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Abstract Understanding the origin of the Hesperian‐aged sulfate‐bearing Equatorial Layered Deposits
(ELDs) is crucial to infer Mars' climatic conditions during their formation and to assess their habitability
potential. We investigated well‐exposed ELDs in Kotido crater (Arabia Terra) and produced a detailed
geological map of the crater infill, distinguishing different units within the ELDs based upon their
morphological and sedimentological characteristics.
The ELDs consist of interbedded light‐toned, darker‐toned deposits and mounds, associated with possible
fissure ridges. Although heavily eroded by younger eolian processes, we interpret these deposits and
their associated morphologies as remnants of depositional features and propose that they are the result of
fluid, gas, and sediment expulsion processes sourced from the groundwater. The textural characteristics,
their depositional geometry, the associated morphologies, and the inferred composition of the light‐toned
deposits suggest an evaporitic origin, whereas the darker‐toned deposits might reflect clastic sedimentary
processes, related or not to fluid expulsion and/or residual deposition following dissolution of the evaporites.
The relative ratio of fluids, salts, and clasts controlled the depositional process, analogous to what happens
in terrestrial playas. The controls on fluid expulsion is interpreted to depend on groundwater
emplacement and fluctuations, possibly related to climatic changes, and to the interactions with the
fractures related to the crater formation, which allowed the actual upwelling from a pressurized aquifer.

Plain Language Summary Light‐toned layered deposits rich in sulfates are widespread on Mars
in several locations. Understanding how these deposits formed is crucial to infer the climatic conditions
during Martian history and, in light of the fact that potentially similar deposits on Earth have been shown to
be conducive to bacterial life, is critical in the search for habitable environments on Mars. We focused on
Kotido crater because it shows a remarkable infill and excellent data coverage. We drew a detailed geological
map, recognizing subunits interbedded within the layered deposits: light‐toned and darker‐toned layers,
subconical mounds, and associated fractures. We interpret these materials to result from episodes of water
upwelling sourced from the subsurface: a mixture of fluids, gases, and sediments emerged in Kotido leading
to the deposition of the different subunits depending on the relative ratio of the upwelling materials in
the different phases. The mounds and fractures would represent the morphological expression of the
upwelling process, while the light‐ and darker‐toned material would represent the resulting deposits. The
proposed mechanism is identical to that of terrestrial environments such as playa and spring deposition
typical of arid settings where bacterial life is well adapted.

1. Introduction

Many sites in the equatorial regions of Mars (roughly within 30° north and south) host light‐toned layered
deposits, including Valles Marineris and the chaotic terrains (Al‐Samir et al., 2017; Baioni & Tramontana,
2017; Chapman & Tanaka, 2001; Davis et al., 2018; Flahaut, Quantin, Allemand, Thomas, & Le Deit,
2010; Flahaut, Quantin, Allemand, Thomas, 2010; Fueten et al., 2008, 2014, 2017; Glotch & Rogers, 2007;
Le Deit et al., 2008; Lucchitta et al., 1992; Murchie et al., 2009; Noel et al., 2015; Quantin et al., 2005;
Schmidt et al., 2018; Weitz et al., 2012, 2008), interior crater deposits (Allen & Oehler, 2008; Kite et al.,
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2013; Le Deit et al., 2013; Lewis et al., 2008; Murana, 2018; Pondrelli et al., 2015, 2011; Zabrusky et al., 2012),
the northern rim of Hellas basin (Ansan et al., 2011; Day et al., 2016; Moore & Wilhelms, 2007; Salese
et al., 2016; Wilson et al., 2007), and the intercrater plains of Arabia Terra and Meridiani Planum
(Grotzinger et al., 2005; Malin & Edgett, 2000; McLennan et al., 2005; Pondrelli et al., 2015). Dismissing
the fluvio‐deltaic deposits, they are grouped under the informal name of Equatorial Layered Deposits
(ELDs; Hynek et al., 2002; Okubo et al., 2009) and are included in the Hesperian and Noachian highland
undivided unit of the most recent global geological map (Tanaka et al., 2014). The spectral data obtained
from Observatoire pour la Minéralogie, l'Eau, les Glaces, et l'Activité (e.g., Bibring et al., 2005) on board
the ESA Mars Express mission and from the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) on board the NASA Mars Reconnaissance Orbiter (MRO; Murchie et al., 2007) detected
monohydrated and/or polyhydrated sulfates in association with most of the ELDs (e.g., Bibring et al.,
2006; Gendrin et al., 2005; Mangold et al., 2008).

According to studies from different locations (e.g., Bibring et al., 2006; Gendrin et al., 2005; Le Deit et al.,
2008; Pondrelli et al., 2015; Poulet et al., 2008), the stratigraphic distribution of ELDs ranges from the
Noachian‐Hesperian transition up to the lower Hesperian. These deposits would postdate the clay‐bearing
deposits of Noachian age, thus marking a major environmental change in Mars history from alkaline to
acidic environments (Bibring et al., 2006).

ELDs depositional environment(s) cover a wide range of possibilities, probably because of the large variety of
geographic locations and geological contexts in which they are found. Proposed depositional environments
include lacustrine (Fueten et al., 2017; Lucchitta et al., 1992; Newsom et al., 2003), sub‐ice volcanic
(Chapman & Tanaka, 2002; Komatsu et al., 2004), weathering of basalts (Madden et al., 2004), pyroclastic
(Hynek et al., 2002; Kerber et al., 2012; Scott & Tanaka, 1982), impact base surge (Knauth et al., 2005), dust
air fall (Michalski & Niles, 2012; Tanaka, 2000), eolian (Bennett & Bell, 2016), interplay between air fall and
eolian processes and groundwater fluctuations (Andrews‐Hanna et al., 2007, 2010; Andrews‐Hanna &
Lewis, 2011; Grotzinger et al., 2005; Murchie et al., 2009; Zabrusky et al., 2012), and groundwater upwelling
leading to spring deposit precipitation or mud volcano deposition (Rossi et al., 2008; Allen & Oehler, 2008;
Oehler & Allen, 2010; Pondrelli et al., 2015, 2011; Franchi et al., 2014).

Arabia Terra represents a strategic location in order to better characterize the ELDs and their potential
global geological significance because (a) here the transition between highlands and lowlands occurs
without a sharp dichotomy but through a gently north dipping landscape that may make it easier to under-
stand the possible interactions with groundwater (Figure 1a), (b) many authors reported evidence suggesting
a control by groundwater (e.g., Andrews‐Hanna et al., 2007, 2010; Andrews‐Hanna & Lewis, 2011; Franchi
et al., 2014; Oehler & Allen, 2010; Pondrelli et al., 2015; Rossi et al., 2008; Zabrusky et al., 2012), and (c) ELDs
in Arabia Terra show a considerable geological variability in terms of geometries of the deposits/basins,
morphological associations, sedimentary structures, and mineralogy (e.g., Allen & Oehler, 2008; Franchi
et al., 2014; Oehler & Allen, 2010; Pondrelli et al., 2015, 2011; Zabrusky et al., 2012). Moreover, the area is
close to and genetically connected with Meridiani Planum (Grotzinger et al., 2005), where the measure-
ments acquired through the Mars Exploration Rover (MER) Opportunity provide a unique ground truth
control, and also close to the ExoMars 2020 landing site in Oxia Planum.

