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ARTICLE INFO ABSTRACT

Keywords: Although most of the large volcanic landforms on Mars have been extensively studied, this is not the case for
Volcanism kilometer-sized landforms whose origin remains uncertain and which might provide important insights into the
Thaumasia

evolution of Martian volcanism. Previously, different populations of small-scale putative scoria cone volcanoes
have been described in Tharsis, specifically in areas where the heavily fractured crust of the Noachian- and
Hesperian-age escaped Amazonian resurfacing by younger lava flows. Therefore, we decided to explore a region
of old fractured crust in Tharsis, Claritas Fossae, to search for signs of local-scale volcanic activity. Here, we
present the results of a mapping campaign focused on the morphological and spectral properties of small-scale
constructional mounds in the Noachian-age Claritas Fossae region that was affected by Hesperian- to early
Amazonian-aged fracturing. By using data from Context Camera (CTX) and High Resolution Imaging Science
Experiment (HiRISE), we mapped 39 mounds superimposed on the ancient crust and determined their
morphological and morphometrical properties. The majority of the mounds are elongated (WNW- trending) with
steep flanks and without associated flow units. The general appearance of studied edifices is consistent with a
volcanic origin and their shapes suggest that they have been emplaced by effusion of viscous, volatile poor lavas
incapable of significant flow. In addition, a spectral investigation utilizing the data from the Compact Recon-
naissance Imaging Spectrometer for Mars (CRISM) reveal that some of the mounds showed evidence for high
concentrations of low-calcium pyroxenes (LCP). Based on the relative stratigraphy, we demonstrate that volcanic
activity is responsible for their formation and postdates the main N-S-trending fracturing of the Claritas Fossae,
suggesting the formation of a volcanic field in the period spanning through the Late Hesperian and the Early
Amazonian. However, morphological evidence such as well-preserved volcanic fissures and fresh-appearing
slopes of some of the edifices might suggest even younger age. Among the mapped edifices, we found a well-
preserved circular-shaped cone with a short-distance flow-like unit spreading from a caldera-like structure
that challenges a scenario in which all the edifices are old. Such relatively young ages of volcanic activity
combined with LCP-rich compositions might have critical implications for understanding the temporal evolution
of magma compositions on Mars. Moreover, the observed shapes and spectral characteristics of the studied
edifices appear to be quite different from other volcanic fields of similar geological settings observed so far on
Mars. Therefore, we underline the importance of studying old and heavily fractured terrains that escaped later
resurfacing by widespread younger lava flows, in order to search for evidence of small-scale volcanism and better
understand local Martian magmatic systems.

CRISM
Effusive eruptions
Low-calcium pyroxene

1. Introduction due to the inadequate spatial resolution of the cameras orbiting Mars.
Yet such small-scale landforms may record a complex volcanic history

While large- to intermediate-scale Martian volcanic structures have that has not been previously recognized by large-scale studies, providing
been intensively studied in the past (e.g., Plescia and Saunders, 1982; a potentially significant contribution to the understanding of the evo-
Werner, 2009), kilometer-scale landforms have been partly overlooked lutional history of Mars. With the increasing availability of high

* Corresponding author.
E-mail address: barpie@amu.edu.pl (B. Pieterek).

https://doi.org/10.1016/j.icarus.2023.115770

Received 14 March 2023; Received in revised form 25 July 2023; Accepted 28 August 2023

Available online 29 August 2023

0019-1035/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:barpie@amu.edu.pl
www.sciencedirect.com/science/journal/00191035
https://www.elsevier.com/locate/icarus
https://doi.org/10.1016/j.icarus.2023.115770
https://doi.org/10.1016/j.icarus.2023.115770
https://doi.org/10.1016/j.icarus.2023.115770
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2023.115770&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Pieterek et al.

resolution images of the Martian surface, the study of volcano-tectonic
systems has been becoming more detailed (Keszthelyi et al., 2008;
Robbins et al., 2011). Currently, the general knowledge about the major
volcano-tectonic units on Mars, especially for the Tharsis Volcanic
Province, seems to be well-constrained (Bouley et al., 2018; Mouginis-
Mark et al., 2021) as they constitute the main focus of interest through
decades. Considering the magmatic system(s) of the Tharsis rise, it
comprises giant volcanoes (Wilson et al., 2001; Plescia, 2004) accom-
panied by hundreds of smaller distributed volcanoes in the central part
(Hauber et al., 2009; Richardson et al., 2021; Pieterek et al., 2022a) and
two volcanic centers, Syria Planum (Baptista et al., 2008; Richardson
et al., 2013) to the south and Tempe Terra (Baratoux et al., 2009; Hauber
et al., 2009) to the northeast. Recent results suggest that volcanic ac-
tivity in Tharsis has most probably started at > 4.0 Ga (Breuer and
Moore, 2015), and continued with episodes of enhanced magma supply
(Wilson et al., 2001) until the Late Amazonian (Hartmann et al., 1999;
Neukum et al., 2004; Hauber et al., 2011; Lagain et al., 2021; Krishnan
and Kumar, 2022; Pieterek et al., 2022a). Besides the major volcanoes of
Tharsis, which represent the first episodes of growth in the Noachian
period (> 3.9 Ga; Platz et al., 2011; Robbins et al., 2011), Noachian
volcanoes have been also observed in the southern part of Tharsis
including the Thaumasia region (Dohm and Tanaka, 1999; Grott et al.,
2005, 2007).

Both the giant as well as kilometer-scale volcanoes in Tharsis that
have been studied so far were mostly classified as low-shield volcanoes
indicating effusive eruptions (Bleacher et al., 2007; Hauber et al., 2009;
Zimbelman et al., 2015; Richardson et al., 2021) of low-viscosity
basaltic magmas (Mangold et al., 2010; Viviano-Beck et al., 2017). On
the other hand, unambiguous evidence for explosive volcanism on Mars
is rare and mainly restricted to ancient terrains (> 3.5 Ga; e.g., Apolli-
naris Mons; Wilson and Head, 2007; Kerber et al., 2011; the Circum-
Hellas province; Crown et al., 2021; see Broz et al., 2021 for a recent
review). However, in the last decade, high-resolution images allow
recognition of several sites where explosive volcanism might be present
even in Tharsis and its closest surroundings. Namely, scoria cones have
been reported on the flanks of large low-shield volcanoes (Edgett, 1990;
Bleacher et al., 2007; Hauber et al., 2009), in Ulysses Fossae (Broz and
Hauber, 2012), Coprates Chasma (Broz et al., 2017), Hydraotes Chaos
(Meresse et al., 2008) and Noctis Fossae (Pieterek et al., 2022b). While
possible volcanic edifices in Coprates Chasma and Hydraotes Chaos are
superposed on young sedimentary infill, those in Ulysses and Noctis
Fossae are superposed on an old, heavily fractured crust that escaped
resurfacing by younger basaltic lava flows.

The Ulysses Colles mound field comprises well-preserved conical
edifices accompanied by short flows that are structurally controlled by
extensive N- to NNW-trending normal faults. They have been interpreted
as Martian scoria cones associated with lava flows (Broz and Hauber,
2012). These putative volcanic edifices are superimposed on an older
crust that is dated to the early Hesperian (Anderson et al., 2001),
whereas their formation was estimated to occur between 1.5 and 0.4 Ga
(Broz and Hauber, 2012). Similar to Ulysses Colles, the putative scoria
cones from Noctis Fossae are also superimposed on an older crust, dated
to Late Hesperian (Tanaka et al., 2014), and mostly dominated by NNE-
trending faults. These tectonic structures were likely formed in the
Noachian due to a single transtension event that was probably later
slightly modified to NWW direction by a lateral component of
displacement (Bistacchi et al., 2004). The estimated age of the Noctis
Fossae cones’ formation range between 2.0 Ga and 0.05 Ga (Pieterek
et al., 2022b). Therefore, these studies indicate that volcanic edifices
might have been preserved on old fractured terrains.

Additionally, it was also proposed by Robbins et al. (2011) that
volcanic activity on Mars might change from an explosive to an effusive
style of eruptions at the transition between the Noachian and the Hes-
perian, at approximately 3.5 Ga. Another key transition in the magmatic
history of Mars should occur in a similar time frame with the change in
the mineralogical and chemical compositions of magmatic products
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transitioning from low- (LCP) to high-calcium (HCP) pyroxenes contents
(Mustard et al., 2005; Poulet et al., 2009). Therefore old, heavily frac-
tured elevated regions that escaped younger volcanic activity might
constitute a window where it might be possible to investigate the style of
volcanism that might have been common before the latest stage of plain-
style volcanism covered most of Tharsis (e.g., Hauber et al., 2009, 2011;
Richardson et al., 2021; Broz and Hauber, 2011).

To further test this hypothesis, we performed a mapping campaign
focusing on the search for small-scale volcanic edifices in the southern
region of Tharsis, in the Thaumasia region, which comprises topo-
graphic belts affected by Noachian- to early Hesperian-aged faulting
(Dohm and Tanaka, 1999; Smith et al., 2009; Vaz et al., 2014). We
investigated and mapped an unnamed cluster of positive topographic
landforms (mounds) that are located in the Claritas Fossae region, one of
the mountainous highlands surrounding the Thaumasia plateau (Fig. 1).
Our goal was to determine the geological origin of the studied mounds
and, should they indeed be of volcanic origin, to provide insight into
their eruption style and the composition of their parental magmas.
Moreover, as the spatial distribution of volcanic edifices and their
alignments can reveal tectonic stress orientations and the geometry of
the underlying feeder dikes (Corazzato and Tibaldi, 2006; Acocella and
Neri, 2009; Paulsen and Wilson, 2010; Pieterek et al., 2022a), our study
might also improve the knowledge of magma emplacement mechanisms
and the evolution of tectonic processes within Claritas Fossae.

2. Geological settings

The study area is situated within the Thaumasia region in the
southeastern part of the Tharsis rise, the largest volcano-tectonic prov-
ince on Mars (Fig. 1a). The central part of the Thaumasia region consists
of three plateaus (Solis Planum, Sinai Planum, Thaumasia Planum).
They are surrounded by a Noachian-Hesperian highland belt (Anderson
etal., 2001) and consist mostly of Hesperian lava plains (from 3.66 Ga to
3.14 Ga; Ruj and Kawai, 2021). The Thaumasia mountainous highland
belt comprises the Coprates Rise (formed from 4.1 to 3.0 Ga; Schultz and
Tanaka, 1994; Dohm and Tanaka, 1999), Coracis Fossae (from 3.9 to 3.5
Ga; Grott et al., 2005), and Claritas Fossae (from 4.2 to 3.4 Ga; Vaz et al.,
2014) to the southeast. To the north, the Thaumasia plateau is sur-
rounded by the volcanically long-lived Syria Planum dome (from >4.0
Ga up to 0.4 Ga; Hauber et al., 2011; Xiao et al., 2012) (Fig. 1a) and the
Valles Marineris. The Claritas and Coracis Fossae that characterize the
heavily cratered highland belts together with the western part of Solis
Planum were formed by several episodes of extensional faulting (Hauber
and Kronberg, 2005) and form a complex system of faults segments,
grabens, and halfgrabens bounded by normal faults (Vaz et al., 2014;
Balbi et al., 2022). The majority of these faults are characterized by
lengths of <300 km and orientations ranging from N180 to N090
(Bouley et al., 2018) with a mean dip of ~41° + 8° (Vaz et al., 2014).
Dohm and Tanaka (1999) demonstrated that these faults were likely
formed and/or reactivated over a long period of time. They have been
developing from Early to Middle Noachian, the rate for formation then
declined during Late Noachian and Early Hesperian, and substantially
diminished during Late Hesperian/Amazonian. Moreover, Anderson
et al. (2001) demonstrated that the tectonic activity in this region
peaked in Noachian. Concerning the absolute age of the N-S-trending
faulting, Smith et al. (2009) determined the age ranging between 3.3
and 2.5 Ga using fault-buffered crater counts. These estimations were
further supported by surface age determination provided by Vaz et al.
(2014), who conclude that the faulting in the Claritas Fossae region had
occurred between 3.37 + 0.08 and 2.55 + 0.23 Ga. The most recent
study conducted by Balbi et al. (2022) demonstrated that the Claritas
Fossae region has been affected by a long-lasting tectonic deformation
history comprised of multiple reactivations of crustal weakness zones,
however, without providing any age constraints about the tectonic
evolution.

