulphate-bearing strata (Figures 4 and 5). The lower 
half of the canyon within these strata exhibits walls with well-defined layered deposits traceable in some loca-
tions across the canyon floor. A sinuous ∼150 m wide channel is located on the lower canyon floor and is over-
filled with blocky, poorly sorted debris (upper Gediz Vallis ridge, Bryk et al., 2019; Hughes et al., 2020; Palucis 
et al., 2016). The ridge contains boulders up to a few meters in diameter and extends down canyon, ranging from 
several up to ∼20 m in height above the surrounding canyon floor, and has been interpreted as an inverted chan-
nel (Bryk et al., 2019). It transitions to the large lower Gediz Vallis ridge located on the Greenheugh pediment 
(Bryk et al., 2019). The lower debris ridge exhibits blocky, poorly sorted debris and extends up to ∼70 m above 
the pediment surface and has been interpreted as a remnant of fan deposition (e.g., Anderson & Bell, 2010; Bryk 
et  al.,  2019; Palucis et  al.,  2016). The pediment is capped by the Stimson formation wind-blown sandstones 
draped along the footslope of Mount Sharp (Banham et al., 2021).

Instrument PDS (Planetary data system) product ID DOI

Context Camera (CTX) G04_019843_1746_XI_05S223W 10.17189/1520266

G05_020265_1746_XI_05S223W

P04_002675_1746_XI_05S222W

B21_017786_1746_XN_05S222W

D02_027834_1748_XN_05S222W

G04_019698_1747_XI_05S222W

P01_001422_1747_XN_05S222W

P18_008002_1748_XN_05S222W

P04_002464_1746_XI_05S221W

B18_016731_1747_XN_05S221W

D07_029891_1747_XN_05S221W

D13_032159_1745_XN_05S221W

P03_002253_1746_XN_05S221W

G10_022190_1746_XI_05S221W

G03_019566_1746_XN_05S220W

G06_020489_1746_XI_05S220W

High Resolution Science Experiment (HiRISE) [ESP_024234_1755, ESP_024300_1755 10.17189/1520179

PSP_009650_1755, PSP_009716_1755, 10.17189/1520303

PSP_010573_1755, PSP_010639_1755, 10.17189/1520227

PSP_009505_1755, PSP_009571_1755, 10.5281/zenodo.5114387

ESP_011417_1755, ESP_011562_1755,

ESP_018854_1755, ESP_018920_1755,

ESP_023957_1755, ESP_024023_1755,

ESP_024102_1755, ESP_025368_1755,

PSP_009149_1755, PSP_009294_1755,

ESP_012551_1755, ESP_012841_1755,

PSP_001488_1755, PSP_001752_1755,

ESP_019698_1755, ESP_019988_1755] (Calef III and Parker, 2016 Gediz Vallis 
mosaic)

ESP_012340_1750, ESP_012195_1750,

PSP_006855_1750, PSP_007501_1750, upper and lower Sakarya Vallis, respectively

High Resolution Stereo Camera (HRSC) H4235_0000_DA4 10.5270/esa-pm8ptbq

10.5270/esa-1uqwzjv

Table 1 
Datasets Used in Analyses
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A single 15 m high, 100 m long debris ridge (GV1, Table 2) extends down the lower portion of the eastern canyon 
wall where it meets the upper Gediz Vallis channel and ridge deposits (Figures 4–6). The ridge material consists 
of blocky, poorly sorted debris similar to the deposits contained within the upper Gediz Vallis ridge proper. The 
downslope portion of GV1 is truncated where it meets the upper Gediz Vallis channel and ridge. At this location, 
the debris deposits within the channel exhibit an irregular and subdued topography, in contrast to over-filling the 
channel ∼200 m down canyon.

4.  Morphologic Characteristics of Sakarya Vallis
Sakarya Vallis is ∼20 km long, with ∼2 km maximum width, and a maximum depth of ∼350 m (Figures 7 
and 8). The canyon floor has a slope with a mean value of ∼5°. A nearly 90° bend in orientation from southwest 
to northwest is evident ∼9 km from the upper-most portion of the canyon. The canyon's vertical cross section 
shows progressively increasing width and depth down canyon. The uppermost portion of the canyon is narrow, 
widening within ∼6 km from its upper reaches to a broader segment (Figure 7). This transition coincides with the 
spectral detection of sulphate-bearing strata on the canyon walls and floor, in addition to the surrounding plateaus 
(Sheppard et al., 2020). We term the upper canyon as the portion located from the initiation of the canyon to the 
∼90° bend. The lower canyon extends from the bend to the distal end where the canyon opens onto the plains 
surrounding Mount Sharp.

The upper canyon is oriented at ∼90° relative to north-south oriented ridges cut into the surrounding plateau 
bedrock (Figure  7). In addition, the southern wall at this location exhibits a series of ravines, merging with 

Figure 2.  CTX-based image mosaic covering the Gediz Vallis area overlain with color-coded High Resolution Stereo 
Camera-based elevation data (H4235_0000_DA4). Gediz Vallis cuts down through a light toned yardang unit (Anderson 
& Bell, 2010) and then a lower section of Mount Sharp dominated by sulphate-bearing strata. The Greenheugh pediment 
extends from the lower edge of the sulphate-bearing strata. The Gediz Vallis upper ridge merges down-canyon with the 
more massive Gediz Vallis lower ridge (Palucis et al., 2016). Both ridges consist of blocky, poorly sorted debris. White lines 
delineate the locations for the topographic profiles shown in Figure 3. Debris deposits within the canyon wall (GV1) and the 
floor of Gediz Vallis are outlined in white. Black box delineates area covered in Figure 4.
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north-south oriented ridges on the southern plateau (Figure 7). Wall slopes 
for the ravines are typically less than ∼20°. In contrast, the northern wall at 
this location does not exhibit side canyons and exhibits wall slope values 
ranging up to ∼40°–50°. A portion of the lower canyon northern wall merges 
with broad, east trending side canyons, whereas most other wall segments in 
the lower canyon are continuous, lack evidence for side canyons, and have 
steep slopes with magnitudes similar to those for on the upper canyon north-
ern walls. The walls of the major side canyon in the lower canyon region have 
slopes less than 20°.

