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Scarp-fronted deposits record the highest
water level in Mars’ Valles Marineris

Check for updates

I. Argadestya1,2 , F. Schlunegger1, F. S. Anselmetti1, A. Pommerol2, A. Tullo3 & N. Thomas2

We investigated the geomorphology of the promontory and the sedimentology of scarp-fronted
deposits (SFDs) in Southeast Coprates Chasma using CTX, HiRISE, and CaSSIS images, and DEMs
based on CaSSIS stereo pairs, HRSC and MOLA data. In the promontory, we find a network of
branched channels bordered by screes and bedrock along the drainage divides, indicating a fluvial
origin. The SFDs, occurring at the downstream end of the promontory, display convex break-in-
slopes, separating a flat surface with a radial drainage network from a steep front downstream. We
interpret these structures as records of fan-deltas with sources in the promontory, recording a sea-
level high-stand. Notably, all identified SFDs occur at the same elevation range (-3750 to -3650 m) in
VallesMarineris and the northern lowlands, and they were deposited between the Late Hesperian and
the Early Amazonian.We consider this as the timewith the largest availability of surfacewater onMars.

Information on water-lain deposits onMars provides a key contribution to
theunderstandingof theplanet’s geologichistory and its past environmental
conditions, particularly considering the potential for past habitability.
Consequently, major scientific efforts have been undertaken to reconstruct
the geological history of Mars by documenting the occurrence of water1–3.
For example, the northern lowlands of Mars, situated in the northern
hemisphere of the planet, are considered to have hosted an at least 1.4 km-
deep ocean4. In the same sense, the observation of hummocky-cross stra-
tifications and trough cross-beds in Jezero5 and Gale6 Craters offered the
basis to invoke the occurrence of turbidity currents inducedby storms, again
demonstrating the presence of a standing water body. Similarly, in the
southern highlands, meandering incisions in Nili Fossae have been used to
reconstruct the action of rivers eroding into bedrock7. Evidence of the
availability of water, such as water-altered minerals8–10 and geomorphic
records of catastrophicfloods1, have also been reported forVallesMarineris,
which is situated in the mid-latitudes and represents the largest canyon
system on the planet11 (Fig. 1A). This trough is located at 3°–15° S latitude
and 260°–310° E longitude, and is over 4000 km long, 200 km wide, and
reaches a depth of ca. −4700m at its lowest point. The canyon itself is
composed of interconnecting troughs (known as Chasmata), which are
referred to as Ius, Ophir, Candor, Melas, and Coprates Chasma12. These
individual troughs are connected with each other by the Valles Marineris
Depression (VMD)12. The VMD itself is bordered to the North and to the
South by the plateaus (Pl on Fig. 1B). In between the southern plateau and
the VMD sits the promontory (Pr on Fig. 1B), which is a mountain range
with a maximum elevation of ca. 1300m. Valles Marineris is interpreted to
have been generated through rifting driven by tensional stresses in response

to magmatic activity. These mechanisms led to the rise of the Tharsis bulge
during the Late Noachian to Early Hesperian12–14, which in turn resulted in
the formation of graben and collapse structures. Interestingly, at different
locations along the interior wall of Valles Marineris, Morgan et al.15 and
Mondro et al.16 reported the occurrence of what they referred to as Scarp-
Fronted Deposits (SFDs). Similarly, Vaz et al.17 described a type II fan of
fluvio-deltaic origin in this setting. These authors considered such structures
as evidence for a fan delta where rivers discharged their sedimentary bed-
loads into a standingwaterbody.However, due to a lackofdata resolving the
topography at a high resolution, such as the more recently available 10m-
digital elevation models (DEMs) and orbital images (currently available
with a spatial resolution of 0.5 m per pixel), the aforementioned authors
were not able to assess the morphometric details of these structures, and
most importantly to determine precisely the elevation of the inferred sea-
level. Yet such information is crucial for reconstructing the spatial extension
of the standing water body through mapping and for spatially correlating
the various SFDs. Such data will then offer the basis to develop a scenario of
how the inferred sea evolved through space and time, which is the goal of
this paper.