During the last stage of the main phase of the Thaumasia tectonics,
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Fig. 1. (a) An overview topographic map of the Tharsis Volcanic Province including Claritas Fossae and Thaumasia region. This map indicates the locations of the
volcanic fields Ulysses Colles (Broz and Hauber, 2012) and Noctis Fossae (Pieterek et al., 2022b). The left inset shows the location of Tharsis with the rectangle
indicating the location of the study area. (b) Topographic map of the large Thaumasia graben and the Claritas Fossae region with NW-SE-trending ridges distin-
guished by Hauber and Kronberg (2005) that are perpendicularly oriented to the main faults and structures of the region. The map is a combination of a blend of
digital elevation model (200 m/px; Fergason et al., 2018) data derived from the Mars Orbiter Laser Altimeter (MOLA) and High-Resolution Stereo Camera (HRSC)
and MOLA shaded relief basemap adapted from Tanaka et al. (2014). The red dashed lines mark the location of the topographic rises interpreted as volcanoes by
Dohm and Tanaka (1999). (c) A topographic map of the study area showing the spatial distribution of mapped mounds classified into two classes. The white dashed
lines mark the extent of younger lava flows originated from the north, whereas the red dashed line marks the location of the large-scale volcano described by Dohm
and Tanaka (1999). The basemap constitutes the modification (higher transparency) of the map from panel (b) overlaid by the image mosaic of the Context Camera
system (acquired from GeoScience PDS Node). The numbers of the mapped edifices correspond to the locations of features depicted in the next figures. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

probably in Late Hesperian or Early Amazonian (Tanaka and Davis, Kronberg, 2005) (Fig. 1b). The eastern wall (bounding fault) of the

1988; Hauber and Kronberg, 2005), the Thaumasia graben, a 100-km Thaumasia graben divides the Claritas Fossae region into the western
wide and 1000-km long NO20W-trending structure, was superimposed heavily fractured lowlands (ranging from ~3500 m up to ~5200 m
on the Noachian-age graben system of Claritas Fossae (Hauber and above the Mars datum surface) and eastern moderately fractured
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highlands (from ~5500 up to ~9200 m above the datum) (Fig. 1b). This
fault is interpreted as a listric normal fault that reaches the base of the
crust at a depth of ~80 km (Balbi et al., 2022). In addition, Hauber and
Kronberg (2005) highlighted that south of 24°S, the Thaumasia graben
and Claritas Fossae are crossed by WNW-ESE-trending topographic
highs of rugged Noachian terrain (Fig. 1b). These topographic highs
likely represent ancient highland ridges (predating the tectonic activity
forming N-S-trending grabens) that are buried in their NW parts under
younger lava plains (Fig. 1b). These younger lava plains extend on both
sides of Claritas Fossae, showing their origin from the north with the
source regions of Tharsis and Syria Planum to the west and east,

Table 1
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respectively (Fig. 1b-c). In addition, Vaz et al. (2014) showed low scarp
degradation rates (4.0 x 1073 mz/kyr) for Claritas Fossae over the last 3
billion years indicating a negligible effect of erosion throughout the
geological history of the studied area. However, it should be considered
that the faulting in the studied region occurred in several phases spacing
from the Noachian to Amazonian ages (Dohm and Tanaka, 1999),
therefore the states of scarps preservation should vary. This is also
expressed in the westernmost part of Thaumasia graben as this region is
affected by younger lava flows. The moderate amount of faults that are
present on these flows indicates that these lava flows are likely younger
than the main N-S faulting but older than the younger generation of

Selected information regarding images from the High-Resolution Stereo Camera (HRSC), Context Camera (CTX), High Resolution Imaging Science Experiment
(HiRISE), and Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) used for this study.

Ground pixel resolution

Acquisition time

Subsolar azimuth

Incidence angle

Image ID Imagery system Center Latitude Center Longitude
B11_014063_1523 CTX 27.78°S 259.70°E
B20_017439_.1503 CTX 29.84°S 253.20°E
B21 0176501537 CTX 26.38°S 252.19°E
B21_.017729_1510 CTX 29.07°S 254.92°E
D08_030177_1509 CTX 29.14°S 253.55°E
D09_030599_1527 CTX 27.42°S 251.76°E
D15_033091_1519 CTX 28.18°S 254.83°E
D17_033737_1522 CTX 27.86°S 257.65°E
F08.038933_1514 CTX 28.63°S 254.44°E
G05_020063_1536 CTX 26.42°S 253.75°E
G17_024955_1524 CTX 27.68°S 255.07°E
G18.025100_1524 CTX 27.70°S 256.39°E
G20.026221_1550 CTX 25.03°S 252.38°E
J07_047570_1518 CTX 28.25°S 255.71°E
K13_058449_1496 CTX 30.41°S 257.10°E
P13.005954_1529 CTX 27.17°S 259.90°E
P17_007800_1525 CTX 27.58°S 255.96°E
P18_007945.1532 CTX 26.89°S 255.27°E
ESP_012362_1515 HiRISE 28.344°S 260.079°E
ESP_012771_1520 HiRISE 27.629°S 252.848°E
ESP_076675_1525 HiRISE 27.279°S 252.177°E
ESP_076656_1510 HiRISE 28.521°S 260.223°E
ESP_076767_1510 HiRISE 28.514°S 260.311°E
ESP_076833_1510 HiRISE 28.523°S 260.313°E
ESP_076899_1510 HiRISE 28.526°S 260.226°E
ESP_077031_1514 HiRISE 28.294°S 254.558°E
FRT0000A91D CRISM 28.22°S 254.64°E
FRT0001C5B6 CRISM 27.95°S 256.83°E
HRS000119AF CRISM 28.35°S 260.09°E
HRS00012172 CRISM 27.64°S 252.86°E
Digital elevation model

25.43°S 256.27°E
H0530_0000_DA4 HRSC 41.50°S 263.48°F
Pair 1
P13.005954_1529 CTX stereo 27.17°S 259.90°E
K15.059095_1529 CTX stereo 27.20°S 259.95°E
Pair 2
P18_.007945.1532 CTX stereo 26.89°S 255.27°E
N10_066414_1533 CTX stereo 26.81°S 255.14°E
Pair 3
D09_030599_1527 CTX stereo 27.42°S 251.76°E
K17_059926_1494 CTX stereo 30.64°S 252.01°E
Pair 4
J20_052765_1519 CTX stereo 28.21°S 260.25°E
K15.059095_1529 CTX stereo 27.20°S 259.95°E
Pair 5
K09_056840_1490 CTX stereo 31.03°S 257.07°E
K13.058449_1496 CTX stereo 30.41°S 257.10°E

5.07 m/pixel 27 July 2009 193.64° 34.36°
5.10 m/pixel 16 April 2010 230.26° 72.58°
5.16 m/pixel 02 May 2010 229.48° 71.01°
5.11 m/pixel 08 May 2010 230.05° 72.64°
5.07 m/pixel 02 January 2013 184.39° 46.70°
5.10 m/pixel 04 February 2013 179.63° 41.25°
5.09 m/pixel 17 August 2013 222.08° 48.2°
5.07 m/pixel 07 October 2013 226.41° 57.95°
5.03 m/pixel 16 November 2014 183.48° 49.79°
5.11 m/pixel 06 November 2010 204.93° 60.80°
5.07 m/pixel 23 November 2011 227.35° 57.56°
5.07 m/pixel 04 December 2011 228.04° 59.56°
5.12 m/pixel 29 February 2012 230.15° 68.02°
5.07 m/pixel 19 September 2016 188.09° 47.53°
5.10 m/pixel 14 January 2019 208.55° 32.89°
5.11 m/pixel 03 November 2007 210.6° 38.16°
5.12 m/pixel 26 March 2008 227.8° 64.86°
5.46 m/pixel 06 April 2008 228.41° 65.11°
50 cm/pixel 16 March 2009 4.1° 51°
50 cm/pixel 17 April 2009 359.5° 45°
50 cm/pixel 04 December 2022 349.0° 43°
50 cm/pixel 25 November 2022 344.2° 42°
50 cm/pixel 12 December 2022 352.7° 44°
49 cm/pixel 17 December 2022 353.3° 46°

51 cm/pixel 22 December 2022 357.9° 47°
53 cm/pixel 01 January 2023 3.1° 47°

18 m/ pixel 22 April 2008 - 68.6°
18 m/ pixel 10 December 2010 - 56.5°
36 m/ pixel 16 March 2009 - 51.4°
36 m/ pixel 17 April 2009 - 45.4°
150 m/pixel 12 June 2008 - -

5.11 m/pixel 03 November 2007 210.6° 38.16°
5.22 m/pixel 06 March 2019 217.33° 39.85°
5.46 m/pixel 06 April 2008 228.41° 65.11°
5.08 m/pixel 26 September 2020 180.14° 39.79°
5.10 m/pixel 04 February 2013 179.63° 41.25°
5.19 m/pixel 09 May 2019 228.26° 54.24°
5.09 m/pixel 28 October 2017 231.86° 69.91°
5.22 m/pixel 06 March 2019 217.33° 39.85°
5.07 m/pixel 11 September 2018 185.33° 42.11°
5.10 m/pixel 14 January 2019 208.55° 32.89°

HiRISE resolutions are given for map-projected images.
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superimposed faults (Fig. 1c). Therefore, the Noachian-aged crust of
Claritas Fossae, exposed on the Martian surface, represents a window to
ancient terrains that escaped the later resurfacing caused by widespread
younger lava flows (Tanaka and Davis, 1988; Broz and Hauber, 2011).

Besides the ubiquitous traces of tectonic activity in the Thaumasia
region, there is evidence that volcanism was particularly active in
comparison with other Martian cratered highlands (Dohm and Tanaka,
1999). Based on the geologic map of the Thaumasia region by Dohm and
Tanaka (1999), the highland belt of the Thaumasia region seems to be
associated with fourteen large topographic rises (Fig. 1b-c), which are
interpreted as possible volcanoes (Dohm and Tanaka, 1999; Grott et al.,
2007). Based on the detailed mapping, Grott et al. (2005) set a lower age
limit of their formation of 3.9 Ga as these putative volcanoes are cut by
rift-related faults and therefore predate the rifting. The age of the
eastern Coracis Fossae faulting was estimated based on crater counts of
the rift-related fault segments and intra-rift lava plains that revealed
ages ranging from 3.9 to 3.5 Ga, respectively. Considering the spatial
distribution of these volcanoes, they are NW-SE aligned (for more details
see Fig. 8 in Dohm and Tanaka (1999)) and show complex morphologies
that might indicate interbedded lavas and pyroclastic deposits origi-
nated from explosive eruptions (Dohm and Tanaka, 1999).