The geological variability of these deposits imposes the necessity of detailed analyses in order to distinguish
and map the different types of layered deposits and the understanding of their mutual vertical and lateral
stratigraphic relations. Furthermore, the identification of the ELDs depositional geometries and architec-
tures is crucial to constrain the role of erosion, ultimately infer the depositional processes, and define a land-
scape of laterally and vertically related depositional environments.

The Kotido crater (centered 9.1°W, 1°N; Figures 1a, 1b, and 2a) is one of the many crater basins in Arabia
Terra (including among others Becquerel, Firsoff, Crommelin, Vernal, and Danielson craters) where ELDs
have been found. It represents a promising target because it shows a very distinct set of ELDswith limited dust
cover and it is relatively small so it can be mapped in detail using full coverage from both the High Resolution
Stereo Camera (HRSC) on board Mars Express (Jaumann et al., 2015; Neukum et al., 2004) and Context
Camera (CTX) on board MRO (Malin et al., 2007). Stereo pairs from the High‐Resolution Imaging
Science Experiment (HiRISE) on board MRO (McEwen et al., 2007) exist, including one that extend N‐S
across nearly the entire crater, providing constraints on the layer geometries throughout the basin (Figure 1b).
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Figure 1. The Kotido crater in the context of Arabia Terra. (a) Mars Orbiter Laser Altimete‐based shaded relief map show-
ing Arabia Terra. Topographic contours (in black, 1,000‐m spacing) are indicated. The white inset represents the location
of 1b. (b) Location map of Kotido crater on HRSC mosaic. The mapped area is outlined. The area is fully CTX covered,
while the footprints of HiRISE images and CRISM scenes (hourglass shape) are shown. The HiRISE images represent a
stereo pair from which a DEM has been extracted.

Figure 2. (a) CTX mosaic of Kotido crater. The mosaic is obtained from the images P17_007770_1794_XN_00S008W (Res. 5.46 m/pixel),
B19_016921_1818_XN_01N009W (Res. 5.54 m/pixel), and P06_003221_1815_XN_01N009W (Res. 5.38 m/pixel). (b) Perspective view of Kotido crater (HRSC
mosaic draped on HRSC DEM) showing the trace of the topographic profile shown in c (vertical exaggeration: 2). (c) The thicker line corresponds to the present
profile (based on HRSC DEM) while the thinner dashed line to the inferred profile immediately following the impact (Garvin et al., 2003). The hatched area
represents, although roughly, the basin infill.
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We interpreted the basin‐wide and internal architecture of the ELDs and analyzed their morphologies, tex-
tures, sedimentary structures, and composition characteristics with the aim to understand the processes and
environments of their formation. We then discuss our results to infer the geological setting and evolution of
Kotido crater in the framework of Arabia Terra clay‐ and sulfate‐bearing deposition (Salese et al., 2019).

2. Materials and Methods

HRSC data were processed using the JPL/DLR (Jet Propulsion Laboratory/Deutsches Zentrum für Luft‐und
Raumfahrt) Video Image Communication and Retrieval environment software. The Integrated Software for
Imagers and Spectrometers made by the U.S. Geological Survey (Anderson et al., 2004) was used for CTX and
HiRISE data. The resulting georeferenced images were imported into in a GIS‐based platform (ESRI ArcGIS)
in order to allow the integration of observations at different scales.

Digital elevation models (DEMs) were produced from CTX and HiRISE stereo pairs with the NASA Ames
Stereo Pipeline suite (Broxton & Edwards, 2008; Moratto et al., 2010). CTX and HiRISE data sets were
adjusted to the areoid, and the resulting DEMs were tied to the regional HRSCmosaic (in turn tied and bun-
dle adjusted to Mars Orbiter Laser Altimeter; Smith et al., 2001). Three‐dimensional visualization and sub-
sequent observations/measurements were performed through the analysis software QPS Fledermaus, Orion
(Pangaea Scientific, 2006–2011), and ESRI ArcScene. Layer thicknesses were obtained by measuring eleva-
tion and distance between each visible layer within a HiRISE DEM. Three transects were made along a line
parallel to slope and produced 13 layer thickness measurements. Measurements were corrected for dip and
typically have an error of ±0.3 m. Layer attitudes were measured within a HiRISE stereo pair and obtained
using Orion. The range of error within the dip measurements was between ±1° and ±9°.The error is always
less than the value of the dip to guarantee that the dip directions are valid (e.g., Fueten et al.,2008, 2014,
2017; Schmidt, Fueten, et al., 2018).

Hyperspectral data acquired by MRO's instrument CRISM were processed using the CAT (CRISM Analysis
Toolkit; Morgan et al., 2014) extension, developed by the CRISM Science Team, in ENVI software (Exelis
VIS). The spectral parameter maps were computed using the revised spectral parameter summary products
(Viviano‐Beck et al., 2014).

The topography of the crater (depth, rim height, central peak height, and diameter) following the impact has
been derived using the equations provided by Garvin et al. (2003) and Robbins and Hynek (2013). This
reconstruction is simply intended to provide the order of magnitude of the basin infill and not exact values.

The geological map was made using the software ESRI ArcGIS, at CTX scale (i.e., 1:20,000), by integrating
geological (layered/nonlayered deposits, tone, texture, and nature of the stratigraphic contacts), geomorpho-
logical (geometry of the deposits from basin to HiRISE scale, erosional patterns), available hints on miner-
alogy, and the stratigraphic positions within the succession. With the aim of mapping the units not just as
landforms (i.e., geomorphological map), but as deposits associated to landforms with unique layer attitudes
and what it can be inferred of its composition on the base of the available data (i.e., geological map; Pondrelli
et al., 2018).

