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ARTICLE INFO ABSTRACT

Keywords: Endogenic processes have greatly affected the Martian surface, especially concentrating at several volcano-
Thaumasia tectonic centers. The formation of Tharsis, a vast volcanic bulge, significantly influenced the western hemi-
VOIC‘fmlsm sphere of Mars. The associated loading stresses caused the formation of various sets of tectonic structures that
Subsidence . . . . . . .

Boulders might have remained active until today. However, surface evidence for very recent endogenic processes in
Neotectonics Tharsis is sparse. Here, using the Context Camera (CTX) and High Resolution Imaging Science Experiment

(HiRISE) images, we report the presence of fresh-appearing systems of local-scale scarps mostly developed at the
southern edge of Tharsis, specifically at Claritas Rupes scarp. These scarps are spatially associated with
depression centers situated at the base of Claritas Rupes, inside the Thaumasia Graben which is partially filled by
volcanic deposits. The relationships between the studied scarps and present-day surficial processes and its de-
posits such as rockfalls indicate a young age of the scarps’ development, namely, in the range of <1 Ma. The
pristine topography (sharp and thin ridges), spatial distribution (association with depression centers), and
regional geological context of Claritas Fossae lead us to interpret these scarps as surficial expressions of tectonic
activity attributed to normal faulting. This could be related to Deep-seated Gravitational Slope Deformations
(DGSDs) released by seismic activity related to ongoing subsidence of depression centers and/or reactivation of
the listric normal Claritas Rupes fault. These observations imply that this region experienced long-lasting and
multiple volcano-tectonic events and the formation of the youngest deformations could represent neotectonic
activity, which has been active until recently, and possibly might be still ongoing.

1. Introduction

The investigation of structural features on the surface of Mars has
shown that the tectonic activity has progressively reduced through time
(Carr and Head III, 2010; Golombek and Phillips, 2010). Nevertheless,
the present-day seismic evidence detected by NASA’s InSight mission
suggests that Mars is still seismically and/or tectonically active (e.g.,
Giardini et al., 2020; Stahler et al., 2022; Lognonné et al., 2023). One
center of current endogenic activity seems to be spatially associated with
the Cerberus Fossae region (Ceylan et al., 2023), which may be located
above a magmatically active zone (e.g., a dike; Rivas-Dorado et al.,
2022). However, the location of other seismically active centers is still
poorly constrained due to low Marsquakes magnitudes, large epicentral
distances, and background noise (Stahler et al., 2024). Therefore, the
identification of very recent (<1 Ma) tectonic surface deformation as
evidence of current endogenic activity would provide critical constraints

on the plausible location of Marsquakes and the tectonic evolution of the
planet.

The formation of Tharsis, the largest volcanic province that covers a
significant part of the western hemisphere of Mars (Fig. 1a), had a
profound effect on Martian geodynamics (Bouley et al., 2018; Mouginis-
Mark et al., 2021). Although Tharsis-induced loading stresses that have
accumulated within the Martian crust caused widespread fracturing and
crustal deformations in the past (Cailleau et al., 2003; Andrews-Hanna
et al., 2008; Bouley et al., 2018), there is a lack of evidence for recent
tectonic activity associated with this volcanic province. As inferred
through the age determinations of lava flows, endogenic activity at
Tharsis persisted at least until the Late Amazonian (<300 Ma; Hauber
et al., 2011; Richardson et al., 2021; Pieterek et al., 2022). The Late
Amazonian-age magmatism (even <50 Ma) suggests that volcano-
tectonic activity might have continued at Tharsis until recently, and
that surface evidence of such activity might be still visible and
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detectable with the use of satellite image datasets (Krishnan and Kumar, Marineris (Kumar et al., 2019). These surface observations may indi-
2022). Yet, there is a general lack of evidence supporting this notion. To rectly support the detection of seismic events around Tharsis (Horleston
date, only very few morphologically pristine tectonic structures in et al., 2022; Zenhausern et al., 2022; Ceylan et al., 2023) (Fig. 1a).

Tharsis have been documented on a qualitative basis (i.e. inferred from However, the majority of distant seismic detections of tectonic events in
sharp breaks in slope, distinct and sharp crests of scarp shoulders, and no Tharsis may be obscured from the InSight records due to the large size of
or very little evidence of erosion) and inferred as evidence of young the Martian core and its shadow (Stahler et al., 2021). Moreover, our
tectonic activity (Karimova et al., 2017; Kumar et al., 2019). The direct insight into the volcano-tectonic evolution of Mars is strongly
determination of absolute (model) ages of small-scale linear tectonic limited by the short time span of the available seismic data delivered by
features is also difficult and even often impossible due to the limitations the InSight seismometer. Therefore, current evidence of recent (<1 Ma)
of the crater counting methods (e.g., Warner et al., 2015). The chro- volcano-tectonic activity and the dynamics of endogenic processes in
nology of the recent tectonic evolution of Tharsis is therefore poorly Tharsis are fundamentally unknown and may only come from remotely
constrained. Consequently, in the subsequent text, we use relative terms sensed data.

such as “young/recent” and “old/ancient” for features whose formation In this study, we follow up on our previous work (Pieterek et al.,
age is not clearly determined. This is because their small sizes limit the 2024) on volcano-tectonic landforms in the Claritas Fossae region in the
usage of absolute dating techniques in the form of crater counting, so southeastern part of Tharsis (Fig. 1). This region has a complex history of
only relative dating is available. However, when the terms “young/ faulting (Dohm and Tanaka, 1999; Dohm et al., 2001) and was subjected
recent” and “old/ancient” are used in the text, they refer to a period of to multiple subsequent volcano-tectonic events that have contributed to