Based on the dust distribution map, the Claritas Fossae region is
characterized by a moderate to low degree of dust mantling (Ruff and
Christensen, 2002). The inspection of High Resolution Imaging Science
Experiment (HiRISE) images shows the presence of aeolian landforms
such as dunes and ripples, especially on the grabens’ floors (Vaz et al.,
2014). In addition, the presence of morphological evidence of glacial
landforms within large impact craters at mid-latitudes (from 39°S to
42°S) in the Thaumasia highlands standing mostly higher than 5000 m
in altitude was reported by Rossi et al. (2011).

3. Methods

To search for and map the mounds we used Context Camera images
(CTX) onboard the Mars Reconnaissance Orbiter (MRO; Malin et al.,
2007). CTX images have a spatial scale of ~5 m/px (Table 1), which is
sufficient to identify kilometer-sized positive topographic landforms
(Figs. 2 and 3) as well as associated flow-like features. To provide more
detailed observations, we also used eight HiRISE images (also onboard
MRO) for selected areas with a ground sampling distance of 50 cm/px
(Table 1) (McEwen et al., 2007). The elevation data for the entire study
area were acquired from a blended digital elevation model (200 m/px;
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). To conduct a detailed topographic anal-
ysis of several individual mounds, we used digital elevation models
(DEMs) derived from CTX stereo pair images. To achieve this, we used a
data processing information system called MarsSI (Mars System of In-
formation) aimed to process Martian orbital data (Quantin-Nataf et al.,
2018). The CTX-based DEMs show a cell size of ~12 m/px and a vertical
accuracy of ~4 m allowing us to conduct precise topographic mea-
surements. Among the entire set of mapped mounds (39), the high-
resolution CTX-based DEMs are available for 10 of them. Based on the
Grosse et al. (2012) methodology, we determined the basic morpho-
logical parameters of the mapped mounds including basal length (L¢o;
measured along the longest axis), basal width (W¢o; measured perpen-
dicularly to the elongation); area of the mound basement (Acp), the
basal mound elevation (Hcp), the elevation of the summit (Hcg;
measured at the highest point of the mound), the relative height of the
mound (H; calculated as the difference between Hcg and Hcp), and mean
and maximum flank slope angles of the mounds (Table 2). The spatial
extent of the mapped mounds (basal area) was determined using the
CTX images supported by elevation data and defined as the maximum
extent of the deposits associated with the mapped landforms (Fig. 4).
The elevation of the mound basement was established as the lowest
elevation defined by the perimeter of the mapped mound. For small
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mounds <1 km diameter (at least in one axis) that were not covered by
the high-resolution CTX-based DEM, we did not measure the topo-
graphic parameters due to the limited resolution of the MOLA-HRSC
blended DEM (Table 2). Although we determined the topographic data
for >1 km large mounds using the MOLA-HRSC-based DEM (Table 1),
these results should be considered with caution due to the insufficient
resolution for investigating small-scale landforms (Broz et al., 2015).
The high-resolution topographic data derived from CTX stereo pairs
were used to perform the slope analysis (Fig. 4) and calculate the volume
of the mounds (Fig. 4). To compare morphological parameters to other
Martian volcanic edifices (Fig. 4), we only used morphological data
determined based on high-resolution CTX-derived DEMs (Table 2). In
addition, using CTX images, we measured the orientations of the
mounds” elongation, which was determined along the central fissure or
the longest axis of the studied mound. The image and data analysis were
conducted using ArcGIS software version ArcMap 10.5. The slope
analysis and volume calculations were conducted by applying the Slope
Analysis and Volume tools in the 3D Analyst ArcToolbox. In the volu-
metric calculations, the basal mound elevation was set as the reference
plane elevation. Terrestrial data for comparative analyses were obtained
from Google Earth™ (Inc, 2021) and are based on the Landsat/Coper-
nicus, Maxar Technologies, and CNES/Airbus satellite imagery.

Among the entire mapped field, the mounds show variable sizes
(from ~1 km along the longest axis up to several kilometers; Table 2)
and diverse morphological characteristics. In order to differentiate the
mapped mounds, we classified them into one of two groups, namely
“recognized” and “inferred” (Fig. 1; Table 2). The “recognized” class is
represented by the mounds for which we were able to conduct detailed
analyses or reveal diagnostic morphological features allowing us to
determine their putative origin. The “inferred” class was determined
mostly for small-scale positive topographic landforms (typically <3 km
in diameter) which are emplaced in the vicinity of the “recognized”
mounds and for whose we were unable to conduct detailed analysis or
reveal diagnostic morphological features allowing us to determine their
putative origin. In the text and figures, we have used the CF abbreviation
which stands for Claritas Fossae mounds.

To investigate the mineralogical composition of the mapped mounds,
we used hyperspectral data (Table 1) that were acquired by the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM; spatial scale
and spectral resolution of 15-19 m/px and 362-3920 nm at 6.55 nm/
channel, respectively) onboard the MRO (Murchie et al., 2007). For
spectral analysis, we mainly focused on the 1.0-2.6 pm range, which
includes the key spectral features of both mafic and hydrated minerals
(Viviano-Beck et al., 2014). We avoid the detector boundary at 1 pm and
the lower-signal region beyond the deep atmospheric CO2 band at ~2.7
pm. However, we analyzed also the 0.4-1.0 pm range for the
HRS00012172 image (fully covering the investigated mounds) to pro-
vide more spectral data for our mineralogical interpretation. The raw
CRISM data (product files of IR hyperspectral image) were downloaded
from the NASA Planetary Data System (PDS). The CRISM I/F data were
analyzed using the CRISM Analysis Toolkit (CAT) developed for the
Environment for Visualizing Images/Integrated Development Language
(ENVI/IDL) software system (Morgan et al., 2017). Using the CAT
software, CRISM data were imported from the PDS version into ENVI
and standard photometric and atmospheric corrections were applied
(McGuire et al., 2009; Murchie et al., 2009). In addition, we included the
volcano-scan correction algorithm for atmospheric CO, migration,
which allows for the improved detection of minerals with intrinsic ab-
sorption bands at wavelengths between 1.9 and 2.1 pm (McGuire et al.,
2009). To better identify the region of interest for further detailed
spectral investigation, we applied the Spectral Analysis Utilities used to
derive the CRISM spectral summary products (Pelkey et al., 2007; Viv-
iano-Beck et al., 2014) that were projected on the CRISM band param-
eter maps. Based on IR-derived products (D2300, LCPINDEX2, and
HCPINDEX2), we selected areas of interest for spectral analysis (the
numerators were mostly comprised of several pixels) characterized by
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Central ridge Bulge mounds

Central fissure
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Fig. 2. Examples of the mapped mounds as seen by the CTX imagery system (acquired from GeoScience PDS Node). Based on the morphological features, the
investigated mounds might be grouped into four classes with decreasing size including bulge mounds (a-c), mounds with a central ridge (d-f), mounds with central
fissure (g-i), and circular mounds (j-1). Such classification allows us to decipher smaller constructs without clear morphological features. See the main text and Fig. 1
for locations within the studied area. The CTX images details: (a) D08_030177_1509, centered at 29.14°S, 253.55°E; (b) D09_030599_1527, centered at 27.42°S,
251.76°E; (c) D17_033737_1522, centered at 27.86°S, 257.65°E; (d) G17_024955_1524; centered at 27.68°S, 255.07°E; (e) D15.033091_1519, centered at 28.18°S,
254.83°E; (f, k) P18.007945_1532, centered at 26.89°S, 255.27°E; (g, j) B20_017439_1503, centered at 29.84°S, 253.2°E; (h) B20_017307_1506, centered at 29.48°S,
256.86°E; (i, 1) G17_024955_1524, centered at 27.68°S, 255.07°E. All images have the scale bar of 1 km and are north-oriented.
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Fig. 3. The structural and stratigraphic relationship between the studied mounds and the fractured terrain of the Thaumasia and Claritas Fossae regions. The studied
mounds revealed the constructional character of their formation being superimposed on the fractures bounding the tectonic grabens. Steep slopes of mounds and
cliffs indicate negligible erosion and contradict the occurrence of glaciation or aeolian erosion in the study area. (a-c) Elongated mounds superimposed on fractures
(CTX image P18_008156_1516, centered at 28.54°S, 254.62°E; CTX image G17_024955_1524, centered at 27.68°S, 255.07°E; CTX image D15_033091_1519, centered
at 28.18°S, 254.83°E). (d-f) Circular- or irregular-shaped mounds whose flanks or deposits are superimposed on fractures (CTX image P18_007945_1532, centered at
26.89°S, 255.27°E; CTX image G17_024955_1524, centered at 27.68°S, 255.07°E; CTX image B21_017650_1537, centered at 26.38°S, 252.19°E). All images have the

scale bar of 2 km and are north-oriented.

high concentrations of the LCPINDEX-indicator (Pelkey et al., 2007)
highlighted in green on the produced map. To highlight spectral features
of interest and reduce systematic artefacts, the numerators were ratioed
to bland areas in the same detector columns (denominators), as is typical
for CRISM data analysis (Ehlmann et al., 2009; Dapremont and Wray,
2021). This process was conducted using the spectral math toolkits
adjusted to the ENVI system. To interpret the obtained mineral spectra,
we used the USGS (Clark et al., 2007) and CRISM PDS spectral libraries
to compare the obtained spectra with laboratory-derived spectra of
pyroxenes.

4. Observations and results
4.1. Morphological characteristics of the Claritas landforms
In the Claritas Fossae region, we mapped 39 mounds that form

positive topographic landforms relative to the surrounding terrains.
They are spread over an area of 170 x 450 km and include 15 mounds

located within the floor of the large Thaumasia graben and 24 mounds in
the highlands of Claritas Fossae (Fig. 1c). All of the mapped mounds are
observed on the fractured crust extending from the western part of
Thaumasia graben, which is partially buried under younger lava flow
units, to the eastern region of fractured highlands of Claritas Fossae. We
did not find any mounds on the younger lava plain units surrounding the
Claritas Fossae region despite a dedicated search campaign. The main
clustering of the mounds occurs in the western and central parts of the
studied region, characterized by a higher density of fractures, with
widely spread individual mounds in the north and east (see Fig. 1c for
the detailed spatial distribution of the mounds). Clustering is also visible
for individual mounds as they form small groups (e.g., CF09-12, or
CF23-25; Fig. 1c), in which mounds are aligned along E-W to NW-SE
directions (NO9OE and N134E with an average value of N111E; see
Table 2 for details).