3. Geology of Kotido Crater

Kotido crater is a complex crater that is ~40 km in diameter and about 1‐km deep, to the top surface of the
infill (Figures 2a and 2b). Its inferred geometry after the impact, computed using the methods described in
Garvin et al. (2003) and Robbins and Hynek (2013), is represented in Figure 2c together with the present
topography as measured in the HRSC‐based DEM. Even considering the intrinsic limits of this methodology
(i.e., impossibility to quantify the amount of eroded or eventually deposited other materials), and the degree
of arbitrariness in the process of superposition of the two profiles, which precludes obtaining precise values,
the order of magnitude of the basin infill thickness can be roughly estimated to be about 1 km. The thickness
of the infill is more or less constant throughout the crater, with a slightly higher thickness in the areas
approaching the crater margins (Figure 2c), where the ELDs consist of flat‐bedded or gently folded layers
that are unlikely to have resulted from landslides or slump processes. In that respect, Kotido is different from
the nearby Firsoff crater, where the maximum thickness of the basin infill corresponds to the crater central
peak (Pondrelli et al., 2015).
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The geologic map constrains the stratigraphic framework of the basin, but also the heterogeneity within the
ELDs deposits (Figure 3). The overall succession was divided into informal units with the exception of a few
units introduced by Tanaka et al. (2014). The units that we introduced have not been formally defined
because their lateral/vertical relations with similar deposits in other basins or with the clay‐bearing deposits
located in other parts of Arabia Terra are still largely unknown. The present work focuses on the units which
form the ELDs, and we refer to Pondrelli et al. (2015) for a detailed description of the other units, as well as
their mutual stratigraphic relations.

3.1. Units Predating ELDs

The substratum on which the ELDs are deposited is thought to be made of the Middle Noachian highland
unit (mNh), which is almost exclusively found at the crater rim. It consists of massive medium‐toned mate-
rial with sharp ridges suggestive of a competent lithology. This unit corresponds to the subdued cratered unit
(Nhc2) andmoderately eroded crater unit (c2) mapped by Hynek and Di Achille (2017). The c2 unit (Hynek &
Di Achille, 2017) corresponds to the Kotido crater rim. According to Tanaka et al. (2014), and Hynek and Di
Achille (2017), it represents an undifferentiated mixture of impact, volcanic, fluvial, and basin materials.

In the northeastern part of the study area mNh is covered by the ejecta from a roughly 10‐km large crater
that impacted the Kotido crater rim. We tentatively assign the ejecta from this crater, which corresponds
to the c2 unit according to the geological map of Hynek and Di Achille (2017), either to the Late Noachian
or to the Early Hesperian highland unit (lNh/eHh; Tanaka et al., 2014). This units display similar character-
istics to mNh but form plains. The lNh is rugged in places, while the eNh is generally smoother. They were
both interpreted as an undifferentiated mixture of impact, volcanic, eolian, and fluvio‐lacustrine materials
(Tanaka et al., 2014).

3.2. ELDs and Associated Structures

The ELDs rest nonconformably on top of the mNh or lNh/eHh units both in Kotido crater and in the nearby
intercrater plains (Figure 3; Pondrelli et al., 2015) and correspond to the undivided etched unit (HNMeu) by
Hynek and Di Achille (2017). They consist of light‐toned deposits, dark‐toned deposits, and interspersed
mounds of intermediate tone, although there are differences in the geometry, texture, associated morphol-
ogies, and observable sedimentary structures between those in the crater and those on the plateau
(Table 1 and Figure 4). Since this study focuses on the geology of Kotido crater, we refer to Pondrelli et al.
(2015) for the detailed description of the ELDs located on the plateau. The sedimentary infill of Kotido crater
(roughly 1 km) is at least 100 times thicker than on the plateau where it has been estimated to be around
10 m (Pondrelli et al., 2015).

In Kotido crater, the light‐toned deposits are well bedded (Figures 4a, 5a–5c, and 6a and Table S1), forming
meter‐thick layers, which are the smallest structures resolved by HiRISE images/DTMs and might corre-
spond to single beds or most probably bedsets. We measured the thickness of some bedsets in light‐toned
deposits that correspond to the best exposed successions within the HiRISE based DEM (Figures 5a–5c).
In particular, three sections (Figure 7d) were measured showing bedsets with a thickness roughly ranging
from 0.3 to 3.5 m (Figure 5d and Table S1). The stratigraphic relations between the sections were obtained
through ordinary projection techniques, showing that the Section A is the deepest section and stratigraphi-
cally older than the other sections, while Section C is made of the youngest bedsets (Figure 7a). The bedsets'
thicknesses do not show particular trends between the sections or within the individual sections but show a
gross thinning upward trend in Section A and possibly Section B and a thickening upward trend in Section C
(Figure 5e). However, the bedsets that can be measured are too few in number to infer reliable indicators for
such trends. Layer (bedsets) attitudes were measured for these sections, and even if the measured values are
too few to allow robust interpretations, it appears that slope values exceeding 5° are confined either close to
the crater margins (Section C) or close to mounds (Section A). These data are consistent with the visual
inspection of the HiRISE image draped on the stereo pair‐derived DEM (Figure 7c).

The light‐toned layered deposits are fragmented into polygons on average about 5 m in diameter (Figures 4b
and 6b). Polygons of such scale and morphology have been interpreted to be desiccation cracks (El‐Maarry
et al., 2013) produced by of postdepositional dehydration‐related contraction in sulfate sand (Chavdarian &
Sumner, 2006) or from postdepositional weathering (Chan et al., 2008). Irrespective of their origin and tim-
ing, these structures might overprint the sedimentary structures that might be otherwise visible at HiRISE
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Figure 3. Geological map of the study area. The AA′ trace represents the location of the simplified (ELDs undifferentiated) geological section presented in the bot-
tom right box. The section is drawn using Garvin equations to reconstruct the crater geometry. The BB′ trace represents the location of the section shown in
Figure 6a.
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scale (e.g., cross bedding such as the one documented in the nearby intercrater plain; Pondrelli et al., 2015).
The light‐toned layered deposits display very sinuous margins and undulated surfaces, often incised by
quasi‐circular depressions (Figures 4b and 6a). These characteristics are comparable both in shape and
size with dissolution‐related morphologies typical, although not exclusive, of evaporite rocks (Baioni &
Sgavetti, 2013; Goodall et al., 2000; Murana, 2018; Taj & Aref, 2015). Eolian erosion has been invoked to
explain similar morphologies (e.g., Chan & Netoff, 2017; Hynek et al., 2003; Zabrusky et al., 2012) in the
etched terrains of Arabia Terra and elsewhere. In Kotido crater, the eolian erosion is certainly important
and recognizable when it generates NE trending structures such as yardangs or iso‐oriented bedsets
morphologies (Figure 4a). Still, bedsets do not always show iso‐oriented boundaries (Figures 4a, 4b, 5b,
5c, and 7c) and sometimes show organizations and geometries whose directions are not consistent with a
formation by a unidirectional NE trending wind. This suggests that at least part of these morphologies
may be depositional.