<1 Myr and >1 Gyr, respectively. its present-day geological settings (Balbi and Marini, 2024; Balbi et al.,
The fresh-appearing scarps have been recently detected in the 2024; Pieterek et al., 2024). In addition to surface observations, thermal
northwest of Alba Mons (Karimova et al., 2017) and within Valles modelling of the Martian mantle conducted by Plesa et al. (2018, 2023)
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Fig. 1. (a) The middle top inset shows the location of Tharsis Rise and the study area to the southeast (white rectangle) on the topographic map of Mars. Schematic
map of the Tharsis Volcanic Province including Thaumasia region and Claritas Fossae, which constitute the region of interest in this study. Marked by yellow-shaded
circles are positions of proposed source regions of seismic activity of the distant events interpreted for Tharsis (Ceylan et al., 2023). Symbol sizes indicate the extent of
the region, not location uncertainties. The red dot marks the position of one particular Marsquake and thick, orange line highlights the boundary of the area for which
seismic activity is interpreted as distant events. The black dashed line marks the extent of Thaumasia Highlands. (b) Close up view of Claritas Fossae region, which
hosts the large Thaumasia Graben and the NW-SE-trending ridges (brown, thick dashed lines) perpendicularly oriented to the main faults and tectonic structures of
the region. The red dashed line marks the location of the hypothesized large-scale volcanoes (Dohm and Tanaka, 1999), whereas the white dots indicate the locations
of small-scale volcanic edifices (Pieterek et al., 2024). The multicolour lines highlight the trace of the profile lines along which the topographic profiles in panel (c)
were produced. The background map is a blend of the MOLA-HRSC digital elevation model and a global daytime infrared mosaic of THEMIS. (c¢) The corresponding
topographic profiles (18 x vertically exaggerated) of the Claritas Fossae region that show the offset of the Claritas Rupes scarp and highlight the architecture of the
large Thaumasia Graben. Produced using the MOLA MEX — HRSC global blended digital elevation model. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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shows that assuming a pronounced crustal thickness dichotomy with
homogenous crustal density, the highest present-day melt fractions on
Mars may occur directly beneath the Claritas Fossae and Syria Planum
regions. Hence, Claritas Fossae constitutes a promising target for
searching for evidence of recent volcano-tectonic activity in Tharsis.

As part of our mapping campaign related to the fresh-appearing
volcanic edifices in Claritas Fossae (Pieterek et al., 2024), we specif-
ically searched for pristine structural landforms. Here, we report on
uphill-facing scarps developed on prominent, west facing scarp (Claritas
Rupes) that bounds a major extensional structure (informally termed
Thaumasia Graben; Hauber and Kronberg, 2005) (Fig. 1b). Using the
available images of the highest resolution acquired by the High Reso-
lution Imaging Science Experiment (HiRISE), these newly identified
scarps show a clear spatial relationship with recent rockfalls, allowing us
to constrain their relative formation age. In addition to this, we inves-
tigate pristine scarps on the floor of the Thaumasia Graben which show a
spatial relation with possible magmatic features and local zones of
topographic subsidence. Unfortunately, we were not able to identify any
morphological changes between HiRISE images acquired at different
times, so if there is a very recent tectonic surface activity in this region, it
must be older than at least 20 years and hence is unrelated to any InSight
seismic event detections. Thus, our satellite image-based morphological
investigations focusing on fresh-looking structural landforms show great
advances in tectonic feature mapping, providing insight into inacces-
sible by direct measurements of subsurface endogenic processes in
southeastern Tharsis.

2. Geological setting

The study area (centered at ~23°S and ~255°E) is situated in the
northwestern part of the Noachian-Hesperian Thaumasia highland belt
(Anderson et al., 2001), which surrounds the Thaumasia plateau on the
south and west (Fig. 1). This belt of highlands consists of three segments:
Claritas Fossae (formed from 4.2 to 3.4 Ga; Vaz et al., 2014), Coracis
Fossae (from 3.9 to 3.5 Ga; Grott et al., 2005), and Coprates Rise (from
4.1 to 3.0 Ga; Schultz and Tanaka, 1994; Dohm and Tanaka, 1999). The
Claritas Fossae region constitutes a densely cratered and fractured
highland belt segment that has been formed by several episodes of tec-
tonic events (Hauber and Kronberg, 2005; Balbi and Marini, 2024; Balbi
et al., 2024). These episodes resulted in the formation of a complex
system of faults, grabens, and halfgrabens (Vaz et al., 2014). The most
intensive tectonic activity in Claritas Fossae occurred in the Noachian
(Anderson et al., 2001; Dohm et al., 2001) and progressively decreased
during the Late Noachian and Early Hesperian before it further sub-
stantially lessened during Late Hesperian/Early Amazonian (Balbi et al.,
2024). The absolute model ages of the predominating NNE-SSW-
trending faulting in Claritas Fossae have been determined by Smith
et al. (2009) to range between 3.3 and 2.5 Ga using the fault-buffered
crater counting method. This age was later confirmed by Vaz et al.
(2014).

At the regional scale, the topography of Claritas Fossae is dominated
by the NO20W-trending steep scarp of Claritas Rupes (Fig. 1b). This
scarp, locally exceeding 2000 m in height (Fig. 1c), has been likely
formed during the last stage of the main phase of the Thaumasia tec-
tonics in the Late Hesperian or Early Amazonian (Tanaka and Davis,
1988; Balbi et al., 2024) and was interpreted as the surface expression of
a crustal-scale listric normal fault that led to the formation of the present
regional half-graben morphology (Hauber and Kronberg, 2005; Balbi
and Marini, 2024; Balbi et al., 2024). The Claritas Rupes scarp divides
the Claritas Fossae region into a western, ~300 km-long and ~80 km-
wide depression and the eastern Claritas Fossae highlands (Fig. 1b). The
large-scale depression extends between 21°S and 25°S and it is super-
imposed on the floor of a large extensional structure, informally termed
Thaumasia Graben by Hauber and Kronberg (2005). The floor of the
depression is inclined by ~1° towards the east. The Thaumasia Graben
floor is generally characterized by a smooth surface with a low amount
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of textural details when compared to the surrounding areas.