Among 39 of the mapped mounds, we observed diverse morpho-
logical features allowing us to group the mounds into sets characterized
by the similar appearance in various size ranges (Fig. 2). In plan view,



Table 2
The geographic coordinates and morphological parameters of the mapped mounds in the Claritas Fossae study area. Positions for each mound are shown in Fig. 1.
D X coordinate Y coordinate Class’ HiRISE/ Shape® Imagery Lco [km] Weo [km] Aco [km?] Hco Hcr H Mean slope [°] Max. slope [°] Volume [km®]° Orientation
CRISM” System* [m] [m] [m] [’

1 252.171°E 27.292°S R H C MOLA-HRSC 8.66 6.83 54.25 4195 4854 659 - - 11.92 n/d
2 252.826°E 27.613°S R H/C C MOLA-HRSC 2.88 2.72 7.33 4501 4804 303 - - 0.74 109.7
3 252.929°E 27.593°S R C E MOLA-HRSC 4.72 3.39 21.48 4489 4803 314 - - 2.25 95.7
4 253.315°E 27.395°S R n/a E MOLA-HRSC 6.02 3.98 24.92 4494 5119 625 - - 5.19 100.8
5 251.848°E 27.818°S R n/a E CTX 2.99 1.81 10.52 4474 4767 293 7.9 36.5 0.82 127.3
6 251.894°E 27.864°S R n/a E CTX 1.84 1.43 9.95 4444 4657 213 7.6 38.2 0.70 130.7
7 252.058°E 28.073°S R n/a E MOLA-HRSC 2.20 0.91 2.03 n/a n/a n/a - - n/a n/d

8 251.794°E 28.460°S R n/a C CTX 2.18 2.20 10.73 4691 4947 256 8.2 38.0 0.96 130.3
9 254.522°E 28.283°S R H tar./C E MOLA-HRSC 3.17 1.96 6.86 4074 4363 289 - - 0.66 118
10 254.920°E 28.081°S R n/a E MOLA-HRSC 2.57 1.30 3.78 4157 4301 144 - - 0.18 95.6
11 255.199°E 28.629°S R H tar. E MOLA-HRSC 4.27 2.77 8.97 6675 7201 526 - - 1.57 110.4
12 255.398°E 28.728°S R H tar. C CTX 1.99 1.91 3.84 6286 6555 269 10.1 46.5 0.50 n/d
13 255.457°E 28.713°S R H tar. C CTX 2.35 2.14 7.40 6170 6526 356 10.3 36.8 1.00 n/d
14 255.263°E 28.374°S R n/a C MOLA-HRSC 2.09 2.03 4.47 6402 6695 293 - - 0.44 n/d
15 255.325°E 28.072°S R H tar. C CTX 211 1.98 4.62 6540 6826 286 11.0 32.0 0.59 124.4
16 255.270°E 28.022°S R H tar. E MOLA-HRSC 3.05 1.61 2.83 6659 6993 334 - - 0.32 128
17 255.558°E 27.898°S R n/a C MOLA-HRSC 2.35 2.14 4.09 6000 6308 308 - - 0.42 n/d
18 255.380°E 27.550°S R n/a E CTX 1.99 0.94 5.66 5986 6183 197 6.4 32.3 0.41 n/d
19 255.205°E 26.113°S R n/a E MOLA-HRSC 7.56 4.31 56.19 5739 6629 890 - - 16.67 n/d
20 255.998°E 28.310°S R n/a E MOLA-HRSC 5.49 3.10 22.58 6225 6812 587 - - 4.42 n/d
21 256.752°E 28.378°S R n/a E CTX 3.52 2.27 11.64 6354 6708 354 10.9 36.1 1.42 91.2
22 257.615°E 27.679°S R n/a E MOLA-HRSC 1.19 0.79 1.40 n/a n/a n/a - - n/a 90.5
23 259.702°E 28.240°S R n/a E MOLA-HRSC 2.59 1.75 3.91 7367 7534 167 - - 0.22 n/d
24 260.082°E 28.420°S R H/C C CTX 3.93 3.67 19.81 6759 7690 931 14.0 42.1 9.39 n/d
25 260.260°E 28.531°S R H C CTX 3.97 3.68 11.81 7024 8011 987 18.3 37.1 5.62 n/d
26 252.662°E 27.387°S I n/a C MOLA-HRSC 1.53 1.18 1.54 n/a n/a n/a - - n/a n/d
27 251.925°E 27.915°S I n/a E MOLA-HRSC 1.66 0.78 1.45 n/a n/a n/a - - n/a 133.8
28 252.083°E 28.127°S I n/a E MOLA-HRSC 1.01 0.68 0.75 n/a n/a n/a - - n/a n/d
29 253.556°E 27.506°S I n/a E MOLA-HRSC 3.72 2.03 7.76 4375 4635 260 - - 0.67 110.3
30 254.052°E 28.150°S I n/a C MOLA-HRSC 2.17 1.99 4.94 4471 4630 159 - - 0.26 n/d
31 254.986°E 28.444°S I n/a E MOLA-HRSC 211 0.88 1.78 n/a n/a n/a - - n/a 95.4
32 255.184°E 28.830°S I n/a E MOLA-HRSC 1.35 1.04 1.30 n/a n/a n/a - - n/a n/d
33 255.206°E 28.386°S I n/a E MOLA-HRSC 2.67 1.97 4.44 6482 6687 205 - - 0.30 90.6
34 255.219°E 27.970°S I n/a C MOLA-HRSC 1.39 1.35 1.37 6263 6445 213 - - 0.10 n/d
35 255.539°E 28.457°S I n/a E MOLA-HRSC 1.67 0.76 0.92 n/a n/a n/a - - n/a 91.7
36 255.621°E 28.396°S I n/a E MOLA-HRSC 1.49 0.57 0.45 n/a n/a n/a - - n/a 94.1
37 255.860°E 28.377°S I n/a E MOLA-HRSC 2.20 0.77 1.29 6008 6088 80 - - 0.03 129.1
38 256.529°E 27.936°S I n/a C HRSC 4.66 4.18 45.81 6076 6637 561 6.1 26.4 9.10 123.5
39 256.834°E 27.884°S I H/C E HRSC 11.84 5.63 111.24 6005 7144 1139 8.4 18.9 55.83 n/d

Lco - the basal length measured as a longer axis of the mound; W¢o - the basal width of the mound measured perpendicular to the elongation; Aco — the area of the mound basement; Hgo - the absolute basal mound height;
Hcg — the absolute height of the summit crater; H - the relative height of the mound (the difference between Hcr and Heo). The slopes have been calculated based on the CTX-based DEM applying an automated tool of the
ArcGIS software.

! R - recognized; I - inferred;

2 H - HiRISE image available; H tar. — HiRISE image targeted; C — CRISM data available;

3 C - circular; E - elongated;

4 MOLA-HRSC - blend of digital elevation model (DEM; 200 m/px; Fergason et al., 2018) derived from the Mars Orbiter Laser Altimeter (MOLA) and High-Resolution Stereo Camera (HRSC), CTX — DEM derived from the
CTX stereo pairs; HRSC — DEM derived from the High-Resolution Stereo Camera (HRSC).

5 For MOLA-HRSC DEM the volume has been measured using the equation for the frustum, whereas the volume for edifices targeted by CTX- and HRSC-based DEM has been calculated using the ArcGIS software applying
an automated tool calculating the volume above the reference height set in this study as Heo.
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Fig. 4. (a) Digital elevation model (DEM) derived from a CTX-based stereo pair (P18_.007945_1532 and N10_066414_1533; for detail see Table 1) of two mounds
(CF12-13) showing the morphological parameters measured in this study. Histograms (b-d) presenting morphological parameters of the Claritas Fossae mounds. The
obtained results were compared to low-shield volcanoes analyzed in the Tharsis Volcanic Province (Hauber et al., 2009) (b) and scoria cones from Ulysses Colles,
Hydraotes Colles, Coprates Chasma volcanic fields (Broz et al., 2015) as well as Noctis Fossae (Pieterek et al., 2022b) (panels b-d). (e-g) Topographic maps of the
selected mounds (marked by red dashed lines) and corresponding slope maps determined using the Slope Analysis tool in the 3D Analyst ArcToolbox of ArcMap
software. The red arrows in panel f pinpoint the landforms that resemble the mapped mounds, however, their classification might be too speculative due to their
sizes. The areas with slope values <5°are transparent. Moreover, on the slope map of panel g, the boundaries of the north-trending flow unit originating from CF25
are well established. (e and f) Digital elevation model (DEM) derived from the CTX-based stereo pairs (P18_007945_1532 and N10_066414_1533). (g) DEM derived
from the CTX-based stereo pairs (P13.005954_1529 and K15.059095_1529). More detailed information about CTX-based DEMs is presented in Table 1. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

the morphology of studied mounds, in general, is characterized by
elongated to irregular or, more rarely, circular outlines and relatively
steep-appearing flanks. The detailed morphology of the mounds varies
as some mounds reveal central ridges (Fig. 2d-f), central fissures
(Fig. 2a-c and g-i), or central summits (Fig. 2k-1). In most cases, the flank
surfaces of the mounds display a blocky texture (Fig. 2c-f, h-1), however,

sometimes aeolian deposits can be observed, especially at the base of the
mounds (Figs. 2g and 3f). With one exception (CF25), the studied
mounds do not show flow units emanating from their summits or flanks
and form edifices with well-defined basal outlines (Figs. 2-3). All
mounds are superimposed on older fractured terrain, thus the mounds
postdate the N-S fracturing event (Fig. 3). For example, elongated

Fig. 5. (a) Schematic drawing
showing the simplified map explain-
ing the formation of the nested cen-
tral cone (CF25) surrounded by the
elevated caldera-like rim. The central
circular edifice is highlighted by
smooth slopes compared to the sur-
rounding terrains and the flow unit
originated from the northern slope.
CTX image B22.018098_1519,
centered at 28.2°S, 260.23°E. (b)
Three stages of development of the
depicted nested cone in the plan-map
view with the magma source as feeder
dike that is depicted in the cross-
section. (c¢) Terrestrial example of
the post-caldera edifice (Anak Kraka-
tau volcano; first emerged from the
sea in 1929) with the submarine
caldera that was formed after the
Krakatau eruption in 1883. The
caldera rim is highlighted by three
truncated islands. The bathymetry
data were downloaded from the
GMRT database. The location of the
photo presented on panel (d) is high-
lighted. (d) Photo of the Anak Kra-
katau volcano that is volcanically
active with well-distinguishable vol-
canic features. Image credit: Volca-
nological Survey of Indonesia.
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mounds superpose the N-S-trending grabens (Fig. 3a-e) and the mound-
associated deposits cover the bounding slopes and floors of the grabens
(Fig. 3d-f) as well as the former highland terrains (Fig. 3f).

Basal lengths and widths of the mounds range from 1.0 to 11.8 km
with an average value of 3.2 km and from 0.6 to 6.8 km with an average
value of 2.2 km, respectively. The basal areas range from 0.5 up to 111.2
km? with an average value of 13.0 km? and a median value of 4.9 km?
(Table 2 and Fig. 4). The largest landform (CF39) reveals a complex
structure comprising of several elevated blocks along a main W-E ori-
ented ridge. The CTX-based topographic data for the targeted mounds
(10) show that these landforms are characterized by relative heights
ranging from ~200 to ~990 m with a median value of ~290 m (Table 2
and Fig. 4b). Using the determined morphological parameters, we
calculated volumes ranging from 0.4 to 9.4 km® with an average value of
2.1 km® and a median value of 0.9 km?® (based on 10 mounds, for details
see Table 2 and Fig. 4a). The high-resolution CTX-based DEMs allow us
to calculate the slopes that reveal mean values for individual mounds
ranging from 6.4° to 18.3° (Table 2), but the maximum values can reach
up to ~40°, significantly exceeding the angle of repose of ~30-35°
(Kleinhans et al., 2011; Atwood-Stone and McEwen, 2013). However,
these values are related to scarps and cliffs that sometimes occur locally

[ Caldera-like
: rim

500 m

Icarus 407 (2024) 115770

on the flanks of the studied mounds due to the blocky structure of the
mounds and do not represent values for their mean slopes (Fig. 4).