The light‐toned bedsets appear to be interbedded with bedsets of darker‐toned deposits (Figures 3, 4a, and
4c). The extensive cover of relatively darker‐toned dust and dunes does not allow observing a contiguous
exposure of the stratigraphic succession. Light‐toned bedsets are generally bounded by debris. This suggests
the presence of a less competent interval but conceals the interval itself. Such an interval might consist of
either darker‐toned materials or simply light‐toned materials, made less resistant to weathering and erosion
because of different grain size and/or cementation. Dark‐toned bedsets, where visible, show different char-
acteristics as compared to the light‐toned bedsets. They show a much smoother texture and seem to fill and
adjust the irregularities left by the undulated surfaces and the quasi‐circular depressions of the light‐toned
deposits (Figure 4c). Moreover, they appear to be more easily preserved in topographically lower and more
protected parts of the basin, which suggest that they consist of relatively easily erodible materials (Figures 7d
and 7e). Accordingly, even if the darker‐toned bedsets might actually consist of lighter‐toned materials
appearing darker because of younger debris, they still show different characteristics that in turn suggest dif-
ferent depositional process (es) or material(s).

The layers gently drape the older succession and in the central part of the crater they appear to lie almost
horizontally, although undulating at a smaller scale (Figures 4b, 5a–5c, and 7a). Two gentle antiforms are
present close to the crater margins, possibly reflecting the existence of a buried terraced rim, which con-
strained the layers geometries (Figures 3, 7a, and 7c).

Mounds form in lateral continuity with the layered light‐ and dark‐toned deposits (Pondrelli et al., 2015).
They display a rounded geometry and sometimes an apical pit, and they consist either of poorly sorted
medium‐sized blocks (Bruno & Ruban, 2016) or of layered deposits indistinguishable from the other
ELDs (Figures 4c, 4d, and 9c; Pondrelli et al., 2011). These morphological/textural characteristics might help
to distinguish depositional mounds from simple erosional remnants, which tend to show a preferential elon-
gation and no difference in texture with the surrounding deposits (Pondrelli et al., 2011; Figures 7a–7d). The
ELDs of Kotido crater were indeed severely affected by eolian erosion as shown by the presence of mesas,
cuestas, and exposed bedsets and by the morphology of some mounds that are elongated, often consistently
in clusters, in a preferential direction (Figure 8). Such patterns suggest that winds shaped the morphology of
these mounds (Figures 8b–8d). Still, while at places the morphologies displaying a preferential elongation
direction are dominant or even almost exclusive (e.g., Figure 8d), in most cases the aligned mounds coexist
with the circular‐based and rounded mounds (e.g., Figure 8a). Circular‐based mounds are the dominant
mound type within Kotido crater. Unidirectional winds such as the ones that shaped the elongated mounds
cannot create a rounded shape through their induced erosional processes, whereas winds coming from

Table 1
Summary of the Stratigraphical, Morphological, and Textural Characteristics of the ELDs in Kotido Crater

Morphological association/layers geometry Texture

ELDs (interbedded
light‐toned deposits and
dark‐toned deposits)

Light‐toned deposits Gently inclined to
horizontal bedding

Mounds (locally
display also breccia)

Raised linear ridges Polygonal pattern
Dark‐toned deposits Sinuous margins Undulated surfaces

Quasi‐circular depressions
Smooth texture
Fill and adjust the irregularities
of the light‐toned deposits
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different directions form multiple flat surfaces (e.g., Várkonyi et al., 2016). In addition, the erosion on a
horizontally bedded succession should create a stair‐stepped profile or at least be characterized by a very
steep windward side and gradual gently dipping lee sides (e.g., Pelletier et al., 2018). Instead, the mounds
showing preferential elongation show a rounded surface and no asymmetry along the putative wind
direction (profiles in Figure 8b). These geometries suggest that the lengthened mounds were shaped by
winds but possibly acting on a preexisting topography. Accordingly, we consider that part of the mounds
(the circular‐based and possibly some of the elongated ones as well) might represent remnants of
depositional landforms.

ELDs are frequently associated with linear, layered, positive relief features that appear structurally
controlled and can reach kilometer scales (Figure 4a); we interpret these as fissure ridges (hereafter

Figure 4. (a) Units forming the ELDs inside Kotido crater: light‐toned deposits, dark‐toned deposits, and mounds. These units are associated with fissure ridges.
The boxes represent the locations of (b)–(d). Location of (a) is shown in the bottom right inset. North is up. (b) Detail of the light‐toned ELDs deposits. The
bedsets display sinuousmargins, and their surface is undulated. Frequent 10‐ to 30‐m large quasi‐circular depressions cut these deposits, which are also affected by a
meter‐scaled polygonal pattern. The polygonal pattern is shown in higher resolution in Figure 6b. (c) Detail of the dark‐toned ELDs deposits. These deposits
appear smoother than the light‐toned ones and appear to fill the irregularities left by the undulated surfaces and the quasi‐circular depressions of the light‐toned
deposits. (d) Detail of a mound. Mounds display a rounded geometry and sometimes an apical pit and medium block‐sized sediments.
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putative fissure ridges). Sometimes mounds (both rounded and elongated) are visible on the top of these
landforms. No comparable structures/morphologies have been recognized in other mapped units. The
orientation of the fissure ridges is variable (e.g., Figures 9a and 9b), consistent with what is expected
from an impact‐related fracturing (Figure 3), and do not appear to be remnants of eolian erosion. Even
if some of them were exhumed by eolian erosion, their shape suggests that they consist of materials
more resistant to weathering and erosion. Fissure ridges develop when fluids flow upward through
synsedimentary faults/fractures (Bargar, 1978). On Earth, they are especially common in association
with hydrothermal systems and travertine deposits (e.g., Bargar, 1978; Brogi & Capezzuoli, 2009;
Capezzuoli et al., 2018). The straight shape of these structures suggests a tectonic control on their
formation, and their positive topography suggests upwelling of material through faults/fractures
(Figures 4a, 9a, and 9b). These characteristics are also common in clastic dykes (or injectites; e.g., Hurst
et al., 2011) that form as a response to overpressure in fluid‐rich materials that become fluidized and

Figure 5. (a) Measured bedsets thicknesses and attitudes in section A. (b)Measured bedsets thicknesses and attitudes in section B. (c) Measured bedsets thicknesses
and attitudes in section C. (d) Table showing bedsets elevation, attitudes, and thicknesses. (e) Bedsets elevation versus thicknesses graph in the different sections.
Younging trends are indicated.
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move into younger strata, thus creating a network of intrusions forming
different geometrical patterns. Although difficult to discern, given the
available data set, between processes that are very similar, we favor the
hypothesis of a formation as fissure ridges. Clastic dykes are indeed
expected to consist of different materials from the host deposits and fre-
quently show a highly irregular geometrical pattern (Hurst et al., 2011),
none of which were observed in the structures of Kotido that display a
straight geometry, trend at high angles with respect to the bedding and
appear to consist of the same material as the ELDs. Nevertheless, it can-
not be excluded that they consist of ELDs belonging to the lowermost
part of the stratigraphic column. Even if a formation as fissure ridge
appears more consistent with the observations, the evidence is therefore
not fully diagnostic. In any case, these structures suggest some upward
movement, either of clastic fluidized material or salts‐rich fluids.
Locally, these structures were found associated to mounds (Figures 4a,
5a, 7a, 7c, and 9b), which may suggest a genetic association between
the two morphologies.