Here, we benefit from high-resolution datasets collected by the
CaSSIS18, HiRISE19, HRSC-MOLA20, and CTX21 instruments, focusing on
the promontory of Southeast CopratesChasma (Fig. 1A, B).We reconstruct
the sedimentology and geomorphology of these structures at high resolu-
tion, which will allow us to determine precisely the elevation of the sea level,
and to develop a scenario of how it evolved through time.CopratesChasma,
comprises a significant component of the extensiveVallesMarineris canyon
system22. Coprates Chasma extends approximately 1000 km in an east-west
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direction, reaching up to 10 km inwidth and up to 8 km in depth. This large
trough is connected to Melas Chasma to the west and to Capri and Eos
Chasmata towards the east, forming an interconnected depression23, which
transitions into the Northern Lowlands (Fig. 1A). The target SFDs are
situated in the southeastern part of Coprates Chasma (Fig. 1B). This trough
was considered to have formed after the precursor ancestral basins were
subjected to faulting episodes during Late Hesperian and Early Amazonian
periods22,24. We proceed by describing the geomorphic and sedimentologic
details of the SFD structures along the Southeast Coprates Chasma and
tracing the lateral extent of the SFDs along the region. We find, for the first
time, that these structures record the time (which we will place at the
boundary between the Late Hesperian and the Early Amazonian) when the
sea (or paleolake) on Mars reached the highest elevation at the scale of the
entire planet.

Results
Morphometric properties of the promontory’s drainage basins
The mountain belt to the south of the Valles Marineris’ Coprates Chasma,
which is referred to as the promontory (Figs. 1B and 2A) is surrounded by
valley-floor deposits of theVMD in the northwest, and landslidematerial in
the northeast. The promontory hosts multiple drainage basins with
V-shaped cross-sectional geometries (ca. 19 valleys with a spacing of
~3.5 km and depths of incisions Δh ranging from 10 s of meters to more
than 500m), and thalwegs with decreasing elevations in the downstream
directions. The largest of these drainage basins, referred to as basin A, has a
catchment area of 74.68 km² and hosts an 11.31 km-long main channel
along its thalweg, while the smallest, basin C, covers an area 3.91 km² and
has a 2.64 km-long thalweg (Table 1). The elevations within these drainage
basins range from −3343 to −35m. In each basin, the thalwegs are repre-
sented by branched networks of channels. This is particularly visible in the
upstreampart of basinA,where this networkhas a Strahler streamorder25 of
3 (Fig. 3A), whereas the channel network of basins B and C have a Strahler
order of 2 (Fig. 3A).

Geomorphic units in the southeast Coprates Chasma’s
Promontory
Mapping discloses the occurrence of three geomorphic architectural ele-
ments comprising (i) rugged ridges forming the drainage divides, (ii)
smooth slopes that extend from the rugged ridgesdown to the thalwegs, and
(iii) scarp fronted deposits (SFDs) with a well-visible apex at the down-
stream end of the thalwegs. The ridges themselves extend from the highest
elevations of the promontory toward the downstreamendof the valleys, and
they compartmentalize the landscape into individual drainage basins in the
promontory (Fig. 4A–C). The ridges have a rugged surface characterized by
a zig-zag geometry with peaks and topographic saddles. Locally, the slopes
are up to 35° steep. This geomorphic unit has a bright yellowish green color
in the CaSSIS NIR-PAN-BLU (NPB) image (Fig. 5B). By referring to the
visual appearance based on the roughness, smoothness, pattern, and

structure visible through CTX (Fig. 4A) and HiRISE (Fig. 5V) images, the
ridges appear to expose the bedrock forming the geological substrate of the
drainage basins.

The second geomorphic element, characterized by its smooth surface
on the CTX and HiRISE (Fig. 5iv) images, links the rugged ridges with the
downstream thalwegs. It appears brightly teal colored on CaSSIS NPB
images (Fig. 5B).We interpret these surfaces as scree deposits, which consist
of the sedimentary material generated by weathering and erosion along the
bedrock ridges. The third geomorphic elements are the SFDs that start with
an apex, from where the deposits spread radially downstream, forming a
fan-shaped geometry. These units end with scarp fronts at their distal ter-
minations (Fig. 4A–C; 6), situated at an elevation of approxi-
mately −3700m.