In the eastern part of the study region, we mapped three mounds
(CF23-CF25) aligned in the WNW direction (Fig. 1). The easternmost
mound (CF25) is located at the cliff that locally separates a southern
elevated region from a northern lowered terrains (for local geological
context see Figs. 5a and 6a) and it comprises a caldera-like rim partly
infilled by a conical landform. The caldera-like rim is characterized by a
circular plan view shape with a diameter of ~5 km, whereas the internal
mound has ~3 km diameter at its base. The caldera-like rim raises ~680
m above its surroundings (~6620 m above the datum) to its highest
point, with slopes of ~18° (Figs. 4g and 7). The conical mound situated
inside the caldera-like rim has ~610 m in height and mean slopes of
~24° (Fig. 4). A HiRISE image (ESP_076556_1510; Table 1) reveals that
the central cone is composed by material disintegrating into meter-sized
boulders (Fig. 6b). On the lowland terrain, older flow units can be
distinguished, characterized by irregular boundaries, being partially
covered by the material of the caldera-like rim (Fig. 6¢—d) that now
constitutes the remnants of the primary mound. In the northern part of
the mound, the caldera-like rim is breached by a younger flow unit
which is ~5 km in length. Based on the high-resolution DEM, the flow

Fig. 6. An overview image (a) of the
cone CF25 with associated flow-like
units (HiRISE image ESP_076556_
1510, centered at 28.521°S, 260.
223°E). (b) Close-up image of the
northern slope of the cone showing
the presence of boulders associated
with hard rock exposures. (¢) The
northern flow-like unit that likely
originate from the central cone
(Fig. 5) with well-distinguishable
boundary (white dashed line). (d)
The eastern flow-like unit with irreg-
ular boundaries (white dashed lines)
that probable originate from the
initial effusive eruption that predates
the central edifice collapse and further
rebuilt. (e) The close-up image of the
putative volcanic fissure that is
emplaced in the southern part of the
volcanic edifice. The material likely
expelled from the fissure cover the
rough surface of highland terrain
indicating its younger origin.

Volcanic
fissure
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Fig. 7. (a) Digital elevation model (DEM) derived from the CTX-based stereo pairs (P13_005954_1529 and K15_059095_1529; for detail see Table 1) underlined by
the CTX image (P13_005954_1529) of the cone CF25 showing the morphological features characteristic for putative volcanic construct including caldera-like rim and
associated flow unit. The zoom-in image (b) on the north-trending flow unit likely originates from the central cone. The DEM shows the decreasing elevation toward
the north indicating the flow structure. (¢ & d) 3D visualizations of the CF25 edifice using the CTX-based DEM with a distinctive flow-unit that is elevated compared

to the surrounding lowlands. These visualizations are 3 times exaggerated.

unit begins at the central part of the internal conical-shaped mound and
extends northwards being channelized into two streams, covering the
lowland terrains, with an elongated central depression characterized by
widths that range from 180 to 360 m (Figs. 5a and 7). In addition,
another flow-unit feature, however less visible, is present on the
southern slopes that cover the rough surface of the highland terrain. A
HiRISE image (ESP_076556_1510) of this area reveals the presence of a
fissure-like feature associated with the southern flow unit of the inner
mound (Fig. 6e). The entire structure is characterized by a smoother
surface when compared with the surrounding terrain.

4.2. CRISM analysis of the Claritas mounds

Only one CRISM image (HRS00012172; Fig. 8) completely covers
two studied mounds (CF02-03), whereas three other CRISM images
partially cover flanks or surroundings of some other mounds (CF09, 24,
and 39) in the central and eastern part of the investigated region (Fig. 9).
The two completely covered mounds (CF02-03; Fig. 8a) reveal
extremely high LCPINDEX values (Pelkey et al., 2007; Viviano-Beck
et al., 2014) indicative of possible low-calcium pyroxenes. That index,
highlighted in green in Fig. 8, is particularly distinct along the central
fissures (Fig. 8b). The regions of interest within the green areas show a
distinct absorption at ~0.9 pm (Fig. 10) and a broad absorption at ~1.9
pm (Fig. 8c). Both absorptions support a mineralogical composition

12

dominated by LCP. Furthermore, the comparison of the obtained spectra
with spectra of terrestrial reference samples measured in the laboratory
highlights the spectral similarity with LCP (Figs. 10c and 11d). The CF09
mound (Fig. 3a) shows different morphological characteristics
compared to the CF02-03 mounds. It forms an elongated construct with
a blocky summit plateau and steep-appearing flanks covered by boulders
(Fig. 12e-g) which northern parts were covered by the spectral data of
CRISM. The CF39 mound situated at the Claritas Fossae highlands
(Fig. 1c), being the largest of the mapped mounds (Table 2), is charac-
terized by several elevated blocks and ridges which were also targeted
by CRISM. Moreover, in the easternmost part of the Claritas Fossae, in
the vicinity of the mapped mound CF24, the CRISM spectral summary
browse image (comprising D2300, LCPINDEX2, and HCPINDEX2 prod-
ucts) showed that the rough surface with a small mound (< 1 km along
the long axis) is characterized by intense green colour (Fig. 9d). Again,
in all these cases, the LCP are spatially associated either with the flanks
of the mounds (Fig. 9b—c) or elevated landforms close to the mounds
(Fig. 9d). The spectral signatures extracted for selected regions of in-
terest on these sites (Fig. 9b-d) exhibit a broad absorption at ~1.9 pm in
the spectral ratio (Fig. 11a—c) similar to those previously described for
CF02-03 (Fig. 8c).
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Fig. 8. Evidence supporting the hypothesis of the volcanic origin of the studied mounds in the Claritas Fossae region. (a) An overview map showing two LCP-rich
edifices (CFO2 and 03) with central fissures superimposed on the fractured terrain that were targeted by the CRISM instrument. The blue insert shows the location of
the analyzed CRISM data. CTX image B20_017439_1503, centered at 29.84°S, 253.2°E. (b) The enhanced visible colour image of the studied edifices overlapped with
the IR-derived custom product image (R: D2300, —0.00495-0.00946; G: LCPINDEX2, 0.02260-0.03002; B: HCPINDEX2, 0.02257-0.03735). CRISM image
HRS00012172, centered at 27.6385°S, 252.8634°E. The green colours are spatially associated with the volcanic edifices, especially with the central fissure, indicating
a LCP-rich composition. All images are north-oriented. (c) Plots showing spectral characteristics of the studied edifices (CFO2 and 03) and their averages (ROI#1 = 66
px; ROI#2 = 15 px; ROI#3 = 24 px; ROI#4 = 12 px) of nominator (green) and denominator (blue) from locations indicated by the corresponding arrows in panel (b).
Please note that we included the min, max and mean spectrum for the regions of interest to show the consistency of the spectral signature throughout these regions. In
both panels, the vertical scale of reflectance is scaled the same. Below, we present the corresponding cross-section (d) showing actual geological context. Units: Ve —
volcanic edifice; Vd — volcanic deposits; Bf — fractured terrain; Ic — impact crater. Black lines with hatches on one side indicate grabens dipping toward the hatched
side. The cross-section elevation model is based on a blend of digital elevation model (200 m/px; Fergason et al., 2018) data derived from the Mars Orbiter Laser
Altimeter (MOLA) and High-Resolution Stereo Camera (HRSC). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
\‘lersion of this article.)

5. Discussion cannot be easily associated with the process of subsurface sediment
mobilization suggested to operate in other areas with more favorable
5.1. Origin of the Claritas mounds context as within basin floors (Okubo, 2016) or in the northern Planitiae
(Komatsu et al., 2016; Broz et al., 2019; Dapremont and Wray, 2021).
In this study, we identified 39 mounds (Figs. 2-4) that form positive Hence an explanation in terms of igneous volcanism is more plausible
topographic landforms superimposed on the Noachian-age terrains both given the geological context.
of the Thaumasia graben and the Claritas Fossae highlands characterized The following morphological characteristics of the studied mounds
by a long-lasting tectonic deformation history (Fig. 1). As the walls of the also suggest their volcanic origin: (1) the regional alignment of the
main N-S-trending fractures are covered by the mound-associated de- mounds indicating common supplying dike(s) similar to terrestrial vol-
posits (Figs. 3 and 11b), this implies that the mounds postdate the canic systems (Fig. 1); (2) the presence of central fissures (Fig. 2); (3) the
fracturing itself and that their formation could have been controlled by slopes’ surfaces and ridge-structures indicating rock exposures rather
the pre-existing fractures. Such structural relationship between younger than fine-grained loose material (Figs. 3 and 12); and (4) morphological
edifices and older, fractured crust has been observed for some other similarities (e.g., basal area, absolute height, and slope) with other
putative Martian volcanic fields, including Ulysses Colles (Broz and Martian small-scale volcanoes (Fig. 4).
Hauber, 2012) and Noctis Fossae (Pieterek et al., 2022b), as well as is The studied mounds are aligned and elongated in a WNW-ESE di-
common for volcanic edifices in Iceland or in the Ethiopian rift (Fig. 13a; rection (Table 2). In addition, a cluster of mounds (CF09-12; Fig. 1)
Opheim and Gudmundsson, 1989; Korme et al., 1997; Corazzato and located close to the bounding fault, might have been formed due to a
Tibaldi, 2006; Hjartardottir et al., 2016; Tibaldi et al., 2017). Fractured common volcanic event, as each one of the mounds reveals a similar
terrains represent weak crustal zones that enable the migration of appearance and likely represents a protruding dike. In this particular
magma (or other fluids) from source regions to the surface (Lesti et al., case, the CF09 mound comprises two constructs emplaced both within
2008; Le Corvec et al., 2013; De Toffoli et al., 2018). At the same time, the graben and on the highland terrain (Figs. 3a and 12d). Although they
we conclude that the studied mounds have been formed by aggrada- are separated by the wall of the graben, they might be sourced by a
tional rather than degradational processes as many of the studied common supplying dike as it was observed during the Fagradalsfjall
mounds display steep scarps bordering their central fissures (Figs. 2, eruption (Phase 2; April 2021) in Iceland (Barsotti et al., 2023) due to
12a-c, 14c-d). Such morphology is inconsistent with an origin as erosive the small difference in elevation between vents. On Earth, the magma
remnants as the erosion would lead to topographic degradation and chamber and tectonic stress mainly control the dike emplacement that,
morphologic smoothening. In addition to the mounds, grabens also in turn, controls the location and geometry of vents and volcanoes (e.g.,
exhibit steep walls that are without any evidence of boulders at the foot Annen et al., 2001; Tibaldi et al., 2017). Numerical modelling conducted
of the walls. This suggests a negligible effect of erosional processes in the by Annen et al. (2001) shows that terrestrial volcanic edifices tend to be
studied region starting from the graben formation in the Hesperian high with steep flanks when the feeder dikes are thick and migrated from
period until today (Fig. 3). Therefore, we assert that the formation of the a small and shallow magma chamber(s) and if the magma has high yield
mounds must be related to the extrusion of material from the subsurface. strength that depends on the composition (see Section 5.3 for details). In
Previous studies showed that material extruded to the surface of that case, the elongations of volcanic edifices are directly related to the
Mars was most commonly magma (Wilson and Head, 1994; Wilson, trend of subsurface dike(s) and express the tectonic-scale stress regime
2009; Peters et al., 2021), or less frequently mud, a mixture of water and of their extensional settings (Acocella and Neri, 2009; Paulsen and
sediments (e.g., Komatsu et al., 2016; Cufin et al., 2023; or see Broz Wilson, 2010). This might be the case for our study area as the mapped
et al., 2023 and references therein for an overview). Therefore, sedi- mounds reveal E-W to NW-SE elongations (Table 2) being in agreement
mentary volcanism should be considered as a plausible option for the with the NW-SE-trending ridges (Fig. 1; Hauber and Kronberg, 2005).
formation of the studied mounds. It was shown that in contrast to On Mars, dike-controlling scenarios for volcanic edifices have already
igneous volcanism, sedimentary volcanism on Mars is restricted to been proposed to explain the formation of distributed volcanoes within
specific locations where favorable conditions were present in the past. Tharsis (Pieterek et al., 2022a), and even of small-scale volcanoes in
Specifically, these are areas where (1) a relatively quick accumulation of Noctis Fossae (Pieterek et al., 2022b). In addition to the mound elon-
sufficiently thick sedimentary deposits occurred, (2) some strata of fine- gations, we demonstrated that some of the studied mounds display
grained sediments mixed with liquid water formed within these de- well-preserved central fissures that sometimes dissect the entire mound
posits, and (3) the sediments have been overpressured or experienced (Figs. 2g—j and 14) and are probably the surface manifestation of sub-
gravitational instability to trigger fluid expulsion (Broz et al., 2023 and surface dike(s). These morphological features are similar to terrestrial
references therein). As the studied field is situated on a highland belt multiple rifted cones that, e.g., have been described on the Etna’s flanks
consisting of a heavily fractured crust, the existence of a stable aquifer or (Corazzato and Tibaldi, 2006) or dissected cones in the Main Ethiopian
other sources of mud is highly unlikely. Moreover, given the tectonic- Rift (Hunt et al., 2020).
volcanological evolution of Tharsis, it is unlikely that a continuous The morphology and shape of the studied mounds in most cases are
layer of fine-grained deposits capable of holding a large quantity of consistent with those of terrestrial volcanic edifices (for example, edi-
water would be buried in the subsurface. Therefore, the mapped mounds fices located in Iceland, Hawaii, or Ethiopia), with one important
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Fig. 9. Association between studied edifices and the distribution of LCP. (a) An overview image showing the distribution of available CRISM (marked by blue
rectangles) data within the studied area. The distribution of the mapped edifices is marked by red and white dots that corresponds to Fig. 1. In four cases, the
distinguished edifices are fully or partially covered by the CRISM spectral data (see Fig. 6a). (b-d) The enhanced visible colour image of the studied edifices
overlapped with the IR-derived custom summary product images (R: D2300; G: LCPINDEX2; B: HCPINDEX2). In all panels, the green colour indicates the distribution
of LCP that mostly occur on the edifices’ slopes. The arrows pinpoint the locations of ratioed spectra presented in Fig. 8. All images are north-oriented. (b) CRISM
image FRTOO00A91D, centered at 28.2115°S, 254.6396°E. (c) CRISM image FRT0001C5B6, centered at 27.941°S, 256.8343°E. (d) CRISM image HRS000119AF,
centered at 28.3556°S, 260.0946°E. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