The mineralogical composition of the ELDs was analyzed using the
CRISM observations FRT16C56 and FRT170B5 (Figure 1b). The poor
quality of these observations did not enable a confident detection of
hydrated material, but considering that polyhydrated sulfates were
detected in the surrounding ELDs showing similar morphologies
(Pondrelli et al., 2015), ELDs in Kotido crater could correspond to sul-
fates as well. Any difference in mineralogical composition between the
dark‐toned and the light‐toned ELDs cannot properly be investigated
using the available CRISM observations because CRISM observations
do not have a high enough resolution. On the surrounding plateau,
ELDs are extensively present southeast of the crater, mostly occurring
in patches (Figure 3). Light‐toned, dark‐toned deposits and mounds
can be observed here as well. Still, due to their poor exposure, their tex-
tural characteristics, as well as the association with landforms, and the
possible presence of sedimentary structures cannot be observed. Several
kilometers south‐southeast of Kotido, ELDs have been shown to occur
in correspondence of dune forms and to form meter‐scale cross beds.

This is suggestive of eolian transport and of a flat‐lying to faintly bedded deposits, interpreted as playa
deposits (Pondrelli et al., 2015). They correspond to the upper etched unit (HNMe3) of Hynek and Di
Achille (2017).

3.3. Units Postdating ELDs

The hummocky material is stratigraphically above the ELDs with a disconformable contact (Pondrelli et al.,
2011, 2015). This unit consists of dark‐toned and smooth materials with gently undulated surfaces that
resemble hummocks and swales. Where this unit is subjected to eolian erosion, the resulting material forms
dunes, suggestive of a grain size roughly confined between fine sands and granules (Bridges & Ehlmann,
2018). The hummocky material is mostly located in topographic lows.

The ridged plains material (Scott & Tanaka, 1986), equivalent to the plains unit (Hp) of Hynek and Di Achille
(2017), rests unconformably on top of the ELDs and hummocky material in the southwestern part of the
mapped area (Pondrelli et al., 2015). It consists of flat and rough surfaces consisting of competent material.
This unit is widespread outside of Kotido, but in two patches inside the crater we mapped a unit with similar
characteristics (Figure 3). Although the areal extension of these patches is too small to allow proper compar-
ison, we tentatively attribute them to the ridged plains material.

The stratigraphic succession is capped by mass wasting deposits, mostly occurring on the crater slopes, and
by eolian deposits, including lithified and recent dunes and dust deposits.

Figure 6. (a) Example of ELDs bedsets showing sinuous margins and quasi‐
circular depressions. (b) Example of polygonal pattern. Location of (a) and
(b) is shown in the top right inset.
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4. ELDs Depositional Environments and Basin Evolution
4.1. Proposed Conceptual Model

We interpret the depositional environments of the ELDs in Kotido crater as a combination of spring mounds
and playa precipitation alternating with clastic transport phases and/or residual materials formed by evapor-
ite dissolution (Figure 10). Most of these processes would have sourced from groundwater. Salt‐rich fluids
would have been sourced from a pressurized aquifer through fissure ridges and mounds to deposit clastic
materials or precipitate evaporites immediately along the mounds' flanks or more distally forming the
layered deposits (Pozzobon et al., 2019). Groundwater seepage might also have occurred in the deepest parts
of the basin. Fluid expulsion processes are documented on Earth in a multitude of sedimentary settings
when pore gas and/or fluids within subsurface sediments are overpressurized (e.g., Van Rensbergen et al.,
2003). If the pore pressure is not dissipated through the sediment, it generates upward oriented escape paths
or uses preexisting fractures that can reach the surface (Allen et al., 2013; Van Rensbergen et al., 2003).

The extensive presence of fissure ridges and mounds (Figures 4a, 4d, and 9a–9c) points toward subsurface
upwelling and on a larger scale may explain the different thickness and geometries between the ELDs
located in the different craters and on the intercrater plains (Cadieux & Kah, 2015; Pondrelli et al., 2015;
Schmidt et al., 2018). Fissure ridges represent structurally controlled kilometers‐long topographically

Figure 7. (a) Geological section through Kotido crater realized in the area covered by the HiRISE stereo pair ESP_016776_1810_RED/ESP_016921_1810_RED
derived DEM (resolution: 1 m/pixel; see Figure 3 for location). Layers drape and onlap the crater deposits. The position of the measured bedsets sections is pro-
jected in order to infer their relative stratigraphic position. (b) Perspective view showing the layer geometry in the northern crater margin where layers are gently
folded forming an anticlinal structure shifting to roughly horizontal layers toward the deepest part of the crater. (c) Perspective view showing a gentle anticline
forming in the southern part of the crater. Bedsets onlap the crater margin. (d) Perspective view showing HiRISE image ESP_016921_1810_RED draped over the
HiRISE based DEM. The location of the measured bedsets is shown. The ELDs dark‐toned deposits appear to be distributed especially in the deepest parts of the
crater as it is emphasized in (e) by the same color‐coded image/DEM.
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high‐standing features made of layered deposits and in some cases exhibit mounds on their tops (Figures 4a,
9a, and 9b). Their morphologically distinct characteristics, emphasized by the straight alignment of ELDs,
suggest that they were a source for fluids that led to ELDs precipitation or at least cementation. These
structures are widespread in surrounding craters such as Vernal (Allen & Oehler, 2008), Crommelin
(Franchi et al., 2014), and Firsoff (Pondrelli et al., 2015), as well as in the intercrater plains (Edgett &
Malin, 2000). In Kotido crater they generally show either a roughly radial or circular distribution
(Figure 3), which suggests that they were at least in partially influenced by the faults/fractures associated
to the crater formation. Mounds have been interpreted as the results of fluid expulsion in other places in
Arabia, either as clastic (Pondrelli et al., 2011) or evaporitic processes (Allen & Oehler, 2008; Franchi
et al., 2014; Pondrelli et al., 2015) because of their conical shape, the presence in certain cases of an apical
pit and because of their texture: they consist either of medium‐blocks‐sized breccia or of layered deposits
that bend upward toward the mound (Pondrelli et al., 2015). In Kotido crater they are mostly

Figure 8. Eolian erosion shaping lengthened and sometimes aligned mounds (see the bottom right box for location of a to c). (a) Aligned rounded‐shaped and
lengthened mounds. (b) Aligned and lengthened mounds. The profiles show the geometry of the lengthened mound (based on HiRISE DEM). (c) Aligned and
lengthened mounds associated with some possible fissure ridges. (d) Aligned and lengthened mounds (see Figure 10a for location).
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concentrated in the central part and along the margins of the basin
(Figure 3), generally in clusters, sometimes in rows and sometimes
aligned along fissure ridges (Figures 4a, 4c, and 9b).