The elevation profile along the thalweg and the fan-shaped SFD A
shows that the surface slope angle (α) gradually increases downstream from
the apex to the valley floor. On the fan-shaped structure itself, the surface
slope varies between 9.6° and 12.3°. The surface slope then increases to 27.2°
at the front of the fan, defining a distinct break-in-slope (Fig. 4D; 6). The
gradient then flattens as the topographic section approaches the bottom of
Valles Marineris. Mapping shows that all three fan surfaces A, B and C
exhibit similar radial extents, ranging from 2 to 2.5 km as measured from
their respective apices. The availability of a high-resolution CaSSIS Stereo
DEM for SFDA allows us to further specify the details of the inferred break-
in-slope (Fig. 6). In particular, the boundary between the flat surface of the
fan and the steep frontal part occurs consistently at an elevation of -3750m
(Table 1, Fig. 4A–C). In addition, a further break-in-slope appears to be
visible at c. -3650 m and thus at a slightly higher elevation.

Sedimentary textures visible on HiRISE and CaSSIS images
Fan-shaped structure A, the reconstruction of which benefits from high
spatial resolution imaging through the combination of CaSSIS and HiRISE
datasets, displays a variety of surface features bearing information on its
depositional history. In particular, dune ripples are present in both HiRISE
and CaSSIS images (Fig. 5i, iii). These ripples, which appear as surficial
bedforms with their lee sides oriented down-dip, overlay the preserved
lobate shape of the fan surface. They are specifically foundwithin the trough
of the incised channel and are reflected in bright ocher color in the CaSSIS
NPB image at the western side of the fan surface. Dune ripples that have
formed along the channel’s path overlay desiccation cracks as seen in
HiRISE images (Fig. 5i, ii). The desiccation cracks occurmostly in the upper
part of the fan surface and range in size from ~5 to 20m (Fig. 5ii).

The extent of the SFD in Southeast Coprates Chasma
The identified scarp-fronted fan-shaped structures that we observed at an
elevation range between−3750 and−3650m(Figs. 4–6) in the promontory
can be extendedwestwardwithinVallesMarineris until the outflowchannel
leading to the northern dichotomy boundary (Fig. 7A). Tracking this ele-
vation laterally revealed three additional lines of evidence for the occurrence

Fig. 1 | Map of Southeast Coprates Chasma’s
promontory. Location of the research area (indi-
cated by * in (A) and by a black rectangle in (B) in
Southeast Coprates Chasma. The red quadrangle (a)
shows the extent of the identified SFDs. The dark
blue and yellow rectangles (B) depict the areas for
which HiRISE and CaSSIS images are available,
respectively. Basemap image (B): Global CTX V1
overlain with MOLA – HRSC Global DEM V2. Pl=
Plateau, Pr= Promontory, and VMD= Valles Mar-
ineris Depression.
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of scarp-fronted fan-shaped deposits (Fig. 7B–D). The first one is located
~500 km northeast of the fan-shaped structure on the promontory. It lies
along the northern escarpment slope of Aurorae Sinus, at the outflow of
Coprates Chasma, just before it transitions into the chaotic terrains of Eos
Chasma and Capri Mensa. The material source of this SFD is situated in an
incised valley. Its thalweg is oriented towards the SE. It then sharply des-
cends into the valley floor depression containing chaotic mounds (Fig. 7B).
Note that because of a lack of CaSSIS Stereo DEMs or any other high-
resolution DEMs for these areas, we cannot further specify the elevation of
the corresponding scarp fronts in these regions, but we find that the fronts
do occur within the elevation range between -3750 and -3650 m.