As compared to Gediz Vallis, the floor of Sakarya Vallis is in many places 
covered by wind-blown sand sheets and ripple fields that preclude areally 
extensive examination of canyon floor deposits, particularly in the upper can-
yon. A ∼3 km portion of the lower canyon floor is well exposed and exhibits 
a sinuous debris ridge that ranges in width up to ∼300 m, rising several me-
ters above the surrounding floor rocks (Figures 9 and 10). The ridge exhib-
its blocky, poorly sorted debris, with boulders up to ∼10 m across. Debris 
ridges are also evident further down-canyon. In some locations, channels cut 
into these deposits, and in other areas debris fills the channels. Most of the 
undulations of the floor debris are located immediately downhill from arcu-
ate escarpments cut into the canyon lower wall strata (visible in Figures 9 
and 10). In other locations, the floor deposits merge with debris ridges and 
chute-filling debris deposits that extend down the canyon walls. In contrast 
to Gediz Vallis, with its upper ridge and massive lower ridge, Sakarya Vallis 

Figure 3.  An along-canyon topographic profile is shown for Gediz Vallis, with cross canyon profiles delineated for key regions. The canyon floor profile has a 5.5 
vertical exaggeration. Elevations for the cross-canyon profiles each have the same width and elevation ranges, with a 4.5 vertical exaggeration. Cross-canyon profiles 
run from southwest to northeast. Also shown is the location of the single debris ridge on the canyon wall (GV1). Based on the HiRISE mosaic and digital elevation 
models (Table 1).

Figure 4.  HiRISE-based view the sulphate-bearing portion of Gediz Vallis 
covering the Gediz Vallis upper ridge of debris that over-fills an undulating 
channel. Also shown is the location of debris ridge (GV1) located on the 
eastern canyon wall. The white lines delineate the extent of these debris ridges.



Journal of Geophysical Research: Planets

HUGHES ET AL.

10.1029/2021JE006848

6 of 20

does not show a massive debris ridge where it terminates on the plains surrounding Mount Sharp. Only a modest 
amount of material is evident at the canyon's distal end.

As part of our study, we mapped and characterized thirteen well-exposed debris deposits and associated features 
on the walls of Sakarya Vallis (Table 2, Figures 7–16) as follows:

Debris deposit SV1 is located on a lower canyon side canyon. It is ∼1,090 m long and ∼200 m wide, with a mean 
downhill slope of ∼13°. SV 1 is contained in a chute cut into the wall strata. The chute floor has a maximum 

Figure 5.  Perspective view of the section of Gediz Vallis located within the sulphate-bearing section and shown in plan-
view in Figure 4, illustrating the overall morphology of the canyon and debris ridges. Wind-blown basaltic sand ripples and 
barchan dunes are evident up-canyon, with an orientation that indicates mainly uphill transport for sand-driving winds. The 
Gediz Vallis upper ridge is ∼100 m wide, and rises up to ∼10 m above the surrounding canyon floor and the present day 
border of the undulating channel. A 2.0 vertical exaggeration is used for this and other perspective views.

Debris 
ID

Length 
(m)

Approximate 
mean width of 

deposit (m)
Mean slope 
(degrees)

Surface gradient 
upslope of scarp or 
deposit (degrees)

Depth of failure 
if scarp visible in 

DEM (m)

Lateral 
ridges 
present

Deposited 
within a 

chute

SV1 1090 200 13 7 5 yes yes

SV2 980 180 16 12 4 yes

SV3 245 100 24 27 yes yes

SV4 465 20 20 21

SV5 745 25 19 18 yes

SV6 605 65 21 14

SV7 550 35 19 21

SV8 475 30 16 15

SV9 540 15 15 19 yes

SV10 210 20 25 25

SV11 740 55 19 13 yes

SV12 760 170 13 12 yes

SV13 365 55 32 19 yes

GV1 100 55 10 18

Table 2 
Debris Deposit Morphometry
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depth of ∼20 m relative to surrounding wall rocks, and has lateral debris-laden ridges that stand up to several 
meters above the surrounding wall rocks (Figures 11, 13–15). The chute exhibits an arcuate head scarp that has 
a relief ∼5 m relative to the wall rocks located immediately uphill of the scarp. The lower chute has less debris 
fill and exhibits a relatively smooth-looking floor as compared to the upper chute. The deposit within the upper 

Figure 6.  Perspective view of debris ridge GV1 on the eastern Gediz Vallis wall. The ridge is ∼100 m in length, varies in 
width, and rises ∼6 m in height above the Gediz Vallis floor. The distal end of the ridge, which merges with the Gediz Vallis 
upper ridge, exposes debris with boulders up to 20 m across.