South of 24°S, Hauber and Kronberg (2005) described three WNW-
ESE-trending topographic highs resembling ridges and consisting of
rugged Noachian crust (Fig. 1b). One of these ridges constitutes the
topographical boundary of the studied Thaumasia Graben depression to
the south and separates the western lowlands of Claritas Fossae into two
segments (Fig. 1b). In the southern segment, small-scale volcanoes of
LCP-rich composition have been previously identified (Pieterek et al.,
2024). Their structural relationship with the NNE-SSW-trending faults
evidences that volcanic activity postdates the faulting. This suggests that
the formation of this volcanic field occurred in the period spanning
through the Late Hesperian and the Early Amazonian. However, as some
of these volcanoes show fresh morphological appearance, this suggests
that they might be younger, from the Middle/Late Amazonian period
(Pieterek et al., 2024). In addition to local volcanism, there is evidence
that Thaumasia also experienced regional-scale volcanism (Dohm and
Tanaka, 1999; Grott et al., 2007) (Fig. 1b). One of the large-scale vol-
canoes located in Coracis Fossae indicates that they are older than 3.9 Ga
(Grott et al., 2005), as they are cut by rift-related faults.

Previously it was also proposed that some parts of Thaumasia
(namely area from 39°S to 42°S) might experience processes associated
with glaciation as glacial landforms have been described within large
impact craters (e.g., Rossi et al., 2011). Moreover, the formation of the
Syria-Thaumasia block was considered as a potential result of a regional
detachment along a volcanically-buried layer of ice (Cassanelli and
Head, 2019). However, the required rapid accumulation of volcanic
material for the proposed surficial glaciovolcanic origin was unlikely
and therefore this scenario is not favored.

3. Data and methods

To search for and map the fresh-appearing scarps and associated
features, we performed a visual inspection and analysis of data based on
two satellite image datasets: Context Camera (CTX, 5-6 m/pixel; Malin
etal., 2007) and HiRISE (25-50 cm/pixel; McEwen et al., 2007), both on
board NASA’s Mars Reconnaissance Orbiter (MRO) spacecraft. For the
initial identification of regions of interest, we used a global CTX mosaic
of Mars rendered at 5 m/pixel of spatial resolution and released by the
Bruce Murray Laboratory for Planetary Visualization (Dickson et al.,
2023). These observations were supplemented by observations of indi-
vidual HiRISE images downloaded from the Planetary Data System
(PDS) Geoscience Node (Table S1). A combination of these two datasets
is well-suited to conduct such local-scale geological investigation,
including the identification and characterization of small-scale features
which were the main target of this study. In the framework of this
research, we only focused on those features that either have a sharp
scarp trace and thin ridges formed by the scarp shoulders and/or display
clear structural relationships with present-day surficial processes and
their deposits (Fig. S1). Besides observations of linear features, we
defined the boundaries of constructional and flow-like units by tracking
grey-scale and textural variations within the CTX images. In addition to
these image datasets, we used Thermal Emission Imaging System
(THEMIS; Edwards et al., 2011) data to describe the regional context of
the study area and identify regional-scale features that provide insights
for our interpretations. To provide regional topographical profiles and
maps, we used global elevation data acquired from a blended Digital
Elevation Model (DEM) with spatial resolution of 200 m/pixel (Fergason
et al., 2018) derived from the Mars Orbiter Laser Altimeter (MOLA;
Smith et al., 2001) and the High Resolution Stereo Camera (HRSC;
Gwinner et al., 2016) on board Mars Express spacecraft. Due to the small
size of investigated features, the spatial resolution of MOLA-HRSC DEM
is insufficient to conduct a detailed topographic analysis. Therefore, to
define structural relationships between identified features (scarps) and
units (lava flows) for the selected regions of interest within the studied
area we used DEMs derived from CTX stereo pair images (DEMs with
ground sampling distance of ~12 m and vertical accuracy of ~4 m; for
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details see Table S2). The production of CTX-based DEMs has been
achieved by applying a data processing information system called
MarsSI (Mars System of Information) specifically designed to manage
and process Martian satellite data on demand (Quantin-Nataf et al.,
2018). All image and data analysis associated with visualization, map-
ping, and stratigraphic relationships were conducted using ArcGIS
software via ArcMap and ArcScene versions 10.5. Due to the fact that on
Mars very few studies described similar-looking features so far, we used
terrestrial analogs of fresh scarps developed on mountain slopes
accompanied by present-day slope processes to provide a comparative
morphological analysis. Terrestrial counterparts were looked for in the
literature and the selected examples were identified in images obtained
from Google Earth™ (Google Inc, 2021) based on Maxar satellite
imagery.

4. Observations and results
4.1. Characteristics of linear features

At the Claritas Rupes scarp and on the Thaumasia Graben floor, we
identified fresh-appearing, small-scale scarps that are morphologically
distinct relative to the surrounding tectonic features, and are spatially
associated with depression centers. Along the base of Claritas Rupes, we
distinguished two depression centers, a northern and a southern one
with dimensions of approximately 38 x 105 km and 28 x 85 km,
respectively (Fig. 2a). The two depressions are bounded to the east by
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the base of the Claritas Rupes scarp and are separated from each other by
a large elevated block (Fig. 2a). The southern depression center on the
western side is bounded by a topographic scarp (Fig. 2a), whereas the
northern depression center is bounded to the west by a gently uprising
slope. The eastern boundary of the northern depression continues to-
wards the southwestern direction into the central part of the Thaumasia
Graben and is highlighted by pristine-looking scarps (Fig. 2b). These
northwest-facing scarps separate low plains in the west and northwest
and an elevated structural block in the east (Fig. 2¢-d). The scarps are
associated with constructional mounds partially dissected by these
scarps (Fig. 2e), and are characterized by well-defined traces and sharp
and thin ridges formed by the scarp shoulders.