The second scarp-fronted fan-shaped structure is situated in theWest
of Capri Chasma, just south of Innsbruck Crater (Fig. 7C). This SFD occurs
at the escarpment in the transitory area between the Valles Marineris and

Hydraotes–Chryse Chaos complex, two areas that are known to be the
outwash downstream region of the entire valley depression before it reaches
the northern lowlandsdichotomyboundary23,26. This SFDwas sourced from
a drainage basin in the northeast. The feeding system flowed to the south-
west where it created a sharp scarp-fronted topographic break. The frontal
part then transitions into the valley depression, forming a steep slope. The
third SFD is situated in the western escarpment of Hydraotes Chaos, where
the valley floor contains abundant chaotic mounds (Fig. 7D). The general
sediment-flow pathway in Valles Marineris is northeast–southwest, and
southwest–northeast when it reaches Capri Chasma23,27,28. In the region of
Hydraotes Chaos, the sediment pathway is oriented from the South to the
North, as theVVMDtransitions theNorthernOcean dichotomyboundary.

All additionally identified SFDs (Fig. 7B–D) are surrounded by ridges
of exposed bedrock acting as drainage divides, similar to the ones in the

Fig. 2 | Scarp-Fronted Deposits (SFDs) in the promontory of Southeast Coprates
Chasma.The CTX image overlain withMOLA –HRSCGlobal DEM in the research
area (A) shows 3 SFDs (B-D) along the northern margin of the promontory in

Southeast Coprates Chasma. The black dashed line defines the arcuate boundary of
the landslide deposit (A). The red dashed line roughly illustrates the radial shape of
the SFDs, and the white dots with red outline indicates their apices (B-D).
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Promontory of Southeast Coprates Chasma. All of them have drainage
basins with exposed bedrock, scree deposits, and thalwegs, which grade into
fan-shaped surfaces with a radial network of channels at their downstream
outlets.

Discussion
In this section, we present geomorphic and sedimentologic evidence for
arguing that the scarp frontal deposits (SFDs) in Coprates Chasma record

the highest sea level onMars, and that it occurred at the boundary between
the Late Hesperian and the Early Amazonian, ca. 3.37 Ga ago. We proceed
using a source-to-sink concept where we trace the routing of sedimentary
particles from their origins to their deposition sites29,30. To this end, we first
argue that the Promontory, which was the source area of the SFDs, was
sculpted by fluvial erosion. This is followed by the second section where we
reconstruct the geomorphic processes, including bedrock weathering, mass
failure, and fluvial sediment transport. The transportedmaterial was stored

Table 1 | Drainage characteristics of the identified SFDs

Identified Apex location Channel
length* (km)

Catchment
area (km2)

Mean slope of
catchment (deg)*

Elevation of boundary
between delta top – delta
front (m)

Elevation of boundary
between delta front and
prodelta (m)***SFDs Lat Lon

SFD A −13.588 −59.904 11.31 74.68 12.33 −3750 to −4086

−3650**

SFD B −13.57 –59.8 3.43 11.71 15.77 c. −3700*** −4102

SFD C −13.864 −59.112 2.64 3.91 12.09 c. -3700*** −4046

* Calculated for the segment between the upstream start of the thalweg to the apex.
** Taken from CaSSIS Stereo DEM.
*** Taken from HRSC-MOLA Global DEM.
The delta top – delta front boundary is interpreted as a paleoshoreline.

Fig. 3 | Morphometric properties of the Promontory’s drainage basins.
A Tributary channels identified in the northward facing promontory of the
Southeast Coprates Chasma and Strahler orders characterizing the geometry of the
channel networks in the various drainage basins. B Topographic cross-section

drawn from elevation data that is extracted from the DEM along the red line across
the promontory. The downward arrows indicate the depth of the local bedrock
incision. SFD= scarp-fronted deposit.
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on SFDs, whichwewill interpret—in the third section—as former fan deltas
recording the elevation of the shoreline in the past. This inferred shoreline
records the highest sea level on Mars at the boundary between the Late
Hesperian andEarlyAmazonian as discussed in the last section basedon the
results of our mapping.