Figure 7.  CTX-based image mosaic covering Sakarya Vallis and adjacent plateaus overlain with color-coded High Resolution Stereo Camera-based elevation data 
(Table 1). White lines delineate the locations for the topographic profiles shown in Figure 8. Debris deposits are labeled within the canyon walls and the floor of 
Sakarya Vallis (referred to in the text as SV1, SV2, etc. and delineated by numbers only to avoid clutter). Black arrows show inferred wind directions that carved the 
yardangs on the plateaus. Middle black box delineates the location of the HiRISE data shown in Figure 9, northern one in Figure 11, and southernmost one in Figure 16.
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chute consists of blocky, poorly sorted debris. Wind-blown sand covers the 
distal end of SV1 where the debris meets the canyon floor, although windows 
through the sand cover show that the deposits merge with debris deposits on 
the canyon floor. These windows also show that the distal end of SV1 curves 
and tends to align with the down-canyon direction. The strata north of SV1 
provide a good exposure of the sulphate-bearing, disaggregated bedrock that 
dominate the walls of the canyon (Figures 11 and 12).

SV2 is contained within a chute bound by lateral ridges, and begins in an 
arcuate-shaped head scarp exhibiting ∼4 m of relief relative to the wall stra-
ta immediately uphill (Figures 11, 13 and 14). Downslope, chute-bounding 
lateral debris ridges rise several meters above the surrounding wall rocks, 
as do portions of the debris deposit proper. The chute-filled debris deposit 
is ∼980 m long and ∼180 m wide, with a mean slope of ∼16°. Debris in the 
chute forms a series of irregular internal ridges aligned with the down-slope 
chute direction (Figures 14 and 15). Wind-blown sand covers the distal end of 
SV2 where the debris meets the canyon floor, although windows through the 
sand cover show that the deposits merge with debris deposits on the canyon 
floor.

SV3 and SV4, located on the northern canyon wall, begin in shallow head 
scarps, and transition downslope to debris ridges (Figures  9 and  10). The 
SV3 ridge begins as a narrow feature, broadening in width down-slope and 
connecting to floor debris deposits. Subdued lateral ridges bound the lower 
portion of SV3. SV4 also begins in a narrow head scarp, transitions to a 
v-shaped ridge, and connects to the central floor debris deposits.

Figure 8.  CTX-based topographic profile along the center of Sakarya Vallis, with cross canyon profiles delineated for key regions. The along canyon profile has a 5.5 
vertical exaggeration. Each of the cross-canyon profiles extends from southern to the northern sides of the canyon and each has a 3.0 vertical exaggeration. The same 
widths and elevation ranges are shown for each cross-canyon plot. Locations of the wall debris deposits are labeled, as well as the location of the major bend in the 
canyon.

Figure 9.  HiRISE-based view of the central debris deposits on the floor 
of Sakarya Vallis. Two of the labeled wall debris deposits are also visible. 
The upper scarps associated with SV3 and SV4 are outlined in red, and the 
borders of the debris deposits are outlined in dashed yellow. Ripple fields 
cover portions of the central debris in the southern half of the image. Based 
on HiRISE orthorectified image and digital elevation models data from 
PSP_006855_1750 and PSP_007501_1750. Same data used for Figures 10–15.
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SV10, SV11, SV12, and SV13 are located in the upper portion of the canyon in side ravines extending uphill into the 
southern plateau (Figures 7, 16 and 17). SV13 begins at a ∼90 m wide head scarp, followed by debris that extends 
downhill for ∼365 m, with a mean slope of ∼32°. The upper 100 m exhibits a subtle trough cut ∼1 m into bedrock, 
whereas the lower portion is a series of debris ridges standing several meters above the surrounding bedrock.

Figure 10.  Perspective view of the region shown in Figure 9. For scale reference, the width of the central debris deposit 
where labeled is ∼250 m. The wall debris deposits, SV3 and SV4 merge with the central debris deposit located on the canyon 
floor. The head scarps of the two wall deposits are outlined in red and their lateral borders are outlined in dashed yellow.

Figure 11.  A portion of HiRISE image with mapped chutes, debris, and lateral ridges for SV1 and SV2 in Sakarya Vallis. 
Head scarps outlined in red, debris deposit borders outlined in dashed yellow. Lateral ridges in the debris deposits are labeled. 
The white box covers the region with an extensive disaggregated bedrock cover shown in Figure 12.
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The head of SV12 lies in a broad, relatively gently sloped valley, and exhibits a poorly defined head scarp (denot-
ed by the dashed red line in Figures 16 and 17). The upper portion of this deposit exhibits a debris-filled shallow 
chute that is ∼170 m wide, with a mean slope of ∼13°. The lower portion exhibits a shallow debris-filled chute 
containing a debris ridge. The upper portion of SV11 also lacks a well-defined head scarp (candidate head scarp 
is outlined in Figures 16 and 17) and is a ∼55 m wide debris ridge contained within a shallow chute. It merges 
downslope with SV10, a narrow debris ridge that stands a few meters above the surrounding bedrock exposures. 
SV11 is ∼740 m in length, with a mean slope of ∼19°. All of the deposits are blocky and poorly sorted where 
visible. Wind-blown sands cover the deposits where they meet the canyon floor.

SV5 to SV9 are also located within ravines cut into the upper canyon's southern wall, and have similar morphol-
ogies as SV11. These debris deposits are 15–65 m wide and up to ∼745 m long. Mean slopes are comparable to 
the ravine debris deposits discussed in the previous paragraph. These blocky, poorly sorted deposits are ridges 

Figure 12.  Perspective view looking to the northeast of a portion of the valley shown in Figure 11 Letters a through f 
delineate disaggregated bedrock associated with different exposed strata. The vertical line corresponds to 15 m of relief. The 
surface shown for area “f” was used to compute a blocky regolith bulk density as described in the text.