variation, i.e. terrestrial analogues are smaller (Fig. 13). Such discrep-
ancy in size might be explained by considerations provided by Wilson
and Head (1994) who highlighted that the dikes and volumes of erupted
material should be larger on Mars due to the lower gravity. We also
conducted a comparative analysis of the morphological parameters of
the studied mounds (determined only for those mounds targeted by the
CTX-based DEMs) with other kilometer-sized volcanic edifices on Mars
(Fig. 4). The Claritas Fossae mounds show a similar range of basal areas
when compared to other Martian low-volumetric volcanic edifices,
whereas they are characterized by larger absolute heights, and hence
slightly larger volumes and steeper flanks.
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Based on the considerations mentioned above, we concluded that the
studied mounds are volcanic in origin and that the majority of them
were formed by relatively low-volumetric eruptions. CTX and HiRISE
images reveal that the studied mounds often form elongated ridges with
blocky textures and meter-size boulders on their slopes (Figs. 2d-f, 12)
being consistent with Martian landforms formed by viscous lava flows
(Mangold et al., 2010). In addition, such morphologies are commonly
present in the case of terrestrial effusive-dominated volcanic edifices
(Fink and Anderson, 1999; Gonnermann and Manga, 2003). This in-
dicates that they are formed by rocks (solidified volcanic lava) rather
than fine-grained loose deposits whose occurrence is common for
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the reference laboratory-derived spectra of pyroxenes and Martian LCP-rich outcrop. (a-b) Spectral data of nominators (green), denominators (blue) (ROI#1 = 66 px;
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included the min, max and mean spectrum for the regions of interest to show the consistency of the spectral signature throughout these regions. (¢) The comparison
of the laboratory-derived spectra of pyroxenes including augite, diopside, enstatite, and bronzite from the USGS spectral library (Clark et al., 2007) as well as
orthopyroxene (CASB51) derived from the CRISM spectral library (https://speclib.rsl.wustl.edu/search.aspx; available at 30.01.2023). In addition, we redrew a LCP
spectra obtained by Parente et al. (2011) for LCP-rich mound. The grey dashed line marks the location of the absorption at 0.9 pm after Viviano-Beck et al. (2014)
which is considered diagnostic for LCP. The divisions of the vertical axis are 0.1. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

terrestrial scoria cones or tuff rings/cones and their putative Martian
analogues (Broz and Hauber, 2012, 2013; Broz et al., 2017). In addition,
the mapped mounds do not generally show well-developed central
summit craters that would constitute signs of explosive-dominated ac-
tivity, but they reveal the presence of putative volcanic fissures (Figs. 2g-
j and 6). On Earth, similar morphologies of elongated edifices with
central ridges or fissures are common for lava cones (e.g., Hekla volcanic
system; Gudmundsson et al., 1992; Hoskuldsson et al., 2007; or the
Caviahue-Copahue complex in the Andes; Melnick et al., 2006). In such
case, central ridges resemble manifestations of subsurface dikes
(Fig. 14a-b; Gudmundsson et al., 1992; Pedersen et al., 2020) and
central fissures are often associated with terrestrial dike-fed volcanoes
(Acocella and Neri, 2009). However, one of the best-preserved examples
of the edifices are CF02-03 which show similar morphology to the Laki-
type edifices in Iceland (Fig. 14c—f). On Earth, such edifices are formed
as the result of lava spattering after low energetic explosive eruptions
without the involvement of water/ice leading to the formation of spatter
cones and scoria cones (Reynolds et al., 2016). Although these edifices
show similarities to terrestrial explosive volcanoes, the similarly sized
Martian putative scoria cones described from the Ulysses Fossae region
(Broz and Hauber, 2012), and Hydraotes Chaos (Meresse et al., 2008;
Broz et al., 2015), or the putative Martian phreatomagmatic edifices
(Broz and Hauber, 2013) resulting from low energetic explosive-
dominated eruptions do not share similar morphologies and slope
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characteristics. They mainly form circular (in plan view) edifices with
summit craters and are characterized by smooth slopes compared to
more irregular to elongated edifices with steep and blocky-textured
slopes from the Claritas Fossae region. Altogether, the evidence favors
a predominant role of effusive eruptions, however, localized explosive
episodes cannot be fully discarded.

We also compared the morphology of the studied mounds with
terrestrial subglacial volcanic edifices. At first glance, the studied edi-
fices indeed share some similarities, i.g., common elongations and
alignments, steep slopes, the blocky texture of flanks, lack of summit
craters, with subglacial volcanic edifices, for example with elongated
edifices called tindars that are formed by effusive eruptions under the ice
(Pedersen et al., 2020). In such case, the eruptive style is controlled by
pressure and the presence of ice/water. However, the studied edifices
also do not show signs of phreatomagmatic activity which might be
present if lava would have been in contact with ice/water (e.g., Broz and
Hauber, 2013). Moreover, we did not observe evidence indicating
extensive glacial processes within the studied area. Thus, we consider
the subglacial origin of the studied edifices as unlikely due to the
regional geological context.

Although most of the studied mounds are not associated with flow-
like units, in one case we found a central conical-shaped mound
(CF25; Fig. 1¢) surrounded by a caldera-like rim or collapse scar (Figs. 4
and 7), and short flow-like features (Figs. 5a and 6¢-d) characterized by
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irregular lobate shape boundaries. They are similar in appearance to
flows associated with putative scoria cones in Ulysses Fossae (Broz and
Hauber, 2012), Hydraotes Chaos (Meresse et al., 2008; Broz et al.,
2015), and Coprates Chasma (Okubo, 2016; Broz et al., 2017). In these
regions, such flow units have been interpreted as lava flows (Broz and
Hauber, 2012; Broz et al., 2017). Moreover, in the southern part of the
central cone of CF25, HiRISE imagery reveals the presence of putative
volcanic fissure-originating deposits that cover the older highlands
(Fig. 6d).
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We therefore propose the following scenario that leads to the for-
mation of this edifice associated with lava flows (CF25). Firstly, the
former edifice was built by low-volumetric volcanic activity during
which effusive and explosive activity occurred. This led to the formation
of lava flows as well as the production of scoria material which gave a
rise to a volcanic edifice (Fig. 5b; stage 1). Further development
included the collapse of the central part of the former edifice and/or the
partial destruction of the summit area of the edifice due to an explosive
eruption (Fig. 5b; stage 2). We consider the second scenario as less
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plausible due to the lack of large boulders, not found on the HiRISE
image (ESP_76556_1510; Fig. 6) in the vicinity of the edifice. After the
caldera-like rim formation, the volcanic activity likely continued form-
ing the central edifice with steep flanks (Table 2) and short lava-flows
(Figs. 4g and 7). As the outer flanks of the caldera-like rim (primary
edifice) of the CF25 cone is characterized by a smoother surface,
compared with the surrounding lowland terrains, we argue that it is
likely composed of or covered by fine-grained deposits. In contrast, the
HiRISE-based observations of the inner cone revealed that the slopes
have blocky texture with meter-sized boulders (Fig. 6b). We suppose
that the time spacing between the caldera formation and the rebuilding
of the central edifice was relatively short, otherwise the magma source
would have been plugged and the volcanic activity displaced. The
structure and morphological parameters of the studied cone together
with the associated short lava flows show similarities to terrestrial
composite volcanoes (Karatson et al., 2010; Cas et al., 2022) suggesting
the co-occurrence of effusive and explosive eruptions. A volcanic origin
of this edifice is also supported by similar-sized terrestrial analogues
(Fig. 5c¢c—d) of post-caldera volcanoes such as Anak Krakatau volcano
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Fig. 12. An overview image (a) of the CFO2 mound
with central fissure (HiRISE image ESP_012771_1520,
centered at 27.629°S, 252.848°E). (b) The close-up
image reveals that the mound flanks are covered by
meter-sized boulders. (c¢) Image showing the northern
wall of the central putative volcanic fissure indicating
the limited slope erosional processes. In addition, to
the north of the fissure, the mound’s flank is covered
by boulders. (d) An overview image of the CF09
elongated mound (HiRISE image ESP_077031_1515,
centered at 28.294°S, 254.558°E). (e) The southern
part of the mound with a well-visible boundary be-
tween the flank covered by boulders and the smooth-
appearing basement. (f) The northern flank of the
studied mound with flow-like units with lobate mar-
gins (marked by white dashed line) that originate
from the central fissure. (g) Close-up image showing
the flow-like unit and the mound flanks’ texture
comprising blocks and boulders.

Basement

_

island (~2 km in size) situated within the submarine caldera (~7 km in
diameter) formed after the Krakatau eruption in 1883 in Indonesia
(Dahren et al., 2012 and references therein), Las Canadas caldera (~16
km in length), on the island of Tenerife (Canary Islands), which hosts the
active volcanic complex Teide-Pico Viejo (Marti, 2019), Vesuvio vol-
cano (~3 km in size) in Italy (Tadini et al., 2017), and the rebuilding of
the Bezymianny volcano (~2 km in size) with associated lava flow unit
in Kamczatka (Shevchenko et al., 2020).