Here, we consider the circular-shaped geometries of the basins in the
promontory of Coprates Chasma (Fig.3A) as characteristic features of a
landscape that formed by fluvial and hillslope processes31–33,. According to
modeling studies34,35, basins with such a shape are formed through

headward retreat, where fluvial incision initiates at the downstream end of a
topographic step, thereby forming a knickzone35–37. This step propagates
towards the headwater area34,35, thereby forming a network of branched
channels at the bottomofV-shaped valleys38–40. Such branching is seen from
CTX image by an increasing Strahler order in the downstream direction. In
the case of a less-developed channel network, as is commonly found in
smaller basins, the trunk streamwill have a low Strahler order where it exits
the drainage basin34,41,42. The result is a landscape with drainage basins of
varying sizes, separated by drainage divides, hillslopes and a network of

Fig. 4 | Geomorphological map of the SFDs and their drainage basins.
A Illustrates SFD A, whereas B and C illustrate SFD B and SFD C, respectively. The
white dashed line in SFD A (A) indicates the location where channel incision
occurred. The profile illustrated on (D) displays a topographic cross-section of
systemAalong the thalweg downstream to SFDA. The topographic data for drawing

the cross-section is taken from the MOLA – HRSC Global DEM. The inferred
elevation range of the paleoshoreline is drawn in orange. It is situated at the
boundary between the delta top and the delta front at -3750 and -3650 m (see
discussion).
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Fig. 5 | Sedimentary features on the surface of fan-shaped structure A through
HiRISE and CaSSIS NPB images. Roman numerals mark the sedimentary textures
detected through HiRISE. I: dunes overlying desiccation cracks, II: desiccation
cracks, III: dune ripples, IV: scree deposit, V: exposed bedrock. Uninterpreted (A)

and interpreted (B) CaSSIS subset images of the fan-shaped structure A along with
the thalweg, scree deposit, and the exposed bedrock. Interpreted subset images are
reduced by 35% in opacity to clarify the interpreted annotations.
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channels that form the thalweg. The channels themselves define the local
erosional base and operate as sedimentary conduits43. Note that we dis-
regard the origin of the circular-shaped basins through groundwater
sapping44,45, because we do not see any evidence for upstream terminations
of the valleys at pronounced headwalls46.

The geomorphic properties of the promontory allow us to specify
further the processes resulting in the generation of sedimentarymaterial. In
this context, we infer that the rims of the drainage divide likely expose the
bedrock, where sediment was generated through weathering and rockfall.
We base this interpretation on examples from Alpine-type landscapes
where peaks and saddles along drainage divides have been mapped as
exposed bedrock47. Farther downslope, the sedimentary material has been
temporarily stored as screes on the hillslopes between the bedrock rim and
the channel network. We see evidence for this interpretation48,49, in the
smooth texture of the surface, which itself mantles the bedrock. We
acknowledge that upon comparing terrestrial and Martian landscapes, the
lower gravitational accelerationonMarsmost likely results in thedeposition
of larger grains on the hillslopes as the lower kinetic energy results in a lower
fragmentationof the grainswhentheyhit the groundduring a rockfall50. The
scree deposits were then evacuated towards the downstream end of the
Promontory by fluvial transport, as evidenced by the geometry of the
thalwegs (Fig. 4).

TheSFDsat locationsA,BandC, situatedat thedownstreamendof the
thalwegs, most likely record deposition on prograding fan deltas that occur
at the margin of a standing water body, such as a lake or a sea51. In such
systems, the feeding channels form the delta top51 that spreads out radially
from an apex, after which the bedloadmaterial becomes abruptly deposited
forming a mouth bar. This feature defines a break-in-slope separating the
relatively flat delta top (topsets) from the steeply dipping delta front
(foresets)52,53, thereby recording the elevation of the shoreline. We exclude
the possibility where the SFDs would originally represent the deposits of
alluvial fans spreading into a terrestrial basin, and where post-depositional
erosion would have formed the topographic step. Such amechanismwould
result in a break-in-slope that is linear and oriented perpendicularly to the
paleoflow direction (e.g., downstream terminations of terrestrial fans in the
Pisco valley, Peru54). In contrast, our SFDs have downstream convex ter-
minations (Fig. 6), consistent with a fan-delta interpretation. Furthermore,
the elevation of this break-in-slope records the highest level of the water in
Valles Marineris because these deposits are not overlain by younger water-
lain sediments55. In addition, the same elevation (c.−3700m) of the break-
in-slopes at fans A, B, and C indicates that these structures record the same
water-level highstand and likely formed during the same period. We
acknowledge that thehigh-resolutionCaSSISDEMallows identificationof a