Figure 13.  HiRISE-based perspective view looking toward the east of the area covering SV1 and SV2. Head scarps outlined 
in red, debris deposit borders outlined in dashed yellow. Lateral ridges in the debris deposits are labeled. Note the central 
debris shown in the lower right of the figure along the floor of the canyon, along with the disaggregated bedrock surrounding 
the debris deposits. For scale reference, the width of SV1 is ∼200 m.
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rising a few meters above the surrounding bedrock. They do not exhibit even 
poorly defined head scarps and lateral ridges are not evident. Wind-blown 
sands cover these debris deposits where they meet the canyon floor.

5.  Generation of Blocky Regolith From Sulphate-Bearing 
Strata
In this section we consider the mineralogy of the sulphate-bearing strata ex-
posed on the walls of Gediz and Sakarya Valles and implications for produc-
tion of blocky regolith by partial dissolution of the sulphate-bearing rocks. 
Specifically, CRISM data covering Mount Sharp has shown that magnesi-
um-bearing, hydrated sulphate-bearing rocks dominate the spectral signatures 
for the stratigraphic section between the upper light toned strata and the lower 
portions of Mount Sharp dominated by Murray formation outcrops (Milliken 
et al., 2010; Sheppard et al., 2020; Thomson et al., 2011). These rocks are 
likely similar to the sulphate-bearing Burns formation rocks characterized 
by the Opportunity Rover at Meridiani Planum. Opportunity Mini-TES data 
indicate that the Burns formation rocks are composed of ∼40% sulphate min-
erals, mainly magnesium and calcium-bearing phases, with ∼60% composed 
of aluminum-rich amorphous silica, plagioclase, nontronite, hematite, and 
minor phases (Glotch et al., 2006).

Magnesium sulphate minerals have orders of magnitude greater relative sol-
ubility as compared to most other minerals, including oxides and silicates, as 
shown in Figure 18. To evaluate in more detail the hypothesis of enhanced 
aqueous disaggregation of the sulphate-bearing strata to produce blocky reg-
olith we employed geochemical modeling assuming a temperature of 25°C to 
estimate the fraction of Mg and Ca sulfates that would dissolve in a water-in-

filtrating environment. The temperature was chosen based on existence of good thermodynamic data. Additional 
exploratory calculations at slightly lower temperatures showed that solubilities did not change appreciably. We 
used the Mini-TES based mineralogy of the Burns formation as an analog for the sulphate-bearing rocks that 
underlie Mount Sharp. Assuming a Burns formation estimated porosity of 4.5% (Nahm & Shultz, 2007), and 
saturated conditions, we find that ∼2% by volume of the magnesium and calcium sulfates would dissolve in 
the presence of infiltrating moisture from precipitation or snowmelt. The porosity used is a minimum value for 
most sandstones, making this a conservative estimate. This could lead to disaggregation of bedrock to generate 

Figure 14.  HiRISE-based view of SV1 and SV2 with 5 m contours overlain in 
white. Twenty m contours are shown with a thicker white line. The elevation 
range of the contour lines is from −3,260 m to −3,740 m. The topographic 
profiles indicated by the two red lines are shown in Figure 15. North is 
approximately towards the left.

Figure 15.  HiRISE digital elevation models-based topographic profiles crosscutting SV1 (left) and SV2 (right). The locations of the profiles are shown in Figure 14. 
Both profiles have an 8 times vertical exaggeration. Note that the SV2 profile, in particular, shows that this deposit and associated features are now perched above 
surrounding bedrock exposures.
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a blocky regolith, for example, as infiltrating water preferentially moved along permeable bedding planes and 
joints within the rocks.

We also note that the stable hydrated magnesium phases depend on moisture content, with large volume chang-
es as moister conditions lead to more hydrated phases. For example, conversion of kieserite (MgSO4·H2O) to 

Figure 16.  A portion of HiRISE image covering SV10 to SV13. These debris deposits are on the southern wall within side 
canyon ravines cut into the plateau. Same labeling scheme as used in Figure 11. Based on HiRISE orthorectified and digital 
elevation models data ESP_012340_1750, ESP_012195_1750. Also used for Figure 17.

Figure 17.  HiRISE-based perspective view covering SV10 to SV13. The debris deposits are covered by basaltic sands where they meet the canyon floor. For reference, 
the width of SV13 is ∼55 m.
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starkeyite (MgSO4·4H2O) produces a 69.4% volume increase because three 
additional H2O molecules are added to the unit cell. If the pore water con-
tent varied due to changing climatic conditions then the consequent volume 
changes could also enhance disaggregation.

Another special property of sulphate-bearing strata, based on comparisons to 
the Burns formation rocks, may be their relatively low strength. Both the Spir-
it and Opportunity rovers deployed their Rock Abrasion Tools to grind a few 
millimeters into rock targets to remove dust and other coatings before making 
contact science measurements (Gorevan et  al.,  2003). The olivine-bearing 
basalts on the Gusev plains, combined with various silicate-dominated rocks 
within the Columbia Hills, completely wore down the grinding teeth before 
the end of the mission (Arvidson et al., 2010). The Adirondack class basaltic 
rocks on the plains had specific grind energies ranging from 30 to 50 J/mm3 
retrieved from Rock Abrasion Tool (RAT) telemetry that are equivalent to 
uniaxial compressive strengths of ∼70–130 MPa (Thomson et al., 2013). On 
the other hand, Opportunity RAT data for grinds into sulphate-rich Burns 
formation rocks free of the very hard hematitic concretions averaged ∼1 J/
mm3 (Arvidson et al., 2004), equivalent to much lower compressive strengths 
than found for most rocks at Gusev Crater, with the exception of the sul-

phate-bearing Peace sandstone (Thomson et al., 2013). Of course, a grind depth of a few millimeters may not be 
representative of the strength of deeper portions of the rocks and sulphate-bearing strata found on Mount Sharp 
may not have the same strength characteristics as Burns formation rocks.