The majority of pristine scarps on the main slope of Claritas Rupes
are located above and to the east of the depression centers (Fig. 2a). In
particular, based on the CTX-based DEM, we found that the western
shoulders of the scarps rise above the inferred average slope of the main
scarp (Fig. 3a). Thus, the identified scarps are uphill-facing (antislope)
and display pristine morphologies, without evidence of significant
modification by erosion or being covered by aeolian deposits. They are
characterized by fine details of the scarp trace, and the sharp and thin
ridges formed by the scarp shoulders (Fig. 3b-f). Using HiRISE images,
we found that boulders that have been broken off from the top of the
main scarp of Claritas Rupes were often stopped by the uphill-facing
scarps causing their accumulation (Fig. 3). In some places, where
these uphill-facing scarps are not present or less well developed, the
boulders were capable of moving further downslope, forming flow lobes
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Fig. 2. (a) A sketch topographic map of the studied region including the western Thaumasia Graben and eastern Claritas Fossae highlands with locations of the
detailed figures (zoom-in of Fig. 1b). The black triangles indicate the locations of investigated fresh-looking scarps mostly located at the Claritas Rupes scarp (see
Fig. 3). (b) The CTX image of the central part of the Thaumasia Graben shows fresh-appearance NE-SW-trending scarps associated with <1 km size mounds. (c)
Zoom-in CTX image of the studied scarps, partially overlaid by the corresponding CTX-based DEM showing that the southeastern side of the fault is topographically
elevated in relation to the northeastern side of the scarp. Produced using stereo-pair of CTX images G22_026933_1569 and N13_067509_1587, centered at ~22°S,
~254°E. (d) The corresponding slope map of the studied scarp. (e) Zoom-in of HiRISE image (ESP_080130_1565, centered at 23.471°S, 254.133°E) showing cross-
cutting relationships between the mapped faults and mounds aligned to the fault strike.
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Fig. 3. (a) A topographic image of the Claritas Rupes scarp affected by the elongated uphill-facing scarps and downslope moving boulders. Produced using CTX
stereo-pair images P18_007945_1532 and N10_066414_1533, centered at ~25.8°S, ~255.2°E. (a’) The corresponding zoom-in image of fresh-looking fault overlaid
by the slope map and corresponding topographic profile showing textural smothering at the fault surface. Produced using the same CTX-based DEM. See Fig. 2a for
location. (b-e) Examples of fresh-looking scarps mapped within the studied region at the Claritas Rupes scarp. Details of uphill-facing scarps that stopped and
accumulated boulders along their strike. Orange solid lines with arrows indicate the downslope direction of boulder movement. (e) Cluster of scarps developed on the
main scarp of Claritas Rupes that has been partially covered by a concentrated stream of boulders (or rock debris). The scarp trends are highlighted by the accu-
mulation of boulders. (f) Close-up image of the boulders and their tracks that have been stopped at the antislope scarp. (g) An example of a pristine scarp situated
parallel to the predominant in the studied region N-S trending scarps. In addition, this scarp crosscuts the associated NE-SW features of most likely lithifies aeolian-
origin landforms. In the particular region, the scarp bounds the western side of the southern depression center (see Fig. 2a for location). The HiRISE images: (b)
ESP_078218_1575, centered at 22.484°S, 254.689°E; (c-e) PSP_007945_1555, centered at 24.334°S, 255.008°E; (f) ESP_078508_1555, centered at 24.072°S,
255.032°E; (g) ESP_081686_1550, centered at 24.946°S, 254.596°E. All images are north-oriented and the image details are provided in Table S1.

with high concentrations of boulders (Fig. 3b-d). However, even in such central part of the studied region (Fig. 5). Based on the relatively high
cases, a higher concentration of boulders highlights the antislope of number of impact craters on these surfaces, the flow-like units are much
these scarps. In addition to the uphill-facing scarps located on the main older than the identified linear features.

Claritas Rupes scarp, we found a fresh-looking scarp on the opposite,

western side of the southern depression center (Fig. 3g). This feature is 5. Discussion

parallel to the dominating N-S trending fault scarps and crosscuts the

associated, likely lithified, aeolian-origin deposits (Fig. 3g). 5.1. Neotectonics at Claritas Rupes scarp

Our observations revealed the presence of uphill-facing scarps on the
Claritas Rupes scarp. On Earth, the formation of such scarps is often
attributed to Deep-seated Gravitational Slope Deformations (DGSDs;
Soldati, 2013) or instabilities related to glacial retreat (Crosta et al.,
2013) (Fig. 6a-c). For Mars, glacial retreat has been suggested to explain
the morphology of some ridges showing crestal grabens and antislope
scarps in the Valles Marineris (e.g., Melas-Candor chasma boundary;
Fig. 6d-e) (Mege and Bourgeois, 2011; Makowska et al., 2016; Discenza
et al., 2021). The Thaumasia region has likely experienced glacial pro-
cesses in the past as well (Rossi et al., 2011; Cassanelli and Head, 2019),
however, the study area does not show any signs of past glaciation(s) as
no glacial landforms have been observed (i.e., Pieterek et al., 2024).
Therefore, neither glacial-induced DGSDs nor post-glacial uplift (Jar-
man, 2006) can readily explain the presence of uphill-facing scarps in
this geological setting, although we cannot fully exclude them.

4.2. Topographic landforms on the Thaumasia Graben floor

In addition to linear features, we also found landforms with irregular
plan view shapes that form constructional, flow-like units at the floor of
the Thaumasia Graben. The elongations of these flow-like units follow
the general topographic trend of the east-inclined graben (Fig. 4a).
Topographic profiles reveal thicknesses of these units ranging from ~30
to 40 m (Fig. 4b). Moreover, some of them are linked to small-scale
hollows (~2.5 km in length) that are spatially associated with a chan-
nel from which flow units originate (Fig. 4c). We also observed channels
that are dispersed throughout the studied region as well as well-
preserved flow-like units, whose boundaries are sometimes difficult to
map as most of the units have overlapping relationships (Fig. 4d-f).
Additionally, we identified a conical-shaped constructional landform
associated with a central depression and flow-like structures in the
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Fig. 4. (a) Sketch map of the central part of the study area with potential volcanic units on the floor of the Thaumasia Graben. Unit colours represent stratigraphic
position, with lower units being lighter and overlying units being darker. The base map is a blend of a DEM derived from the MOLA-HRSC and a global CTX mosaic.
(b) The easternmost part of the Thaumasia Graben floor shows the overlapping thick lava flows with irregular outlines. A CTX-based DEM (CTX stereo-pair
G22_026933.1569 and N13_067509, centered at ~22°S, ~254°E) was used to produce profiles across the outer margin of the flow shown in panel (b’). The
dashed lines mark the presumed propagation direction of the lava flows. (¢) Volcanic vent with east- and northeast-trending outlet channel associated with flow units
spreading out from the channel (CTX image D16_033302_1571, centered at 23.01°S, 253.26°E). (d) Overlapping flow units emplaced south to the vent, characterized
by irregular outlines with channel (CTX image F04_037271_1566, centered at 23.50°S, 253.70°E). (f) An example of small-scale volcanic features such as a lava
channel and associated flow units that are common throughout the studied region (CTX image G23_027355_1558, centered at 24.26°S, 254.15°E).