higher break-in-slope situated at−3650m. This could indicate that during
the inferredhighstand, the sea levelwasfluctuating in the rangeof c. 100m, a
pattern that is also observed on Earth56,57. A drop in the sea level could then
explain the erosional depressions that are oriented parallel to the thalweg
and occur on the topsets. In this context, (i) the limited depth of incision
(several tens of meters), (ii) the presence of well-preserved desiccation
cracks, and (iii) the occurrence of eolian dunes at the lateral margin of the
channels (Fig. 5I) indicate that the feeding channels became completely dry
during progressive sea-level lowering. Note that the outlets of the drainage
basins between systems B and C are devoid of any preserved fan-delta
structures, which we relate to post-depositional landsliding (Fig. 3A). Evi-
dence for large-scale landsliding was already reported for the northern
margin of Coprates Chasma, as evidenced by the occurrence of landslide
deposits on the valley floor of Valles Marineris58. Similar processes can also
explain the arcuate shape of the downstream boundary between drainage
basins B andC, which could represent the escarpments of a landslide on the
southern margin of this basin.

Fan-delta structures recording evidence for shorelines in the same
elevation range as in Coprates Chasma are preserved in Capri Chasma,
Chryse Chaos, and Hydraotes Chaos (Fig. 7). This indicates deposition
during a period of a sea-level highstand extending fromVallesMarineris
to the Northern Lowland. In all these areas, no evidence for break-in-
slopes at a higher elevation than the range between−3750 and−3650 m
is found, suggesting that this was possibly the highest level reached by the
sea. Our inferred coastal margin in this elevation range is supported by
the occurrence of break-in-slopes in West Deuteronilus Mensae. Parker
et al.59 were able to map such structures on Viking images because they
cast shadows on the landscape. Similar to our interpretation, Parker
et al.59 considered these break-in-slopes as evidence for a paleoshoreline.
In addition, using data on the length of the shadows and considering the
incidence angle at the time the images were taken, the aforementioned
authors were also able to estimate the elevation of the inferred
paleoshoreline, which agrees with our findings.

Here, we place the inferred sea-level highstand into a chronological
context of the geomorphological evolution of Mars. The history of Valles
Marineris started with the rifting during early Hesperian time12–14, which
created topographic steps with a throw of ~8 km between the valley floor at
–5000m, and a top of the promontory at ~1200m. Channels that formed
during the Early Hesperian time were one or twomagnitudes narrower and
shorter than fluvial incisions that formed between the Late Hesperian and
the Early Amazonian60–62. This suggests that the drainage networks started
to expand between the Early and the Late Hesperian, possibly establishing a
fully fluvially controlled landscape on Mars26,63,64. We infer that the

Fig. 6 | CaSSIS Stereo Pair DEM of SFD A. This
figure illustrates an oblique 3D view of SFD A with
-3750 and -3650m elevation contour (red dashed
line), overlain on top of the scarp-fronted deposit.
The surface is taken from CaSSIS PAN (Panchro-
matic) filter and the terrain elevation is taken from
CaSSIS Stereo pair DEM (ID:
MY34_005566_195_1).
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landscape characterized by the V-shaped valleys occupied by networks of
branched channels was also established during that time. The incipient
topographic step, which formed during the period of rifting, in combination
with a more humid climate resulted in effective fluvial erosion, the

establishment of a dissected landscape in the Promontory, and the gen-
eration of clasticmaterial32,40,65,66. Thismaterial then becamedeposited at the
drainage basin outlets. Because our fan-delta deposits mark the highest sea
level,we correlate the -3750mshorelinewith the boundary between theLate