We hypothesize that the relatively high solubility of sulphate minerals, large volume changes due changes to 
varying moisture contents, and perhaps a relatively low strength expected for sulphate-bearing rocks that underlie 
Mount Sharp, would all contribute to the production of disaggregated bedrock. These inferences are certainly 
consistent with the appearance of the bedrock shown in Figure 12, material on the canyon walls that would be 
preconditioned to fail as landslides.

6.  Conceptual Models for Producing the Debris Deposits
In this section, we discuss possible origins for the debris deposits and associated features, for example, chutes, 
lateral ridges, head scarps, and the poorly sorted nature of the debris. None of the deposits, associated features, 
and surrounding bedrock exposures has escaped erosion by wind, given that many are debris ridges and stand 
high above the surrounding wall rocks (e.g., GV1). They thus fall into the category of inverted channels or ridges 
found in many other places on Mars (e.g., Pain et al., 2007; Williams et al., 2007; Zaki et al., 2021).

6.1.  Glacial Processes

The lower slopes of Mount Sharp explored by Curiosity do not show any conclusive evidence for the effects of 
glaciation on the landscape. Curiosity's imaging data acquired for the upper portion of Mount Sharp likewise do 
not show any evidence for the effects of glacial activity. Mount Sharp lacks evidence for bedrock scour marks, 
rock polish, lateral or terminal moraines, eskers, roche moutonnée, drumlins, landscape features such as hanging 
U-shaped valleys, horns, and arêtes.

One could argue that GV1 is an eroded vestige of a one much more extensive moraine. The orientation and shape 
are consistent with that of a terminal moraine, but the absence of any lateral moraines makes this origin less 
likely. It is not obvious that wind erosion would preferentially erode only lateral moraines. To be a recessional 
moraine, with no trace of lateral moraines, would require that a much more extensive glacier existed, with the 
equilibrium line downstream of the ridge deposition. In that case, the ridge deposit would record a short-lived 
recessional feature and likely not be one that stands, even after wind erosion, ∼15 m above the surrounding bed-
rock exposures.

The lack of glacial landforms also argues against the hypothesis that the debris deposits in both Gediz and Sakar-
ya Valles are eskers. Rather, the relatively well-preserved debris deposits in Sakarya Vallis argue for a downslope 

Figure 18.  Histogram showing the log solubility for relevant secondary 
minerals that have been identified in Burns formation rocks in Meridiani 
Planum, a mineral analog for the sulphate-bearing strata on Mount Sharp. 
Note the high solubility of magnesium sulfates, followed by calcium sulfates. 
Minerals that are more soluble in low pH fluids were calculated with pH of 2 
to show that even then they are much less soluble than the sulphate minerals.
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mobilization and transport of poorly sorted debris without associated lateral, terminal, or recessional moraines 
that would have been deposited by glaciers.

6.2.  Downhill Creep and Dry Landslides

Another hypothesis that needs exploration is whether the debris deposits could simply be due to a combination of 
dry landslides and extensive downhill creep into canyons without the enabling role of water. Creep of the surface 
mantle on hillslopes is typically advanced by internal deformation under a state of shear (mostly likely in clay rich 
materials) or through some form of dilational disturbance (e.g., freeze thaw and heating and cooling). Raveling 
can occur by individual blocks that eventually are released from bedrock through progressive fracture propaga-
tion and by physical/chemical reactions described above. Accumulation through time can lead to extensive blocky 
regolith cover. Presently there are local talus aprons with traces of individual block tracks still visible in some 
steep canyon walls in Gale crater.

Dry landslides (rockfall; e.g., Okura et al., 2000) are judged to be unlikely here because of the relatively low wall 
slopes associated with many of the debris deposits (Table 2). The slope values are far below angles of repose for 
failure of regolith, even for materials with low cohesive strengths (e.g., Selby, 1993 and Table 2). Dry landslides 
do remain a possibility for debris deposits associated with steeper slopes (Table 2).

We note that acoustic fluidization (Collins & Melosh, 2003) has been hypothesized as a mechanism for long land-
slide runout lengths. This mechanism presumes an initial fall height of a mass that transfers a portion of its kinetic 
energy to internal acoustic vibrational energy. The debris deposits summarized in Table 2 are not associated with 
significant free fall heights, making the role of acoustic fluidization unlikely.

Finally, regolith creep and dry landslides could not transport the coarse debris on the modest valley floor slopes 
of Gediz Vallis and Sakarya Vallis, nor cut channels. For Gediz Vallis, in particular, these processes are unlikely 
to have formed either the channel on the floor that is over-filled with debris, or the massive lower Gediz Vallis 
ridge. A great deal of material has been transported down the ∼10° canyon floor to the terminus to merge with the 
lower Gediz Vallis ridge. The slope is judged to be too low for this process to operate under dry only conditions.

6.3.  Fluvial Activity, Landslides, and Debris Flows

We argue that the observations of the debris deposits and associated features within Gediz and Sakarya Valles are 
best explained by a late stage evolution of the canyons in which the presence of surface and ground water enabled 
the mobilization and downslope transport of extensive volumes of blocky debris. The evidence to support this as-
sertion is largely contained in the relatively well-preserved deposits and features in Sakarya Vallis. We use these 
deposits and features to develop a conceptual model, which we use to formulate the sequence of events that led 
to the present configuration of debris deposits and associated features in Gediz Vallis. We note that, as on Earth, 
many landslides are associated with precipitation and associated groundwater flow, providing the triggering 
mechanisms to initiate shear failures and landslides by reduction of effective stresses due to increased pore water 
contents within the incipient failure mass (e.g., Dietrich et al., 2001).