4.2. Possible Alternative Scenarios

Since the ELDs are generally subjected to severe wind erosion, as it is sug-
gested by the extensive presence of yardangs (e.g., Fueten et al., 2017), it is
critical to understand whether these are truly depositional landforms or
simply the product of differential erosion shaping originally much more
extended deposits (e.g., Bennett & Bell, 2016; Day et al., 2016). This in turn
reflects the more general problem of estimating the EDLs original extent
and how much has been removed by eolian erosion. The answer to this
question has deep implications for the interpretation(s) of their deposi-
tional environment(s). The geometry and thicknesses of the ELDs in dif-
ferent basins (both in craters and intercratered areas) are different from
each other (Cadieux & Kah, 2015; Pondrelli et al., 2015), which suggests
different accommodation spaces. Again, this might be controlled during
the deposition (different sedimentary thicknesses and geometries) or dur-
ing the erosional stage (different preservation potential depending on the
physiographic conditions). Erosion has been invoked to shape originally
uniform ELDs materials to their present patchy distribution (e.g.,
Andrews‐Hanna et al., 2010; Hynek & Di Achille, 2017; Malin & Edgett,
2000; Michalski & Niles, 2012). Under such scenario, eolian dunes
and/or dust (Bennett & Bell, 2016; Michalski & Niles, 2012; Tanaka,
2000) or pyroclastic materials (Hynek et al., 2002; Kerber et al., 2012;
Scott & Tanaka, 1982) might have been cemented by rising groundwater
(Andrews‐Hanna et al., 2007, 2010; Andrews‐Hanna & Lewis, 2011;
Grotzinger et al., 2005; Hynek & Di Achille, 2017; Murchie et al., 2009;
Zabrusky et al., 2012). Groundwater would have provided the possibility
to preserve the sedimentary materials that are located under the water
table whereas the loose materials above were preferentially subjected to
erosion. Similar to the scenario depicted in Figure 10 where groundwater
represents the most important control of the system, except that in this
case groundwater would have controlled the preservation rather the
deposition. The ELDs would thus represent a laterally uniform deposit,
regardless of their physiographic location.

Idealmounds that show conical morphologies consist of breccia at least in
their central part and display an apical pit that strongly suggests a deposi-
tional origin (Pondrelli et al., 2011). Unidirectional eolian erosion always
shows some preferential elongation and cannot produce perfectly
rounded structures (Figures 8a, 8b, 8d). Moreover, sometimes mounds
that display preferential elongation also show straight topographically
raised features that might represent fissure ridges (Figures 8b and 8c).
This might suggest that the eolian eroded materials originally had a differ-
ent resistance to weathering and erosion. In Firsoff crater, some layers
have been shown to bend upward toward the mounds (Pondrelli et al.,
2011, 2015). However, where HiRISE images are not available, the tex-
tural observations and the geometry of the layers cannot be properly eval-
uated (folding layers need a HiRISE‐based DEM and a good layer
exposure). So in these cases if the apical pit is not present (which may
be simply because they are covered by other sediments or eroded), then
the general conical morphology represents the only element to distinguish
between depositional and erosional features. However, at least some

Figure 9. Examples of putative fluid expulsion features (HiRISE image
ESP_016776_1810_RED, res. 0.5 m/pixel). Location of (a) is shown in the
top right inset. North is up. (a) N‐S trending fissure ridge. (b) NE‐SW
trending fissure ridge with mounds emplaced over it and around it. (c)
Mound showing an apical pit, a poorly sorted medium to coarse block sized
texture, and some faint bedding.
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mounds appear to show all the morphological and textural characteristics to suggest a depositional origin
linked to fluid expulsion processes (Figures 4d and 9c; Pondrelli et al., 2011).

ELDs have been shown to consist of different morphologies, textures, and sedimentary structures in
different settings (Murana, 2018; Pondrelli et al., 2015). In particular, in the intercrater plains south of
Kotido crater they occur in dune forms with meter‐scale cross bedding (Pondrelli et al., 2015). Such
morphologies/sedimentary structures have not been detected within Kotido crater, indicating lateral
variability among the ELDs. In turn this variability would suggest a system of interconnected depositional
environments rather than a spatially uniform fall out of dust/pyroclastic materials.

4.3. Geological Context

In order to put our results into a broader geological context, a couple of unnamed hourglass‐shaped cra-
ters located less than 65 km east of Firsoff crater were analyzed (Figure 11a). Pondrelli et al. (2015)
mapped this area showing that both craters contain an infill of ELDs and general characteristics similar
to Kotido (Figures 11b–11d). The northernmost crater is almost entirely filled with ELDs that cover nearly
the entire southern rim, onlapping against the mNh unit, which includes the craters rims (Figures 11a
and 11c). The ELDs also cover also the northeastern part of the crater rim (Figures 11a and 11e). Here
they show a fan‐shaped morphology that resembles features such as crevasse splays or washovers
(Figures 11a and 11e), suggesting that the ELDs debouched northward from the filled crater to the pla-
teau, not by breaching the rim but simply overstepping it. During this scenario, the ELDs would have
filled the northernmost crater and then debouched northward across the intercrater plains. Salt‐rich fluids
leading to almost immediate precipitation of evaporites would explain the lack of channels within the
fan‐shaped deposits of Figure 11e and also the lack of channels and deltas within the deposits of
Figure 11c. Still, the fan‐shaped morphology might also represent ELDs that originated on the plateau
and were remobilized into the craters or simply an erosional remnant of a previously much more laterally
extended deposit.

To redeposit ELD that were originally emplaced on the plateau into the craters would imply at least a
partially clastic‐dominated fluvio‐lacustrine depositional system. The material would have been trans-
ported through clastic processes to finally settle in the craters through clastic and/or evaporative pro-
cesses. Such a scenario would explain the difference of stratigraphic thickness between the successions
located in the plateau (partially erosional domain) and the craters (depositional domain). However, it is
not supported by the paucity of channels in the nearby intercrater plain or by the fact that the crater
rims are generally unbreached (e.g., Kotido and Firsoff craters). Figure 11c shows the transition
between the craters where there is no evidence of channels and/or deltas that would support a fluvio‐
lacustrine scenario.