Fig. 7 | The extent of scarp-fronted deposits in Valles Marineris. A Westward
extension of the inferred paleoshoreline (orange line) identified in the study area (red
rectangle) across the Valles Marineris depression into Chryse Chaos, a transitory

region between the Southern highlands and the Northern lowlands on Mars. The
basemap images for (B–D) were acquired from Global CTX images. The DEM is
taken from MOLA-HRSC Global Blend DEM V2.
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Hesperian and the Early Amazonian. Sometime during the Early to Mid-
Amazonian, when the water level started to fall, fluvial incision into pre-
viously deposited delta top sediment occurred. Finally, the late Amazonian
marks the transition to a fully aridMars65, characterized by prevalent eolian
activity67,68, when gullies and fluvial channels began to be buried by dune
ripples (Fig. 5i, iii).

In conclusion, the SFDs at the foothills of the Promontory of
Southeast Coprates Chasma reflects a period (boundary between the
Late Hesperian and the Early Amazonian) with the highest water
availability onMars. It resulted in the sedimentary accumulation, such as
fan-delta deposits not only in Valles Marineris, but also in Capri
Chasma, Hydraotes Chaos, and the Northern Ocean. This paleoshore-
line is significant to establish the boundary condition for sedimentary
realms between subaqueous and subaerial depositions, which will help
the search for biosignatures on Mars, if they exist. Our research thus
provides a further documentation of the time span where availability of
liquid water on the surface was the highest during the evolution of this
planet. We thus consider that our findings on the environmental stage
during the LateHesperian to Early Amazonianwill have implications for
research on the evidence for potential life on Mars.

Methods
Available data and image processing
We utilized existing geological maps of Coprates Chasma69–71 to aid in the
identification of fan-delta deposits in Southeast Coprates Chasma. High-
resolution datasets from the Context Camera (CTX), DEM from Mars
Express’ High Resolution Stereo Camera (HRSC) and Mars Orbiter Laser
Altimetry (MOLA), High-Resolution Imaging Science Experiment (HiR-
ISE), and the Color and Stereo Surface Imaging System (CaSSIS) were used
to analyze key surface features. Two CTX images covering the Southeast
Coprates Chasma (E-060_N-16 and E-064_N-16) were merged in QGIS
and subsequently cropped to fit the boundary of the research area. These
data were processed using QGIS, an open-source geographic information
system (GIS), enabling the integration of topographic and morphologic
aspects to better understand the distribution and characteristics of fan-delta
deposits within the region. The integration of different orbital imagery
(CTX, HRSC-MOLA Global DEM, HiRISE, and CaSSIS) started with
projecting them in the same coordinate reference system (CRS). Since the
research area is situated at−13° latitude, we selected the IAU (International
Astronomical Union) Standard Mars equidistant cylindrical projection
(IAU 2015:49910). The QGIS plug-in Mappy was then used to create
polygons of identified geomorphic units, which were saved in a shapefile
(.shp) format.

The HiRISE image was stretched in the RED bands to optimize the
brightness and contrast of the image. The CaSSIS image was processed by
loading the CaSSIS cube file (.cub) in 3 bands of near infrared (NIR),
panchromatic (PAN), andblue (BLU), producing the results ofCaSSISNPB
images. These three bands were stretched with the Standard Deviation
Contrast Enhancement function inQGISwith ameanvalue of±3, andwhole
rasteroption for the Statistic Extent, renderedwith the accuracy for an entire
raster (actual). Both HiRISE and CaSSIS images were then georeferenced
manually using theGCPSTieRasterPoints functionunder theGeoreferencer
utility toolbox in QGIS, with target basemap of CTX image, thus all orbital
imageries were spatially superimposed in pixel-level precision.