Late-stage landslide features with similar morphologies to features in Sakarya Vallis have been identified in other 
locations on Mars, including examples hypothesized to start as landslides that developed into debris flows due 
to the presence of groundwater and melting subsurface ice (e.g., Guimpier et al., 2021; Lucchitta, 1979, 1987; 
Quantin et al., 2004). In our case, SV1 and SV2 within Sakarya Vallis exhibit arcuate shaped head scarps, chutes 
extending downslope partially or completely filled with blocky, poorly sorted debris, and chute-bounding lateral 
debris ridges. These features are also located on slopes less than ∼20°. These properties are all consistent with 
a series of slope failures as landslides that mobilized as debris flows (e.g., Iverson, 1997; Kaitna et al., 2016). 
The debris moving downslope would have carved the chutes into wall rocks. In fact, physical modeling (Hsu 
et al., 2011) and observations of terrestrial debris flow deposits (Stock & Dietrich, 2003) demonstrate the ability 
of debris flows to erode into underlying materials. Downslope transport would have produced lateral stresses in 
the debris flows that pushed material outward from the faster moving flow center, thereby generating debris-lad-
en ridges (levees) in the same manner as occurs in terrestrial debris flows (Iverson, 1997).

Local precipitation and ground water infiltration, melting subsurface ice, and ground water transport from higher 
up Mount Sharp are all viable mechanisms of triggering failures. In terrestrial cases, debris flows develop from 
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landslides destabilized by elevated pore water pressure. When the mass failure occurs, water mixes with poorly 
sorted debris able to transport sediment that can carve chutes, produce levees, and transport poorly sorted ma-
terials at relatively low slopes (e.g., Iverson, 1997; Kaitna et al., 2016). We envision a similar role of water for 
the debris deposits discussed in the previous two paragraphs, that is, SV1 and SV2, although neither feature is 
consistent with a single event, nor escaped some erosional degradation.

We also note that there is no evidence of river channels entering the headscarps of SV1 and SV2, suggesting the 
importance of ground water transport to the landslide sites. On the other hand, wind erosion may have removed 
upslope channel topography, and erased evidence of fluvial incision downslope.

The remainder of the debris deposits within Sakarya Vallis lack one or more key features that allow these deposits 
to be placed in the same conceptual model as debris flows enabled by the presence of water. So little of the orig-
inal topography is preserved at SV3 and SV4, it is difficult to assess the possible mechanisms of transport and 
deposition that lead to these deposits. Likewise, debris deposits SV5–SV9 and GV1 lack features that allow an 
interpretation of the role of water in landslide failures and debris flows. We interpret the ridge-only morphology 
of these deposits to be a consequence of differential wind erosion, that is, they are analogous to fluvial “inverted 
channels” that have been mapped elsewhere on Mars (Pain et al., 2007; Williams et al., 2007). That is, these 
debris deposits have suffered less erosion than the surrounding wall rocks, leaving the deposits as ridges stand-
ing above the surrounding rocks. Some of the deposits may have accumulated over time from upslope raveling, 
perhaps driven by moisture sensitive regolith production and block release in the sulphate bearing bedrock, as 
described above.

The conceptual model for slope failure and debris flow generation described for SV1 and SV2 could also apply 
to debris deposits SV11 to SV13 located in the upper canyon ravines. However, these deposits also lack, or have 
poorly defined, diagnostic features and the potential role of water cannot be judged. Both SV12 and SV11 lack 
distinct head scarps (Figures 16 and 17). The outlined features may be degraded head scarps, or they could be the 
uppermost extent of the debris features that have not yet been removed through erosion. SV12 may have remnants 
of lateral debris ridges (Figures 16 and 17). However, these are very subdued ridges and could have been formed 
through differential aeolian erosion after the debris was deposited.

7.  Exploratory Model for Landslide and Debris Flows
In this section, we evaluate, in an exploratory manner, the amount of water needed to initiate landslides in the 
blocky regolith on the canyon walls as a function of the shear strength at the failure plane and the slope of the 
wall. We employ an infinite slope model (i.e., one-dimensional Mohr-Coulomb based failure) with groundwater 
flow as the driving mechanism for failure. The ground surface and failure plane are assumed to be parallel (e.g., 
Dietrich et al., 2001; Selby, 1993). In our case, the failure plane corresponds to the assumed boundary between 
blocky regolith and underlying less weathered wall rocks (e.g., Figure 12). Given the extensive post-formation 
wind erosion associated with both canyons, and thus the difficulty of estimating the true slopes during the failure 
periods, we pursue calculations for both a range of properties and slopes.

In the model, failure occurs when the downhill stress component (i.e., shear stress, τ) due to the overlying weight 
is equal to the combined cohesive and frictional strength (S) at the failure plane. Groundwater entering the blocky 
regolith elevates the pore pressure, lowers the effective normal stress, and thereby reduces the frictional strength. 
The model neglects wall stresses, which act to stabilize against failures (e.g., Milledge et al., 2014; Prancevic 
et al., 2018), making our estimates of water content for failure a minimum. It also assumes that water flow is 
parallel to the failure plane. With these assumptions, the proportion of the regolith layer saturated at failure is 
equal to:

ℎ
�
=
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��

(

1 − tan �
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)

+ �∕(����cos2�tan�)� (1)

where:

z (L) is the thickness of the blocky regolith above bedrock; h (L) is thickness of the saturated zone above the 
assumed failure plane; ρs (M/L3) is the regolith bulk density; ρw (M/L3) is the water density, assumed to have a 
value of 1,000 kg/m3; θ, is the failure plane slope angle; φ is the angle of internal friction at the boundary between 
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the blocky regolith and underlying bedrock; c (M/LT2) is the cohesive strength at the boundary; g (L/T2) is the 
gravitational acceleration.