Figure 10. Conceptual geological model of the ELDs genesis in Kotido crater. The source of the fluids rests in the ground-
water, and fluid upwelling occurs through fissure ridges and spring mounds. The layered deposits consist of light‐toned
and darker‐toned bedsets both sourcing from the same conduits. We interpret the light‐toned bedsets as formed by
evaporitic processes and the darker‐toned as related to clastic deposition.
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Figure 11. (a) Unnamed hourglass‐shaped craters located less than 65 km east of Firsoff. North is up. Both craters show an infill made by ELDs as it is shown in (b)
and (d). The northernmost crater is almost filled by the ELDs that cover almost entirely the southern part of the rim (c). In the northwestern part of the crater, the
ELDs appear to breach the rim and debouch in the plateau (e). Location of (a)–(e) and Figure 8d is shown. Contour lines are 100 m spaced. (b) ELDs in the
northernmost crater. (c) Passage between the northern and the southernmost craters. Eolian erosional features are widespread. (d) ELDs in the southernmost
crater. (e) ELDs sourcing from the crater to the plateau.
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The possible formation of the fan‐shaped morphology depicted in Figure 11e as an erosional remnant
reflects the more general possibility that ELDs originally represented a much larger depositional body and
distributed both in the craters and on the plateau (Andrews‐Hanna et al., 2010; Andrews‐Hanna & Lewis,
2011; Michalski & Niles, 2012; Zabrusky et al., 2012; Michalski et al., 2013; Hynek & Di Achille, 2017).
Again, this scenario would imply a consistent lateral uniformity of the deposits in terms of morphological
association and textural characteristics, but the duneforms made of meter‐scale high‐angle cross bedding
found in the intercrater plain just south of Kotido appear to be different from the ELDs located inside the
craters (e.g., Figures 4a, 4b, and 8b–8d). Moreover, meter‐scaled cross bedding suggests tractional transport
in an eolian depositional setting (e.g., Reading, 2009). High‐angle cross bedding is not consistent with
dust‐air fall deposition, while pyroclastic deposits generally form low‐angle cross bedding from antidunes
(e.g., Reading, 2009).

Erosional processes affecting materials with similar geological properties and groundwater protecting the
lower parts from erosion through cementation and/or evaporite precipitation are expected to produce planar
surfaces (Stokes surface; Fryberger et al., 1988). This surface (or surfaces if more groundwater fluctuations
are recorded) would correspond to the groundwater level marking the erosion of the uppermost loose mate-
rials and the preservation of the lowermost cemented deposits. Even if the material below these surface(s)
was obviously subjected to erosion as well, the different erosional rates should still be recognizable, espe-
cially at a regional scale, with the development of large flat surfaces and terrace‐like platforms.

Probably our study area is not large enough to address this issue, but the maximum elevation of the ELDs in
the northernmost crater does not correspond to the maximum elevation recorded in the terrace‐like features
bounding the southernmost crater (Figure 11a). Terrace‐like platforms are also present around Kotido but
without the lateral continuity that a Stokes surface is expected to generate (Figure 3). Moreover, in Kotido
crater the bedsets' attitudes appear to be consistent with a formation of these platforms as a response to
the original crater morphology (Figure 3, section AA’), rather than suggesting a portion of a once extensive
preservation surface. Furthermore, the volume of eroded material would be (not so much in Kotido, but
especially in bigger craters such as FIrsoff or Crommelin) huge (Zabrusky et al., 2012).

In any case, the sedimentary thickness appears to be controlled by the different accommodation space
within the different craters and intercrater plains, whereas the base level controlling the accommodation
space is given by the groundwater and its fluctuations through time. Regardless of the depositional
processes, that is, whether the groundwater provided salt‐rich fluids to precipitate evaporites or favored
lithification of previously deposited materials, it appears that the groundwater acted as the main control
on ELDs deposition and/or preservation.

An important role of groundwater in ELDs deposition in Arabia Terra was already suggested for the case
of sulfate‐bearing materials (Andrews‐Hanna et al., 2007, 2010; Allen & Oehler, 2008; Rossi et al., 2008;
Andrews‐Hanna & Lewis, 2011; Pondrelli et al., 2015, 2011; Michalski et al, 2013; Franchi et al., 2014)
and for the clay‐bearing materials located in the deepest craters of Arabia Terra (Salese et al., 2019).
In the specific case of the study area, groundwater might have acted by providing pressurized fluids rich
in salts, gas, or sediments, which led to water upwelling and evaporite precipitation, and/or the empla-
cement of mud volcanoes. Alternatively, groundwater might have provided fluids rich in salts to favor
the diagenesis of already deposited clastic sediments. In this latter case, sediments might have been
deposited through eolian, dust/air fall, or volcaniclastic processes. Still, this formational process would
imply much more laterally and vertically relatively uniform textural and morphological characteristics,
which contrast with the observed variability and morphologies such as mounds and fissure ridges
(Figures 4 and 9).

The different characteristics of the light‐ and darker‐toned deposits suggest different emplacement pro-
cesses. Light‐toned deposits show textures, sedimentary structures (i.e., the polygonal cracking pattern)
and are associated with morphologies indicative of an evaporitic depositional process. In particular, the
quasi‐circular depressions and the rounded and/or rimmed margins suggest a formation through dissolu-
tion process, typical, although not exclusively, of evaporitic rocks (Baioni & Sgavetti, 2013; Murana, 2018).
The polygonal cracking pattern in analogue terrains has been interpreted to have been formed by large
desiccation cracks (El‐Maarry et al., 2013), which is also consistent with the presence of evaporites.
Similar to the quasi‐circular depressions and the rounded and/or rimmed margins, polygonal cracking
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is not exclusive of evaporites. Chavdarian and Sumner (2006) interpreted it to result from postdepositional
dehydration‐related contraction in cemented sulfate sandstone and Chan et al. (2008) to postdepositional
weathering. Moreover, polygonal cracking is very typical in clay‐bearing deposits on Mars (e.g., Bishop
et al., 2008; Le Deit et al., 2012). Nevertheless, the mutual association of morphologies and structures
is consistent with the presence of rocks with an evaporitic content. Moreover, clay‐bearing deposits com-
monly display polygonal cracking but not quasi‐circular depressions. A formation by postdepositional
weathering is likely characterized by cracked/fractured margins, whereas the layers appear smooth
and rounded.

The darker‐toned deposits show much smoother textures and appear to fill the irregularities of the light‐
toned deposits. They are generally either covered by reworked eolian dune deposits showing the same
texture and color, or they are located mostly in the deepest and/or more protected parts of the crater
(Figures 3 and 7d). These observations suggest that these deposits consist of materials more easily eroded
by eolian processes (i.e., relatively fine‐grained and/or poorly cemented). The observable characteristics
do not appear to be consistent with evaporite depositional processes.