Generation of a high-resolution DEM from CaSSIS stereo pairs
TheCaSSISDEMproduction is based on the principles of stereogrammetry
and is conducted using the 3DPD pipeline72. In its most recent imple-
mentation, the 3DPD involves several steps aimed at providing an accurate
surface reconstruction. This is accomplished through the use of Bundle
Adjustment for the refinement of extrinsic parameters, including orbital
positioning and pointing. The 3D surface is defined through a two-step
process of stereogrammetric matching (sparse-to-dense), DEM interpola-
tion, orthorectification of the original images, and post-processing73. The
georeferencing andabsolute elevation informationare automatically aligned

with the MOLA-HRSC hybrid data within the pipeline, prior to the inter-
polation phase, and has been further refined manually based on a level-4
HRSC Digital Elevation Model (ID: h1929_0000.da4.52.tif).

Geomorphic mapping
Mapping was performed based on a visual distinction between geo-
morphic elements at a scale of 1:10,000. Mapping was accomplished on
DEMs with a vertical and lateral resolution of 10 m and 200 m, respec-
tively and with an illumination from the NW. In this context, CTX
images were used as a base map onto which the DEM information was
projected. Further details about the occurrence of bedforms (such as
wind ripples and desiccation cracks) were determined on the HiRISE
image with a resolution of 0.5 m/px. Upon mapping, the geomorphic
elements were delineated using information on brightness contrasts
(visible on CTX images) and the surface textures as criteria (visible both
on CTX andHIRISE images). This was accomplished using the contrasts
in colors on the CaSSIS images. The geomorphic elements were finally
differentiated using contrasts in illumination properties and smoothness
patterns, break-in-slopes, and visible lineaments.

We mapped SFDs between Valles Marineris and the Northern Ocean
on CTX images and the MOLA-HRSC Global DEM. The goal was to find
further evidence for preserved paleoshorelines.We identified those features
as SFDs that are characterized by (i) the occurrence of a well-visible and
well-preservedbreak-in-slopes, (ii) a convex radial terminationof the break-
in-slopes (mentioned above) in the downstream direction, and (iii) that
have a trunk channel that stretches into the headwaters farther upstream.
We explored the entire region for such structures and mapped those that
fulfilled all three criteria. We then registered the elevation (vertical resolu-
tion of 10m) at which they occur.

Morphometric Calculation
The slope map was created using the input from MOLA-HRSC Global
DEM V2, and processed using GDAL Raster Analysis in QGIS. We used
Zevenbergen andThorne formula to compute the angle in degreeunit74.We
localized the drainage analysis towards the northward-facing slope of
Southeast Coprates Chasma Promontory. The DEMwas clipped and given
a new boundary. A Strahler-order classification in our localized DEM was
then calculated. The delineation of channels was done manually following
the contour line from the clippedDEM, and the channels were thenmarked
accordingly to their Strahler order. For the Promontory, the topographic
cross-section, which is oriented perpendicularly to the discharge direction,
was produced with the Elevation Profile plugin in QGIS. The extracted data
was then saved in .csv format to calculate the maximum depth of incision.
Our source-to-sink approach using SFDs59,75 differs from a previous study
addressing computed valley-network morphologies to define extents of
ancient seas76.

Data availability
All datasets used in this research are free and openly accessible to the public.
For this study, the CTX global mosaic produced by The Bruce Murray
Laboratory for Planetary Visualization was used as the basemap imagery
(retrieved from https://murray-lab.caltech.edu/CTX/). For the DEM, we
used the MGS MOLA - MEX HRSC Blended DEM Global DEM V2
(retrieved from Planetary Data Science Annex, https://planetarymaps.usgs.
gov/mosaic/Mars/HRSC_MOLA_Blend/Mars_HRSC_MOLA_
BlendDEM_Global_200mp_v2.tif), and CaSSIS Stereo DEM (Stereo Image
ID: MY34_005566_195_1), produced by INAF Astronomical Observatory
of Padova. TheHiRISE image (PSP_003513_1665) was retrieved from PDS
directory (https://hirise-pds.lpl.arizona.edu/PDS/). The CaSSIS high-
resolution color image (level 3 C, spatial resolution approximately 6m/
px) was accessed from CaSSIS Observations (https://observations.cassis.
unibe.ch).
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