Model assumptions limit the range of h/z from 0.0 (dry) to 1.0 (saturated). Values higher than 1.0 suggest that in-
stability under such circumstances would be due to exfiltration gradients elevating the pore pressure beyond that 
just due to saturation (e.g., Dietrich et al., 2001) or due to flowing surface water (Prancevic et al., 2014). Strong 
exfiltration gradients can lead to instability and even liquefaction of the material (e.g., Iverson & Major, 1986), 
and surface water can lower the threshold slope for mass failure (Prancevic et al., 2014).

We used an upper bound for the bulk density of the blocky regolith based on the value for Burns formation 
consolidated sulphate-bearing rock estimated to be ∼2.5 g/cm3 (Grotzinger et al., 2005). Estimates of bulk den-
sities of Martian regolith are for granular materials worked by lander and rover wheels and scoops (e.g., Moore 
et al., 1987; Shaw et al., 2009; Sullivan et al., 2011; Knuth et al., 2012; Morgan et al., 2018). These values range 
from ∼1 to 1.8 g/cm3. Measurements for blocky regolith on Mars do not exist. Estimates for terrestrial weathered 
bedrock range from ∼1.2 to 2.0 g/cm3 (Wald et al., 2012). Estimates of terrestrial “broken and blasted rock” range 
from 1.0 to 2.2 g/cm3 (Hoek & Bray, 1999). We also estimated bulk density from HiRISE data covering a typical 
surface covered with disaggregated bedrock (Figure 12). For the location chosen for analysis, blocks cover 60% 
by area, with the remaining 40% covered by sands and fine-grained regolith. Assuming a rock density of 2.5 g/
cm3 and a sand/regolith density of 1.5 g/cm3, we estimated a blocky regolith density of 2.1 g/cm3. With regard to 
cohesive strength, martian granular regolith values are estimated to range from 1 to 5 kPa, and angles of internal 
friction from 20° to 40°, based on the references quoted in the above paragraph. “Broken and blasted rock” that 
are deemed to be cohesionless have angles of internal friction ranging from 20° to 40° (Hoek & Bray, 1999).

For model calculations, we focused on slopes of both 15° and 30°, values in which dry failure would be unlikely 
for the lower slope and perhaps marginally likely for the higher slope. We used a depth to the failure plane of 6 m, 
a value consistent with the head scarp relief for SV1. We employed a range of bulk densities, cohesive strengths, 
and angles of internal friction consistent with the values quoted in the last two paragraphs (Figure 19).

The intent of the modeling was to evaluate the role of pore water in initiating a landslide that would then mobilize 
into a debris flow, and not to model the likely complex of failure events associated with any of the debris deposits 
and associated features. Results demonstrate that for the case of no cohesive strength at the failure plane, and for 
reasonable range of input parameters, the low gradient of 15° requires high values of h/z to induce instability. For 
example, with a bulk density or 1,700 kg/m3 and relatively low angle of internal friction of 25°, the h/z needed 
to initiate failure would be 0.86. Note that h/z is the fraction of the blocky regolith mass that is saturated. For a 

Figure 19.  Plot showing the height of the water table, h, above the failure plane relative to the thickness of the failed material, z, as a function of blocky regolith bulk 
density and angle of internal friction at the blocky regolith bedrock failure plane. Results were generated using a failure-plane slope of 15° and 30°. The bottom surface 
in each plot shows the range for a cohesionless boundary whereas the top surface is for a cohesion of 3 kPa. Note the relatively high h/z values for the low slope case, 
including values greater than one, which would imply overpressure, exfiltration, or surface water would be required to induce failure. The surfaces are illuminated by a 
directional light source aligned with the viewer.
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cohesive strength of 3 kPa model results for the same bulk density and angle of internal friction, h/z would be 
1.16, consistent with overpressure that exceeds hydrostatic pressure, exfiltration, and leads to runoff, or perhaps 
even liquefaction. The likely values of pore water content are well within the terrestrial range that mobilizes 
landslides into debris flows, and cutting into underlying rocks, thereby generating chutes (Iverson, 2000; Hsu 
et al., 2011; Stock & Dietrich, 2003). Even at a 30° slope value a significant amount of pore water would be 
needed to reduce the effective stress and initiate failure for a reasonable range of cohesive strengths and angles 
of internal friction.

Factors such as localized reduction in down slope saturated conductivity can force shallow groundwater to the 
surface, with significant exfiltration head gradients (e.g., Wilson & Dietrich, 1987; Wilson et al., 1989). Exfiltra-
tion gradients can also occur when groundwater is forced to the surface due to downslope boundary conditions 
(e.g., Iverson & Reid, 1992; Tóth, 1963). Such processes may be more likely in the case of deep groundwater flow 
from a more regional scale flow field. Note that Palucis et al. (2016) defined a highest late-stage lake level that 
would have put the locations for SV1 and SV2 underwater, with concurrent hydrostatic stresses applied against 
these locations (e.g., Berilgen, 2007). Lake level drawdown could have removed the confining stresses, and if the 
drawdown rate exceeded the rate of groundwater flow toward the lake, seepage stresses would have significantly 
decreased the effective normal stresses, leading to failure. In summary, surface parallel flow, exfiltrating flow 
driven by conductivity variations or from deeper sources, surface flow in combination with subsurface flow, 
and seepage pressures generated during lake draw-down phases, are all viable mechanisms for landslide failures, 
with enough water to generate erosive debris flows. In contrast, the model without water (h/z = 0) would require 
unusually low friction angles to explain failure. And, even if that was the case, it would not explain why failure 
was localized whereas neighboring canyon walls with similar slope angles do not show evidence for failure. We 
thus conclude that water was likely a necessary ingredient in initiating wall debris failure and transporting the 
material downslope, merging with debris on the canyon floors. These processes could have been driven by or 
enhanced by local precipitation, with water largely sinking into the permeable regolith, overall increasing the rate 
of systematic downslope movement of material to the floor and down-canyon.