Another evidence on the origin of the studied edifices might be
provided by mineralogical constraints. Based on previous analyses of
CRISM spectral signatures, the Claritas Fossae region is considered to
host typical mafic minerals such as olivine and pyroxene of magmatic
origin as well as hydrated sulfates and phyllosilicates (Dohm et al., 2009
and references therein). These studies reported LCP-rich rocks locally
outcropping within the eastern highlands of Claritas Fossae often asso-
ciated with olivine-rich material. Here, we note that the studied edifices
are spatially associated with LCP-rich rocks/materials suggesting an
igneous origin, and that the surrounding terrains reveal distinctly
different mineralogical characteristics. The most significant
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Fig. 13. A comparison of investigated edifices with selected Martian and terrestrial counterparts. All edifices are classified into three groups (horizontal rows) based
on common morphological features including association with 1) flow units, 2) fractured terrain as the basement, and 3) superposition of the edifices on the older
terrain. The edifices within the clusters of the Ulysses Colles and Noctis Fossae region have been previously described by Broz and Hauber (2012) and Pieterek et al.
(2022a, 2022b) as Martian equivalents to terrestrial scoria cones. The CTX images details: (a-c) Claritas Fossae (P18_008156_1516, centered at 28.54°S, 254.62°E;
B20_017439_1503, centered at 29.84°S; 253.2°E; P13.005954_1529, centered at 27.17°S, 259.9°E); (d-f) Ulysses Colles (P19.008262_1862, centered at 6.27°N,
236.97°E); (g-i) Noctis Fossae (F04_037508_1798, centered at 0.26°S, 261.15°E; G15.024269_1780, centered at 2.03°S, 260.96°E; F02_036664_1787, centered at
1.38°S, 263.74°E); (j-1) terrestrial counterparts including elongated edifices from Afar triangle in Ethiopia (7°52'24.57'N, 38°54'55.07'E and 7°48'15.99'N,
38°52'17.43"E) and volcanic cone with flow unit located on Hawai’i island (19°51'12.19"N, 155°26'4.30"W). All images are north-oriented.

concentrations of LCP mainly occur within the central fissure and on the
edifice flanks (Figs. 8-9) indicating that igneous material likely origi-
nated from the studied edifices due to volcanic eruptions.

Finally, it has to be noted that our mapping suggests that the studied
field might host more landforms that might have been formed by the
same processes as the mapped mounds, however, their shapes and sizes
(Fig. 4f) do not allow us a clear distinction so they have been excluded
from our analysis. We also cannot exclude the possibility that the pop-
ulation of these mounds was formerly more numerous, but due to the
later volcanic activity some of the mounds were buried by younger lava
flows covering wide areas in the western edge of the study area (see
Fig. 1c for details).

5.2. Age and tectonic constraints

The formation of the Claritas Fossae is interpreted to result from a
mantle plume-driven activity accompanied by tectonic, volcanic, and
hydrothermal activity (Dohm et al., 2009). Based on the high density of
impact craters, complex structure, and a possible magnetic signature,
Dohm et al. (2009) noted that the formation of the Claritas rise occurred
during an ancient period of Mars’ evolution and likely predates the
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development of Tharsis or marks its incipient development. Evidence of
the first volcanic activity after the formation of the Claritas region is the
existence of large-scale volcanic massifs (Fig. 1) dispersed throughout
the Thaumasia region (Dohm and Tanaka, 1999; Grott et al., 2005,
2007; Hauber and Kronberg, 2005). Grott et al. (2005) investigated one
of the large extensional structures in the Coracis Fossae interpreted as
rifts (Dohm and Tanaka, 1999; Dohm et al., 2001). At one of these rifts, a
large-scale volcanic massif is cut by rift-related fractures and must
therefore be older or formed at the early stages of rifting (Grott et al.,
2005). Based on the aforementioned structural cross-cutting relation-
ships combined with the age determination of rift-related structures,
Grott et al. (2005) attributed a maximum age of rifting and set the lower
age limit of large-scale volcanic massifs at ~3.9 Ga.

In addition to Coracis Fossae, a similar large-scale volcanic massif is
located within the Claritas Fossae highland region (Dohm and Tanaka,
1999) being cut by N-S-trending fractures. Based on fault-buffered crater
counting, Vaz et al. (2014) and Smith et al. (2009) determined the most
probable time interval of faulting in Claritas Fossae between 3.4 and 2.5
Ga (Table 3). This age supports the conclusion that these volcanic
massifs had been formed before the Late Hesperian - Early Amazonian
tectonic activity within the Thaumasia highland belt, including Coracis
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and Claritas Fossae. As all studied small-scale edifices and their associ-
ated deposits studied here, are superimposed on N-S-trending fractures,
they therefore represent a younger episode of volcanic activity
compared with the large-scale volcanic massifs of the Thaumasia region.

To reveal the lower age limit of the Claritas’ edifices formation, we
considered the spatial relationship of the WNW-ESE aligned and
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Fig. 14. A comparison of investigated mounds with
selected terrestrial volcanic constructs. (a-b) The
elongated mounds with a central ridge at the summit
(CTX image P18_007945_1532, centered at 26.89°S,
255.27°E and CTX image D15_033091_1519, centered
at 28.18°S, 254.83°E). (c¢) Terrestrial volcanic land-
form that is characterized by a summit ridge that
manifests the presence of the subsurface dike
(63°50'11.70"N, 22°39'30.91"W). (d) Oblique aerial
photo to the northeast showing the Callaqui volcano
in the Andes (Chile). The photo is adapted after
Melnick et al. (2006). (e) The circular mound (CF02)
that shows a central fissure and blocky texture of its
flanks (HiRISE image ESP_012771_1520, centered at
27.63°S, 252.85°E). (f) Elongated mound (CF03) with
well-distinguishable central fissure characterized by
steep-appearing walls and blocky flanks (CTX image
B20_017439_1503, centered at 29.84°S, 253.2°E). All
images are north-oriented. (g) The conical-shaped
volcano edifice dissected by the volcanic fissure at
East Ziway volcanic field in the Main Ethiopian Rift
(7°50'15.32"N, 38°53'32.67"W) (h) The image of the
Laki elongated volcanic edifices showing a central
fissure with steep walls (64°4'1.82"N,
18°14'50.39'W). Credit: Ian Strachan (pinterest.com;
” available on 10.11.2022).
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elongated edifices CF09 and CF11-12 (Fig. 1c) and the N-S-trending
fault bounding the Thaumasia graben and eastern highlands of Claritas
Fossae. These edifices are situated on both sides of the bounding fault
and display a difference of >2000 m in the elevation of their basements.
The edifices being emplaced by a common volcanic event and by the
same supplying dike(s) must have predated the subsidence of Thaumasia
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Table 3
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The comparison of two different age scenarios considered in this study together with their implications. These data refer to Sections 5.1-5.3.

Age scenario Single episode

Two episodes

from 3.4 to 2.5 Ga

A
e Hesperian to Early Amazonian

main activity in the Hesperian to Early Amazonian and a younger volcanic
episode in the Middle/ Late Amazonian
(< ~2.0 Ga)

@ Predating the formation of Thaumasia graben (Late Hesperian/Early

Evidence of
superposition
Smith et al., 2009; Vaz et al., 2014)

@ Structural relationship with the WNW-ESE-trending Noachian-age ridges [ ]

(Fig. 1).
Morphological o

evidence graben and highlands of Claritas Fossae (Fig. 1).

Amazonian; Tanaka and Davis, 1988; Hauber and Kronberg, 2005) and
postdating the N-S faulting of Claritas Fossae (assigned from 2.5 to 3.4 Ga;

Occurrence of the edifices on both sides of fault zone bounding Thaumasia @

@ Association of edifices and LCP-dominated deposits that indicate

Noachian/Hesperian-age magma composition (Figs. 8-9).

@ Confirms that old highly crater and faulted terrains that escaped the lava

plains resurfacing constitute an insight into old volcanism.

Implicati
mplications with LCP-dominated volcanism.

@ Magma was transported by the old and reactivated WNW-trending

pathways.

@ Support the hypothesis that Noachian/Hesperian terrains are associated

Not observed

Higher absolute heights and slope angles compared to other Amazonian-

age small-scaled volcanoes on Mars (Fig. 4).

Blocky structure of the edifices, associated with meter-scale boulders on

flanks (Figs. 6 and 10).

@ Presence of the putative volcanic central fissures that are not significantly
infilled by sediments revealing an almost pristine fissure walls (Fig. 12).

@ Presence of LCP-dominated volcanism indicate high degree of partial
melting due to a warmer mantle (upwelling zone) beneath Claritas Fossae.

@ Accordance with the thermal modelling of the Martian mantle by Plesa
et al. (2018, 2023).

@ Presence of local-scale magma heterogeneities that indicates different and

more varied crystallization pathways than Amazonian-age basaltic lavas

(Viviano et al., 2019).

graben. In the opposite scenario, if the edifices would have been
emplaced after the formation of the eastern bounding fault of the
Thaumasia graben, we might expect that the difference in elevation
between the Thaumasia graben and Claritas Fossae highlands would
have prevented the formation of the edifices in the eastern highlands or
in the western Thaumasia graben. Hence, the volcanic activity must
have ended before the main stage of Thaumasia tectonics, which has
been constrained to occur in Late Hesperian or Early Amazonian
(Tanaka and Davis, 1988; Hauber and Kronberg, 2005) (Table 3).
Such relatively old ages might be challenged by the “fresh-looking”
appearance of the studied edifices (Table 3). The comparative analysis of
morphological parameters demonstrated that the studied edifices show
higher absolute heights and slope angles compared to other Amazonian-
aged small-scaled putative volcanoes on Mars (Fig. 4). Assuming a
Hesperian age of the edifices, we would expect to identify more
intensely eroded edifices compared with Amazonian-aged edifices found
in Ulysses Colles (Broz and Hauber, 2012), Coprates Chasma (Broz et al.,
2017), and Noctis Fossae (Pieterek et al., 2022b) (Fig. 13). Moreover, for
some of the mapped edifices, we identified putative volcanic central
fissures that are not significantly infilled by sediments revealing the
almost pristine fissure walls (Figs. 12 and 14). This indicates the limited
effect of the erosional processes. Considering even smaller-scale obser-
vations using HiRISE images, we found a significant number of boulders
associated with the studied edifices that are well-preserved on their
slopes (Fig. 12). This observation also challenges the Hesperian age of
the volcanic edifices as these boulders should be disintegrated since ~3
billion years after the latest volcanic eruption might have occurred (De
Haas et al., 2013). We argue that the good state of preservation of the
studied edifices is similar to that of the northern Noctis Fossae cones that
are interpreted to be the youngest among the Noctis Fossae volcanic
field and were attributed to Late Amazonian volcanic activity (Pieterek
et al., 2022b). These considerations indicate that within the Claritas
Fossae region, we might consider two different scenarios with respect to
the ages of the studied edifices. In the first scenario, the entire studied
Claritas Fossae volcanic field might have been formed by a single
episode of volcanic activity occurring within a relatively limited period
of time (e.g., Late Hesperian or Early Amazonian). Such interpretation is
supported by the spatial distribution of the studied edifices as they are
aligned and elongated in a common WNW direction. Moreover, our
mineralogical analysis showed that a LCP-rich composition has been
determined for edifices characterized by different states of preservation
emplaced throughout the studied region. Assuming different volcanic
episodes of various ages, we might expect different magma

21

compositions. However, in the second scenario, which is partially
opposed to the first one, we can assert that the majority of the edifices
have been emplaced according to the first scenario, whereas only the
best-preserved edifices (e.g., CF25) might have been formed later, for
example in Middle or Late Amazonian, exploiting older fault sets as
pathways for magma ascent. Such a scenario with at least two episodes
of volcanism, one of them being relatively young, might explain the
pristine morphology of some edifices and be consistent with very recent
high melt fractions beneath Claritas Fossae (Plesa et al., 2023). More-
over, this scenario may also imply that high melt fractions could have
been formed throughout the entire Amazonian period as edifices of
different states of preservation reveal LCP-rich surfaces. However, in
order to confirm any of the above presented scenarios with certainty,
further investigations on the tectonic evolution of the Thaumasia region
are needed, especially in terms of its chronology.