Light‐ and darker‐toned deposits and mounds are interbedded (Figures 12a–12c), which implies a genetic
relation among them. Dark‐toned bedsets are not always evident, because they are often covered by recent
dunes and dust (Figure 12c). We interpret the landforms depicted in Figure 12a as embedded mounds
because they show the presence of block‐sized materials and because of their rounded shape. No unidirec-
tional wind can produce such a shape, even less so within a specific stratigraphic interval as the case of
Figure 12a. Moreover, the visual inspection of layer attitudes using HiRISE‐based 3‐D reconstructions shows
that layers dip shallowly in opposite directions on either side of the mounds (Figures 12b and 12d). We need
to be very cautious with these scattered observations because HiRISE DEM coverage and bedsets' exposure
do not allow us to constrain them consistently over the study area. However, when the mounds are far from
the crater rims such as in Figure 12, the gentle anticlines that formmight be the result of higher depositional
rates associated with the mounds, whereas the gentle antiforms forming close to the crater rims might be
inherited by the topography of the crater that the layers drape. Still, the possibility that these structures
are tectonic, similar to collapse structures, cannot be ruled out.

Alternating light‐ and darker‐toned deposits suggest changes in the depositional processes. The characteris-
tics of light‐toned bedsets point toward an evaporite deposition, while darker‐toned bedsets may reflect
clastic and/or residual depositional or postdepositional processes, respectively. The lateral and vertical asso-
ciation of these deposits with fluid expulsion features such as mounds and fissure ridges suggest that the
evaporite deposits were derived by sulfate‐rich fluids that were sourced from the groundwater and then
precipitated either on the flanks of the mounds or around them, forming flat‐lying layers draping the basin.
The darker‐toned deposits might represent clastic products of fluid expulsion, possibly associated with
phases richer in water that did not allow precipitation. Under such a scenario, coarser‐grained materials
would be constrained close to the source areas (fissure ridges and mounds) and finer‐grained materials
would settle throughout the basin. Clasts would source from deeper parts of the stratigraphic column either
with or without postdepositional mineral transformation. The resulting, possibly cyclic, depositional pattern
would in some way be similar to the one found in terrestrial playa deposits (e.g., Handford, 1982), although
in that case the water source would have come from surficial drainage processes. Alternatively, darker‐toned
deposits might correspond to completely different processes than the light‐toned ones, such as the fall out of
dust during dry phases cemented by the following stage of water table rising. This would also explain the
cyclic light‐dark pattern. These deposits might also represent, entirely or in part, the residual products
(i.e., the deposition of remobilized weathering products and the indirect accumulation of insoluble materi-
als) of the solution processes affecting the lighter‐toned materials (e.g., Bruthans et al., 2009).

This interpretative scenario raises issues about the mechanisms, which favored groundwater upwelling, and
include either a regional or a catastrophic control. In the first scenario, possibly climatic‐driven groundwater
fluctuations led to phases of fluid upwelling through preexisting (regional and/or impact crater‐related)
faults/fractures systems. In the catastrophic scenario, groundwater upwelling would be made possible by
the impact process itself.

In the northeastern margin of Kotido crater, a wide terrace (up to 7 km large) is evident (Figure 3). Its lateral
extension is confined just west of a roughly 10‐km large crater that impacted Kotido's rim, so that the terrace
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appears to include this small crater ejecta on which ELDs were deposited (Figure 3). ELDs appear to postdate
the small crater formation because the terrace is very smooth and flat, and it extends laterally quite far from
the crater, thus implying an origin not related to the crater formation. Moreover, the layers below the terrace
appear to be undisturbed. This implies that ELDs deposition occurred after the small crater was emplaced,
which in turn entails that ELDs deposition in Kotido is not directly connected to Kotido's impact process.

Figure 12. (a) Perspective view of the ELDs located in correspondence of the upper right inset (HiRISE image draped on HiRISE‐derived DEM). Light‐toned and
darker‐toned bedsets andmounds are interbedded andmounds are partly embayed by younger layered deposits. AA′ represents the trace of the geological section of
(d) with indication of the horizontal line. The black box indicates the location of (b) and (c). (b) Detail of (a) with a different perspective view to emphasize the
different dip of the layers on either sides of the mounds. (c) Detail of (a) with a different perspective view to show interbedding light‐ and darker‐toned gently
dipping bedsets. (d) Geological section through the AA′ trace. The dimensions of the mounds and the bedsets are emphasized here together with the stratigraphic
relations between the ELDs units. Dotted lines represent inferred mound morphology and layer boundary.
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Groundwater upwelling was most probably controlled by regional processes (e.g., climatic?). The estimates
for the cryosphere depth for this area of Mars during the Noachian‐Hesperian transition do not exceed a
few kilometers (e.g., Clifford et al., 2010; Weiss & Head, 2017), not far from the inferred base of many
craters in Arabia Terra (including Kotido's) and probably within the reach of the fractures associated with
craters formation (Pozzobon et al., 2019).

5. Conclusions

We analyzed the geology of Kotido crater with the aim to map the different units forming the ELDs, under-
stand their mutual stratigraphic relations, and infer the depositional environments in which they formed.
Finally, we tried to contextualize the local evolution of Kotido crater within the framework of the whole
light‐toned deposits of Arabia Terra.

Within the ELDs we recognized three units: light‐toned deposits, darker‐toned deposits, and mounds.
These units are interfingered, which implies a genetical relation among them, and are frequently
associated with raised linear ridges interpreted as fissure ridges. We discussed the possibility that these
deposits/morphologies represent erosional remnants of laterally much more extended and uniform units
instead of depositional bodies. Although erosion is shown to have heavily affected the whole ELDs, we inter-
pret the ridges and the mounds as depositional, fluid expulsion‐related features. The light‐toned deposits
show characteristics consistent with evaporite deposition, including the quasi‐circular depressions, the
undulated surface, the sinuous margins, and the polygonal pattern. In contrast, the darker‐toned material
accumulates to fill the irregularities of the light‐toned deposits, appears much smoother than the light‐toned
materials, and, in general, does not show characteristics that can be linked to evaporitic processes. Hence,
we tentatively interpret the darker‐toned material as a result of clastic depositional processes and/or as resi-
dual deposits. The fluid expulsion processes, possibly depending on the varying relative ratio between fluid,
clasts, and salts, might alternatively led to clastic deposition (darker‐toned deposits) and evaporite deposi-
tion (light‐toned deposits). Alternatively, darker‐toned deposits might represent dust material deposited
during quiescent phases of the fluid expulsion process and cemented by the following water table rising.

These processes would be controlled by groundwater emplacement and fluctuations. Such dynamics might
have possibly controlled by climatic changes and interactions with the fractures related to the crater forma-
tion, which allowed the actual upwelling from a pressurized aquifer.
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