The formation of uphill-facing scarps can also be attributed to
toppling when layers are steeply inclined (Hippolyte et al., 2006;
Yokoyama, 2020). However, this formation mechanism can be excluded,
as in the upper sections of the main scarp of Claritas Rupes sub-
horizontal layers are exposed. Besides these processes, uphill-facing
scarps could represent antithetic normal faults formed simultaneously
or after the formation of the main crustal-scale fault of Claritas Rupes in
the Late Hesperian/Early Amazonian (Tanaka and Davis, 1988). How-
ever, such scenario seems unlikely due to the pristine morphology of the
identified scarps (Fig. 6f-h). If these scarps had an age of 3 Ga, they
should be completely covered by deposits released from surrounding
steep walls or significantly eroded. Although erosion rates on Mars are
very low in the Amazonian, given the thin atmosphere and absence of
liquid water (e.g., Golombek et al., 2006; Vaz et al., 2014), a period of
three billion years would provide enough time to alter the appearance of
these morphologically subtle surface features significantly. Finally, the
formation of these scarps could be also related to slope gravitational
processes (e.g., rotational sliding; Varnes, 1978), but our search for
similar features on other steep-sided slopes in Tharsis (i.e., inside slope
of volcanic calderas of Tharsis Montes or Olympus Mons) do not show
any evidence of the formation of morphologically similar scarps on the
caldera walls. Hence, this scenario seems to be also unlikely.

Nevertheless, the DGSDs characterized by uphill-facing scarps are
also often recognized on Earth in seismically active mountain regions
(Soldati, 2013 and references therein). In such geological settings, their
development is generally related to tensional stresses induced by gravity
at steep-sided slopes and triggered by the presence of discontinuities of
tectonic origin and/or seismic activity (Moro et al., 2007; Gutiérrez
et al., 2008). These factors seem favorable in the context of the tectonic
evolution of the study region and therefore represent a plausible sce-
nario for the development of the observed scarps.

However, whatever the exact cause of small-scale faulting on the
Claritas Rupes scarp is, we suggest that tectonic movements are
responsible for the formation of these pristine uphill-facing scarps in the
study region. Altogether, the pristine topography (sharp and thin
ridges), spatial distribution (association with depression centers), and
geological context of the tectonically active Claritas Fossae region, the
studied uphill-facing scarps lead us to interpret them as surficial ex-
pressions of tectonic activity. We asserted that the ongoing subsidence of
the two depression centers developed as halfgraben (northern) and full
graben (southern) would have occurred through normal dip slip faulting
along the main Claritas Rupes fault. Such a process caused the Claritas
Rupes scarp to become locally even topographically higher, and there-
fore more unstable. This may result in the DGSDs causing the formation
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Fig. 5. (a) CTX mosaic (centered at 24.26°S and 254.15°E) covering part of the Thaumasia Graben and the northern depression, characterized by a smooth surface
relative to the adjacent terrains. A constructional edifice with a central summit depression resembling a volcano can be seen in the central part. (b) Zoom-in image of
this potential volcano with approximate outlines of the edifice. (¢) Close-up image of the summit part of the edifice with a central depression accompanied by a flow-
like unit (based on CXT image G23_027355_1558). (d) Example of flow-like outlines of the approximate outer boundary of the volcanic edifice. Based on CXT images

G23.027355_1558 and G22_026933_1569 (Table S1). North is up in all panels.

of the uphill-facing scarps identified in this research. We therefore
interpret the scarps as morphologic expressions of normal faults.

5.2. Age of scarps

The comparison of the morphological appearance of the discovered
faults with previous features detected elsewhere on Mars (Fig. 6i-k) in-
dicates that faulting at Claritas Rupes is likely younger than most of the
other recent Martian faulting. The scarps are well-preserved and their
morphology is not modified by significant accumulations of dust or
boulders released from surrounding steep slopes. However, in the case of
Martian small-scale linear structures, determining their absolute ages is
difficult or even impossible due to the limitations of the crater counting
method (Warner et al., 2015; Palucis et al., 2020; Wang et al., 2020).
Therefore, the best approach for constraining the age of the formation is
a relative dating method, which uses crosscutting relationships with
landforms that are a result of present-day Martian surface processes;
such as dunes, landslide deposits, talus cones, or boulder avalanche
deposits. For example, Kumar et al. (2019) identified fresh-appearing
faults at the Coprates Chasma scarp and studied the crosscutting re-
lationships between the faults and the talus cones and other debris flow
material (Fig. 6i), suggesting that the tectonic activity postdates the
slope processes. Moreover, similar observations based on HiRISE images
have been made by Roberts et al. (2012), who found a ~100 m-length
fault offsetting the colluvium on the scarp of the Cerberus Fossae graben.
Beneath this fault, the scarp has been affected by boulder tracks that
have been not covered by the aeolian deposits indicating that they are
relatively recent. Cross-cutting relationships may be also coupled with
model age determination through crater counting. Spagnuolo et al.
(2011) identified a 1.9 Myr landslide associated with a dune field. Since
the landslide is cut by the fault, tectonic activity must be younger than
the landslide formation. This structural observation suggests recent
tectonic activity accompanied by subsidence inside the Aureum Chaos
region.