Considering the spatial distribution of the studied edifices, our
mapping demonstrates that they occur only at the highly fractured ter-
rains and are aligned in a WNW direction. This alignment is further
supported by their individual elongations showing an average value of
N111E (Table 2). These orientations are in accordance with WNW-ESE-
trending topographic highs of rugged Noachian terrain (Fig. 1b)
mentioned by Hauber and Kronberg (2005), which are almost perpen-
dicular to the majority of the fractures. In addition, the spatial distri-
bution of the large-scale volcanoes mapped in the Thaumasia region by
Dohm and Tanaka (1999) and Dohm et al. (2001) indicate their align-
ment in a NW-SE-trending orientation. Hence, the formation of the
studied edifices might have been controlled by inherited faults once
responsible of the WNW-ESE-trending topographic highs (Hauber and
Kronberg, 2005) and reactivated simultaneously and/or after the
Thaumasia graben and Claritas Fossae faulting (~3.4 Ga; Vaz et al.,
2014). However, if the age of some of the studied edifices would turn out
to be much younger (e.g., Middle/Late Amazonian), their formation
could have been supported by the presence of high fractions of very
recent partial melts that might still occur beneath Claritas Fossae or its
close vicinity (Plesa et al., 2023), and which may have used the fractured
crust for their ascent.

5.3. Magma composition through time

Using CRISM spectral data, we note that the studied edifices are
associated with LCP-dominated material mainly occurring within cen-
tral fissures and flanks (Figs. 8-9). On Mars, LCPs are most abundant in
Noachian-aged terrains, suggesting that aluminum and calcium were
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likely incompatible with the early mantle-derived igneous melts
(Mustard et al., 2005). Such LCP-dominated mineralogy of volcanic
edifices contrasts to typical basaltic compositions that are common on
Mars (Christensen et al., 2000; McSween Jr., 2015; Viviano et al., 2019).
It is through that pyroxene composition change as a function of
geological time on Mars, being the transition between LCP and HCP
proposed close to the Noachian/Hesperian boundary (Mustard et al.,
2005; Poulet et al., 2009; Flahaut et al., 2011; Baratoux et al., 2013;
Grott et al., 2013). Poulet et al. (2009) inferred that the formation of LCP
in the Noachian times might be associated with higher degrees of partial
melting or the crystallization of water-rich magma. In contrast, Baratoux
et al. (2013) highlighted that this transition might be caused only by the
thermal evolution of the Martian mantle.

Based on the investigations of the mineralogy of impact craters,
Quantin et al. (2012) reported the presence of massive rocks dominated
by LCP within the impact craters in the Coracis Fossae region and
inferred that they represent primitive pre-Noachian Martian crust.
Moreover, Skok et al. (2012) investigated the unaltered mafic (dunitic
and pyroxenitic in compositions) central peaks of large impact craters
and suggested that the earliest formed magmas in the ancient Martian
crust were formed by fractional crystallization within large near-surface
magma reservoirs forming cumulates. Such interpretation of LCP crys-
tallization might be also supported by the only orthopyroxenite cumu-
late (ALH 81004) among Martian meteorites which were probably
formed by fractional crystallization of basaltic parental melts (Mit-
tlefehldt, 1994) showing a formation age of ~4.1 Ga (Lapen et al.,
2010). The age of the orthopyroxenite cumulate indicates magmatism
on Mars started in the Early Noachian (Lapen et al., 2010) and
continued, for example, within Tharsis until the Late Amazonian (Neu-
kum et al., 2004; Krishnan and Kumar, 2022; Pieterek et al., 2022a). On
the other hand, Martian shergottites whose source is thought to be
mainly the Tharsis region (Fritz et al., 2005; Lagain et al., 2021) show
varied mineralogical contents comprising from ~30% up to ~45% of
LCP (orthopyroxenes) (Papike et al., 2009). Based on the CRISM-derived
compositional distribution within the Tharsis region, Viviano et al.
(2019) suggested that although global evolution of volcanic composition
had occurred at the end of Noachian, the local-scale magma heteroge-
neities with respect to composition might have persisted through the
Amazonian recording different and more varied crystallization path-
ways than young basaltic lavas.

However, to provide more in-depth insights, geological reconstruc-
tion including volcanic and tectonic processes of Claritas Fossae seems
to be crucial. Therefore, considering the formation time of the LCP-rich
edifices investigated in this study, we conclude that they might repre-
sent evidence of Hesperian or, alternatively, even younger Amazonian
volcanism (Table 3) sourced by LCP-dominated melts (Fig. 8d). Under
the Hesperian “old formation” scenario, the ascending melts possibly
related to the high degree melting might have been stored in near-
surface magma reservoirs and erupted as volatile-poor pyroxene-rich
magma forming steep slope edifices. However, if some of the studied
edifices are younger and they have been formed in the Middle to Late
Amazonian, our study might have implications for understanding the
evolution of the Martian mantle and local Tharsis magmatic plumbing
systems. The LCP-rich melts can be produced by high degrees of partial
melting due to a warmer mantle (upwelling zones) and/or melting at
lower pressure below a thin lithosphere (Brustel, 2021). The second
scenario is less likely due to the inferred thickened crust below the
Tharsis rise that reaches >50 km (Bouley et al., 2020). Constraints on
partial melting can be derived by thermal modelling of the Martian
mantle conducted by Plesa et al. (2018, 2023). Assuming two different
crustal scenarios, Plesa et al. (2023) inferred a higher present-day heat
flux and high melt fraction zones that are most likely emplaced beneath
Tharsis and Elysium provinces. In the first scenario that assumes a
pronounced crustal thickness dichotomy with homogenous crustal
density, the highest melt fractions occur directly beneath the Claritas
Fossae and Syria Planum regions (Plesa et al., 2023). The second
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scenario that is characterized by a difference in crustal density between
the northern and southern hemispheres shows the highest melt fractions
emplaced south of Tharsis Montes and beneath Noctis Fossae. Both
scenarios suggest that partial melts may still be produced in the Martian
interior today. Therefore, the occurrence of very recent high melt frac-
tion zones either directly beneath Claritas Fossae or in its vicinity (Plesa
et al., 2023) might support the potential Amazonian volcanic activity
supplied by LCP-rich melts. This implies that LCP-rich volcanism might
not have been only restricted to ancient times on Mars (Viviano et al.,
2019).

Based on the large-scale Thaumasia volcanoes, which represent a
record of the first volcanic activity in the Thaumasia region, Dohm and
Tanaka (1999) demonstrated that these volcanic massifs have been
formed throughout most of the Noachian and into the Early Hesperian
periods displaying evidence of explosive volcanism. The explosive
eruptions might result from volatile-rich magma or the interaction of
magma and subsurface water or ice deposits (Dohm and Tanaka, 1999).
In contrast, the Claritas’ edifices, except for one example (Fig. 5), indi-
cate the significant contribution of low-volume effusive eruptions
forming steep-appearing edifices without associated lava flows (Fig. 3).
Some of these edifices might represent remnants of the original sup-
plying dikes exposed on the surface. In addition, the studied edifices are
associated with LCP-rich surfaces that might indicate an important role
of mantle-derived partial melts. Interestingly, the CF25 edifice in the
easternmost part of the Claritas Fossae which likely experienced effusive
and explosive eruptions suggests a more complex evolutional volcanic
history of the studied volcanic field. In that case, a change in the erup-
tive style might be related to a higher amount of gases at the final stages
of eruption. Altogether our observations suggest that the studied vol-
canic field was mainly shaped by effusive volcanism with probably
limited episodes of explosive eruptions leading to the formation of a
composite edifice (Fig. 5). A compilation of previous results related to
the ancient large-scale volcanoes that were likely formed >3.9 Ga (Grott
et al., 2005) together with our findings indicates that the first volcanic
activity in Thaumasia was controlled by large-volume explosive-domi-
nated eruptions, whereas younger small-scale volcanoes, studied here,
were made by effusive eruptions of LCP-rich viscous and volatile poor
magmas. However, two plausible scenarios of the chronology of volcanic
episodes can still be considered 1) a single episode of Hesperian-Early
Amazonian volcanism inferred from the structural relationship with
the tectonic features, and 2) two volcanic episodes, one in the Hesperian
to Early Amazonian, and a later one in the Middle to Late Amazonian, as
inferred from the fresh morphological appearance of some individual
edifices and the comparative analysis to other Martian volcanic fields
(Table 3). Thus, our study of the volcanic evolution of the Thaumasia
region suggests that the majority of the studied edifices are linked to the
late-stage migration of LCP-rich magmas in dikes exploiting reactivated
WNW-ESE tectonic pathways, whereas probable younger volcanic
events likely used pre-existing fractures related to the complex tectonic
evolution of the Thaumasia graben and Claritas Fossae region. The two-
episode scenario of the volcanism in Claritas Fossae might have resulted
in the formation of well-preserved edifices (e.g., CF25) of Amazonian
age whose occurrence might be supported by the most recent modelling
of the spatial distribution of very recent high melt fractions underneath
the Martian lithosphere (Plesa et al., 2023). High partial melting zones
emplaced, in one of the crustal scenarios, beneath Claritas Fossae may
provide an explanation for the potential sources of LCP-rich magmas.
However, to fully understand the spatiotemporal evolution of this
complex volcanic field, further investigations on the tectonic evolution
of the Thaumasia region are needed in order to provide detailed chro-
nological constraints for the volcanic reconstructions.

6. Conclusions

We propose that the studied edifices in the Claritas Fossae region
were formed due to volcanic activity sourced by low-volumetric
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volcanic eruptions fed by subsurface dike(s). The spatial distribution and
elongations of the studied edifices indicate WNW-ESE tectonic struc-
tures controlling the emplacement of the dike(s), which are discordant
with the predominant N-S faults of the region. The observed orientations
might suggest that feeder dikes inherited the orientation of pre-existing
fractures related to old NW-SE-trending ridges of Noachian-aged crust or
NW-aligned large-scale volcanoes situated within the Thaumasia region.
The detailed investigation of the edifice morphology leads us to
conclude that the volcanic field experienced mainly effusive eruptions of
viscous, volatile poor magmas. However, we also noted the presence of
one of the best-preserved kilometer-sized composite volcanoes associ-
ated with a caldera-like rim on Mars whose formation was likely
controlled by both effusive and explosive eruption styles. The super-
position relationships between the edifices and fractured terrain allow
us to conclude that the most of the edifices within the volcanic field
might have been formed between the Late Hesperian and the Early
Amazonian. However, for some of the edifices, there is morphological
evidence such as well-preserved volcanic fissures and fresh-appearing
slopes that challenge these structural-based considerations. Therefore,
we also propose an alternative scenario assuming a second, Middle/Late
Amazonian episode of the volcanism in the Claritas Fossae region.

The obvious spatial association between the volcanic edifices and
LCP-rich surface compositions suggests eruptions of relatively primitive
magma likely produced by a high degree of partial melting. The LCP-rich
composition of the studied edifices might support the older, Hesperian-
age scenario confirming the hypothesis that LCP-dominated volcanism is
spatially related to ancient terrains. However, on the other hand,
assuming a Middle to Late Amazonian age for some of the edifices, the
studied volcanic field might bear evidence of the occurrence of local
magmatic systems generating LCP-rich melts in the Amazonian period,
with implications for the petrological and geochemical evolution of
Mars. Altogether, the morphological and spectral characteristics of the
small-scale edifices in the Claritas Fossae region appear to be quite
different in relation to other volcanic fields of similar geological settings
observed so far on Mars. This underlines the importance of studying old
and heavily fractured terrains on Mars that escaped the later resurfacing
caused by widespread and younger lava flows. Therefore, such in-
vestigations might provide previously unexplored knowledge about the
evolution of the Martian magmatic systems.
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