8.  Timing and Evolution of the Debris Deposits
The deposition of the sedimentary strata that compose Mount Sharp, and subsequent excavation of the mound-
like shape, were thought to have been largely finished by ∼3.1–3.3 Gya (i.e., during the late Hesperian Era, e.g., 
Grotzinger et al., 2015). A number of hydrogeomorphic events are thought to have occurred during or shortly 
thereafter. For example, Sakarya Vallis, Gediz Vallis, and other nearby canyons (Palucis et al., 2016), formed af-
ter Mount Sharp was eroded to a similar form as present, or these canyons would not run generally in the downhill 
direction defined by the shape of mound. The presence of fluvial channels, deltaic complexes, and fans superim-
posed on the plains surrounding the mound provide evidence for three discrete fluvial-lacustrine events (Palucis 
et al., 2014, 2016). As noted by Thomson et al., (2011), Palucis et al., (2016), and Bryk et al., (2019, 2020) the 
Gediz Vallis ridges were also emplaced during this latter time-period. Unfortunately, the small areal extent of the 
debris deposits that are the focus of this paper limits our ability to use impact crater abundances to date them with 
a more detailed timing. Most likely, the landslide failures, debris flows, and connections to floor debris were co-
incident with these late-stage hydrogeomorphic events. In the case of Gediz Vallis the central channel was likely 
caused by fluvial processes, becoming a ready conduit for down-canyon transport of debris (Bryk et al., 2020).

We hypothesize that the modification of the debris deposits and chutes through wind erosion has removed much 
of the evidence of the failure events. Mesoscale atmospheric circulation models show that during the day winds 
tend to be northwesterly, blowing up the northern side of Mount Sharp, reversing at night, blowing down the 
northern side of the mound (Newman et  al.,  2017). Unfortunately, Curiosity's rover environmental monitor-
ing station (REMS) wind directional data are limited temporally and spatially. However, the available data are 
consistent with these predicted reversing wind directions (Newman et al., 2017; Pla-Garcia et al., 2016; Rafkin 
et al., 2016). The yardang orientation within the sulphate-bearing strata also indicates the dominant winds are 
northwesterly or southeasterly. The alignment of the slope winds with the northwest-southeast orientation of 
Gediz Vallis would channel and enhance these winds. The possibility of downhill mass movement of blocky de-
bris, late-stage water running down the canyon walls, coupled with channeled and accelerated winds could have 
preferentially eroded bedrock, removing most of the evidence for landslides and debris flows. We note that the 
orientation of the linear ridges on the plateaus on either side of Sakarya Vallis are generally consistent with these 
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wind directions and imply significant erosion of bedrock, that is, generation of yardangs (Figure 2). On the other 
hand, the cross orientation of Sakarya Vallis, as compared to the slope winds, as well as the relief of the canyon 
(∼350 m compared to ∼75 m at Gediz Vallis), are all consistent with sheltering the canyon floor and walls from 
the high erosion rates expected for Gediz Vallis.

Over the past ∼3 Gyr, the canyons and debris features have been largely shaped by wind erosion and wall retreat 
as the regolith migrated downhill. The undulating nature of the floor deposits is interpreted to be a consequence 
of former locations of wall debris merging with the central floor debris. Possibly, all but the floor debris undula-
tions and small head scarps remain after erosion of the wall deposits.

9.  Conclusions
Sakarya Vallis on the southwestern side of Mount Sharp exhibits a number of landforms indicative of landslides 
and debris flows that transferred material from the walls to the floors. Debris on the floors then moved down-can-
yon. Infinite slope modeling, coupled with the distinct morphologic features, shows that the best-preserved wall 
debris deposits, that is, with head scarps, chutes, and lateral ridges, can be explained as landslide failure due 
to pore water pressure from groundwater, followed by mobilization as debris flows. The high solubility of the 
sulphate-bearing strata led to formation of blocky regolith conditioned to fail in this manner. The presence of 
numerous debris ridges on the canyon walls implies significant differential wind erosion since the debris accumu-
lated, with the wall strata stripped at a higher rate relative to the more resistant debris deposits. Similar processes 
operated in Gediz Vallis. In this case, we interpret that the alignment of the canyon with erosive slope winds over 
several billion years removed all but one wall-based debris ridge and left a single channel-filling debris deposit 
on the canyon floor. Results are consistent with other late-stage (i.e., late Hesperian Era) hydrogeomorphic events 
reported previously, including river channels, fans, and deltas in Gale Crater.

Data Availability Statement
The data sets used in this study are publicly available through the Planetary Data System Geosciences Node 
(https://pds-geosciences.wustl.edu/). The CTX data used are from Malin (2007). The HiRISE data used are from 
McEwen  (2005, 2006, 2009). The HRSC data used are from the European Space Agency  (2013, 2020). The 
HiRISE mosaic over Gale crater is available at the USGS Annex (Calef & Parker, 2016). The HiRISE-derived 
DTMs over Sakarya Vallis are publicly available through the Zenodo data repository (Hughes, 2021). The prod-
uct IDs and DOIs of the data sets used in this study are also listed in Table 1.
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