In this study, we were unable to make an absolute age determination
and therefore we used relative dating methods based on present-day
surface processes. We found that boulders moving downslope are
stopped at, and accumulated along, fresh-looking uphill-facing scarps
(Fig. 3). In some cases, the boulder tracks are distinguishable at the
HiRISE images as they were not yet erased by the slope processes
(Fig. 3e) suggesting a very recent time of their formation (Sinha et al.,
2020). Continuous and intense mass wasting processes at the Claritas
Rupes scarp, where the rate of downslope moving material must be high
due to the steep slopes, should quickly fill the accommodation space
created by the uphill-facing scarps (Fig. 7). If the scarps were geologi-
cally old (> millions of years), these depressions should be already filled
by rockfall deposits and in such case boulders would easily move further
downhill due to the gravity (Fig. 3a and e). As the consequence, these
small uphill-facing scarps would be covered and precluded from possible
identification. A comparable process of sediment accumulation against
uphill-facing slopes is known on Earth where it is related to the neo-
tectonic activity (Bowman and Gerson, 1986; Persaud and Pfiffner,
2004). Moreover, the pristine appearance of the faults (Fig. 3), as visible
in image observations and topographic profiles (Fig. 3a’), suggests that
the tectonic activity responsible for the fault formation is so young that
slope movements and aeolian processes have not yet erased their evi-
dence. Our inferences are consistent with the results of De Haas et al.
(2013) who implied that typical small-scale morphology on Mars may be
subdued within <1 Myr.

These morphological constraints are further supplemented by the
fresh appearance of boulders accumulated along the identified scarps.
Assuming the Martian global erosional rate (~10~% m/yr) in the
Amazonian period (Golombek et al., 2006; Vaz et al.,, 2014), the
average-sized boulders (2-3 m in diameter) should be destroyed in <300
Myr. Such age range of the boulders’ lifetime is consistent with esti-
mations for other planetary bodies as well (Schroder et al., 2021; Noma
and Hirata, 2024). Even though, the observed boulders reveal an
angular shape indicating negligible erosion. Therefore, we estimated the
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Fig. 6. (a) Google Earth™ visualization of Monte Latemar in northern Italy (Alto Adige/Trentino; 46°22'21.4”N, 11°33'12.5"E) with uphill-facing scarps. (b) Field
image from the SW slope of Monte Latemar presenting the scarp that stops and accumulates downslope moving boulders. (¢) The Google Earth™ 3D visualization of
the Monte Gabler in Italy (46°41'23.6"N 11°45'46.6"E) with uphill-facing scarps. For more detailed description, the reader is referred to Crosta et al. (2013). (d-e)
Examples of the uphill-facing scarps identified in Valles Marineris at the boundary between Melas-Candor chasma boundary (d) and Candor-Ophir chasma boundary
(e). Produced with Google Earth™ Pro software using the MOLA gridded elevation data and CTX images. (f) The 3D visualization of the main fault scarp bounding
the Claritas Fossae highlands and Thaumasia Graben (the reader is referred to Fig. 2a). Produced using the CTX-based DEM (P18.007945.1532 and
N10_066414_1533, centered at ~25.8°S, ~255.2°E). The insets show the HiRISE images of selected faults common at the Claritas Rupes fault scarp marked by the red
arrows (PSP_007945_1555, centered at 24.33°S, 255.00°E). (g-h) Examples of the pristine faults observed in the studied region (CTX image G03_019430_1553,
centered at 24.72°S, 254.57°E). (i) Young faults of the eastern part of Coprates Chasma cross-cutting the talus cones and other debris material (Kumar et al., 2019).
Produced using CTX image F17_042531_1661, centered at 13.79°S, 299.15°E. The inset shows the topographic map of Mars with the white stars indicating the
locations of the studies documenting pristine faults on Mars. (j) Morphologically pristine faults in the NW region of Alba Mons described by Karimova et al. (2017).
Produced using CTX image P20_008736_2272, centered at 47.33°N, 246.43°E. The zoom-in image of the fault is presented in panel (k). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

formation age of uphill-facing scarps developed at Claritas Rupes to be
<1 Myr and implied a very young age of the uphill-facing scarp
formation.

In general, a disturbance of regolith or frequent boulder movements
are possible signs of former tectonic activity (e.g., Roberts et al., 2012;
Kumar et al., 2019; Watters et al., 2019). Although we can assert that the

studied faults have to be very young, we did not observe any boulder
bounce-associated ejecta-like patterns such as those observed by Vijayan
and Harish (2022) across Mars. Such features are created during boulder
falls and have a very short preservation time. Based on global observa-
tions in various geotectonic settings, it was proposed that the presence of
bounce-associated ejecta-like patterns indicates that the rockfall had
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Fig. 7. Schematic drawing presenting the formation of uphill-facing scarps at Claritas Rupes fault scarp in relation to downslope moving boulders before (a-b) and

after their development (d-f). Not to scale.

occurred not more than ~2 to 4 Mars years (~4-8 Earth years) before
the respective image had been taken (Vijayan and Harish, 2022). The
lack of boulder bounce ejecta identified in this study may indicate that
this region has not experienced any major blockfall activity since at least
the year 2004-2000, and therefore, Claritas Rupes may not have expe-
rienced any tectonic movements that triggered blockfalls at least since
the year 2000.

In addition to rockfalls, detailed mapping revealed that the fault
development on the western scarp of the southern depression center
(Fig. 2a) postdates the formation of SW-NE-aligned lithified aeolian
structures (Figs. 3g and 6h). As the identified scarps show a pristine
morphology, we argue that their age is much younger than the main
Thaumasia faulting. Thus, the observed stratigraphic relationship im-
plies a relatively young age of the identified fault development most
likely associated with the subsidence of the southern depression center.
Altogether, these observations indicate that the neotectonic activity
responsible for the youngest faults in the Claritas Rupes region had to be
very recent.

Although present-day seismicity (Stahler et al., 2022; Ceylan et al.,
2023) and perhaps even very recent volcanic activity (Horvath et al.,
2021) has been found to be associated with the Cerberus Fossae region
within Elysium Planitia, comparable surface evidence of contemporary
endogenous processes elsewhere on Mars is rare. To date, no direct
surface or morphological evidence of present-day endogenic processes
(i.e., newly emplaced volcanic deposits, new fault traces in before-and-
after images) has been observed. However, several sites have been
proposed to display extremely pristine and well-preserved faults (Fig. 6),
supporting the notion of a relatively recent formation (Spagnuolo et al.,
2011; Karimova et al., 2017; Kumar et al., 2019). Our findings suggest
that endogenic activity in the Claritas Fossae region may not have
completely ceased and that this region may be another center of activity
where relatively young endogenic activity caused modification of the
Martian surface (cf. Knapmeyer et al., 2023).

5.3. Volcanic resurfacing and young faulting on the Thaumasia Graben
floor

The floor of the Thaumasia Graben seems to have experienced
younger resurfacing event(s) relative to the predominating Thaumasia
faulting (dated between 3.4 and 2.5 Ga; Smith et al., 2009; Vaz et al.,

2014), as parts of its surface lack evidence of N-S trending large-scale
scarps and grabens that are ubiquitous elsewhere in the Claritas
Fossae region (Fig. 2a). We infer that these tectonic structures have been
likely buried by the observed flow-like units (Fig. 4) that share
morphological similarities with lava flows elsewhere on Mars (e.g.,
Bleacher et al., 2007; Hauber et al., 2011; Peters et al., 2021; Wiedeking
et al., 2023). In addition, the mapped flows are associated with a small-
scale depression and a channel propagating downslope, as well as with a
constructional edifice (Fig. 5) which resembles Martian shield volcanoes
(Hauber et al., 2009). The thickness of the mapped units is similar to that
of lava flows documented elsewhere in Tharsis (e.g., Peters et al., 2021).
Based on these observations, we conclude that the ancient, highly
fractured terrains might have been covered by younger volcanic prod-
ucts associated with Hesperian/Amazonian volcanism that infilled the
floor of the Thaumasia Graben (Fig. 4), which is in contact with the base
of the Claritas Rupes scarp. Although we could only identify one certain
(Fig. 4c) and one plausible (Fig. 5) volcanic source in the western and
central part of the Thaumasia Graben depressions, we cannot fully
discard the presence of additional volcanic vents that have been buried
under younger lava flows.

These observations imply the loading of the old heavily fractured
crust by younger volcanic products within the Thaumasia Graben. On
Earth, volcanic loading or magma chamber discharge may cause sig-
nificant subsidence at the Earth’s surface over an extended period after
the eruption (Leng and Zhong, 2010; Browning and Gudmundsson,
2015; Huppert et al., 2015), which is accommodated at the surface by
faulting. It should be noted, however, that the volcanic landforms on the
floor of the Thaumasia Graben are relatively densely cratered, and hence
are likely older than the identified uphill-facing scarps, making a direct
geological link unlikely. Although the volcanic activity in Thaumasia
Graben likely did not trigger the formation of the studied faults, we
cannot fully discard this scenario. It might be plausible that volcanic
loading or magma chamber discharge might have been causing time-
extended subsidence of the Thaumasia Graben floor until the Late
Amazonian epoch (Fig. 1c).

In addition to kilometer-sized lava flows (Fig. 4), we also docu-
mented small-scale, <1 km-sized mounds that form circular to elongated
constructional edifices resembling volcanic landforms. The mounds are
associated with fresh-looking scarps in the central part of the Thaumasia
Graben (Fig. 2b-e). They are aligned along the fault strike (NE-SW),
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partially showing crosscutting relationships, and therefore, their for-
mation might have been associated with the fault development. The NE-
SW-trending fault scarps likely constitute the continuation of the
southeastern boundary of the northern depression center (Fig. 2a-b).
The topographical offset along this scarp caused the southeastern
shoulder to form an elevated block (Fig. 2c). As for the fault-related
surfaces, however, the observed features are too small to determine
the absolute model ages of their formation. Our morphological obser-
vations indicate that the fault has been formed after or simultaneously
with the volcanic mound formation, as often observed on Earth, for
example in the Shixi area in China (Yiming et al., 2022) or in the Oka-
taina volcanic center in New Zealand (Berryman et al., 2022). Therefore,
in the geological context of this study and the entire Claritas Fossae
region, these observations suggest that the tectonic events responsible
for the formation of these faults may be genetically linked to small-scale
volcanic events operating within this region. However, their relation-
ship to the uphill-facing fault scarps located on the main Claritas Rupes
scarp remains unknown.

The NE-SW alignment of both the faults and associated mounds
might constitute the prolongation of a set of topographic scarps
extending from the northern depression center and a landslide emplaced
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at the base of the Claritas Rupes scarp (Fig. 2a-b). Considering the
pristine appearance and the relationships of both fault systems, located
on the Claritas Rupes main scarp and within the Thaumasia Graben, two
temporal scenarios of their formation can be considered. Assuming the
co-activity of both fault systems at the same/similar time, it can be
asserted that tectonic activity was associated with and probably trig-
gered by local volcanic activity. However, we interpret this scenario as
less plausible as no evidence for cross-cutting relationships for the NE-
SW-trending scarps with recent surface landforms was observed. Addi-
tionally, the direction of their alignment suggests a structural link with
the large elevated block that divides two depression centers in Thau-
masia Graben. Therefore, we consider it more likely that two indepen-
dent tectonic events occurred, with the uphill-facing fault scarps on the
main Claritas Rupes scarp being the youngest set of faults within the
studied region, caused by neotectonic movements.

5.4. Young fault formation in the context of Claritas Fossae tectonics

The region of Claritas Fossae is a long-lived volcano-tectonic region
on Mars whose endogenic activity is thought to have started in the Early
to Middle Noachian. The activity declined during the Late Noachian and

Balbi et al., 2024

Downslope

moving

boulders {
4

Uphill-facing

~subsidence
and/or reactivation

Fig. 8. Schematic representation of the geological context of the study area in the Late Hesperian/Early Amazonian (a) with visualizations of two-event scenario that
led to the development of the identified fresh-appearing scarp associated with plausible volcanic-origin mounds inside the Thaumasia Graben in Middle Amazonian
(b) and the formation of pristine uphill-facing scarps with boulders accumulation along their strike at the Claritas Rupes main scarp in the Late Amazonian (c). The
reader is referred to the text for a more detailed discussion about the evolution of the Claritas Rupes scarp and Thaumasia Graben.
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Early Hesperian, and progressively decreased further during the Late
Hesperian/Amazonian (Tanaka and Davis, 1988; Dohm and Tanaka,
1999; Anderson et al., 2001; Balbi et al., 2024). In the regional context,
past (ancient) endogenic processes are expressed on the surface both as
tectonic (Grott et al., 2005, 2007; Hauber and Kronberg, 2005; Smith
etal., 2009; Vaz et al., 2014; Balbi et al., 2024) and volcanic (Dohm and
Tanaka, 1999; Pieterek et al., 2024) landforms. Until now, no evidence
of neotectonics has been reported for the Thaumasia region. Our ob-
servations of very young fault scarps (<1 Myr) indicate that some in-
ternal dynamics in the Claritas Fossae region remained active until the
Late Amazonian (Fig. 8). Specifically, faulting at the Claritas Rupes scarp
may have continued to the Late Amazonian and might have been asso-
ciated with the tectonic activity (subsidence) responsible for the for-
mation of depression centers on the Thaumasia Graben floor.

Volcanic resurfacing of the floor of the Thaumasia Graben and
associated loading might have possibly triggered some crustal subsi-
dence and localized faulting. However, as demonstrated in this study,
this may not have been the trigger for the very recent faulting at the
Claritas Rupes scarp, as the volcanic landforms are less pristine and
relatively densely cratered, hence older than the uphill-facing fault
scarps. In this study, we show that volcanic deposits have covered the
Thaumasia Graben floor, burying the main N-S trending grabens of the
Claritas Fossae region (Fig. 8b) before the formation of the newly
identified small-scale faults within the graben.

The small size of the identified landforms prevents providing precise
temporal constraints. The uncertain structural relationship and likely
age difference between the features on the floor of Thaumasia Graben
and those at the Claritas Rupes scarp makes it difficult to relate their
formation to a common cause. Therefore, we suggest that at least two
tectonic events are responsible for their formation. An earlier event led
to the emplacement of local volcanic deposits on the floor of Thaumasia
Graben. These deposits are associated with coeval or younger faulting.
At least one of these younger faults has a NE-SW orientation (Fig. 8b). It
is parallel to a regional set of structural lineaments which were inter-
preted by Balbi and Marini (2024) and Balbi et al. (2024) as Riedel
shears associated with dextral transtensional displacement along a
NNW-SSE-trending shear corridor roughly parallel to the Claritas Rupes
scarp. Dextral shear at the Claritas Rupes scarp has also been proposed
by Webb and Head I1I (2002) and Montgomery et al. (2009) to accom-
modate gravity-driven movement of the Thaumasia block to the south
and east. A second, younger faulting event is associated with the for-
mation of the uphill-facing scarps at the Claritas Rupes main scarp
(Fig. 3). The scarps are spatially associated with depression centers on
the Thaumasia Graben floor at the base of Claritas Rupes (Figs. 2 and
8¢).

Based on relative dating, we inferred that the NE-SW-trending faults
on the floor of Thaumasia Graben (Figs. 2b-e and 8b) postdates the Late
Hesperian/Early Amazonian volcano-tectonic activity and could be
related to tectonic movements at Riedel shears, associated with small-
volume volcanic activity. On the other hand, the pristine scarps asso-
ciated with boulder accumulations at Claritas Rupes scarp (Fig. 3) have
been developed very recently, most likely <1 Ma. Such faulting might be
caused by DGSDs released by seismic activity related to ongoing subsi-
dence of the depression centers at the base of the Claritas Rupes scarp
and/or a reactivation of the listric Claritas Rupes fault (Fig. 8c), which
has been formed in the Late Hesperian/Early Amazonian (Balbi et al.,
2024).

Such interpretation implies that although endogenic processes in
Claritas Fossae have been most intense in the Noachian and Hesperian
(Dohm and Tanaka, 1999; Anderson et al., 2001; Balbi et al., 2024), the
Thaumasia Graben and its eastern border fault, the Claritas Rupes scarp
may have remained active, even though at low rates, producing very
young structures (Fig. 8). This conclusion appears to be consistent with
global thermal modelling revealing a current zone of relatively high
degrees of partial melting in the mantle beneath the Claritas Fossae/
Rupes region (Plesa et al., 2023) that might coexist or even induce the
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interpreted neotectonic activity in the Claritas Fossae region. Never-
theless, the still uncertain stratigraphic relationship between the iden-
tified scarps indicates a persistent need for conducting dedicated
research for small-scale scarps within this region that would address the
recent unknowns. A more detailed structural mapping, temporal con-
straints, and search for deglaciation evidence would be critical in better
constraining the Amazonian-age evolution of Claritas Fossae.

6. Conclusions

We present evidence for very young endogenic activity in the
southeastern part of Tharsis. The activity is manifest in the form of very
young faults (<1 Ma), sub-km-sized scarps at the Claritas Rupes scarp.
Our morphological mapping revealed a local system of pristine-
appearing, uphill-facing fault scarps, which are spatially associated
with depression centers partially filled by volcanic deposits. As shown
by the spatial relationships between the faults and present-day surficial
processes such as rockfalls, the tectonic activity is so young that slope
and aeolian processes have not yet erased their evidence. We link the
formation of these faults with DGSDs related to ongoing subsidence of
depression centers at the base of the Claritas Rupes scarp and/or reac-
tivation of the listric normal fault that is morphologically expressed as
the Claritas Rupes scarp. Altogether, the study region has been affected
by long-lasting volcano-tectonic activity, with the possibility that this
area might be still tectonically active even today.
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