
Planetary and Space Science 210 (2022) 105389
Contents lists available at ScienceDirect

Planetary and Space Science

journal homepage: www.elsevier.com/locate/pss
Morphological analyses of small and medium size landforms in Scandia Cavi
and Olympia Undae, Northern circumpolar region of mars

Marina S�anchez-Bayton a,*, Miguel Herraiz a,b, Patrick Martin c, Beatriz S�anchez-Cano d,
Erwan Tr�eguier e, Akos Kereszturi f,g

a Department of Physics of the Earth and Astrophysics, Universidad Complutense de Madrid (UCM), Madrid, Spain
b Instituto de Matem�atica Interdisciplinar (IMI), Madrid, Spain
c ESAC (European Space Astronomy Centre), Villanueva de La Ca~nada, Spain
d School of Physics and Astronomy, University of Leicester, Leicester, UK
e Formerly at ESAC (European Space Astronomy Centre), Villanueva de La Ca~nada, Spain
f Research Centre for Astronomy and Earth Sciences, Konkoly Thege Miklos Astronomical Institute, Hungary
g European Astrobiology Institute, Hungary
A R T I C L E I N F O

Keywords:
Mars
Volcanic landforms
Scandia cavi
Olympia undae
* Corresponding author.
E-mail address: marinasanchezbayton@ucm.es (

https://doi.org/10.1016/j.pss.2021.105389
Received 14 May 2021; Received in revised form 2
Available online 27 November 2021
0032-0633/© 2021 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

This article presents a systematic morphological analysis of the topographic landforms at Olympia Undae and
Scandia Cavi in the northern circumpolar region of Mars. The study has been performed using images from Mars
Express and Mars Reconnaissance Orbiter, as well as topographic profiles from Mars Global Surveyor of 200 small
and medium-size geological landforms (16 km diameter on average). The main morphometric parameters of these
landforms have allowed their classification into three groups that include cratered structures, non-cratered
structures, and complex irregular structures. In the cratered group, three subgroups can be distinguished: cra-
tered cones, impact craters and undifferentiated craters. In turn, the non-cratered group includes two subgroups:
peaked domes and simple domes. Their possible relation to internal, surface and impact processes is discussed.
1. Introduction

In this article we conduct a systematic analysis of the morphology and
occurrence of topographic landforms in the region of the northern
circumpolar area of Mars that spans between 72�-80� N and 150�-230� E.
This region includes a small part of Olympia Undae (68.500 km2) and a
large area of Scandia Cavi (302.810 km2). These two different sized areas
show different areal density of landforms that populate them: Olympia
Undae has a very low number of visible structures and almost all of them
are located close to Scandia Cavi, while the number and variety of
landforms is larger in Scandia Cavi and they are scattered throughout the
whole area.

Olympia Undae is located in the southern part of Olympia Planum, on
its border with Scandia Cavi, and overlaps the deposit of water ice and
sand that lie beneath the current ice cap. This zone, known as Cavi unit, is
made up of aeolian sand and water ice underlying the Late Amazonian
north polar layered deposits. Its strata of Middle to Late Amazonian age
constitute a record of wind patterns and past climate (Nerozzi and Holt,
2019). In turn, Cavi unit lies over the Vastitas Borealis Interior Unit
M. S�anchez-Bayton).
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(VBIU). The thickness of Cavi unit diminishes towards the south of
Olympia Planum. Below Olympia Undae is only several tens of meters
thick and disappears below Scandia Cavi that lies over Vastitas Borealis
directly. Olympia Undae’ surface is composed of migrating dunes and
sand sheets with thicknesses ranging between meters and tens of meters
while Scandia Cavi is characterized by a very uneven surface. Chrono-
logically, Olympia Undae is composed mainly by Middle to Late
Amazonian materials, and Scandia Cavi by Early Amazonian components
(Tanaka et al., 2008; Rodriguez et al., 2021).

A map showing the main features of the geology and topography of
the study area is displayed in Fig. 1a, where the different structures that
are studied in this work are highlighted in pink color. This Figure also
contains two elevation and slope profiles that cross both regions and
show their different topographic characteristics (Fig. 1b and c). In
particular, Olympia Undae is the largest continuous dune field on Mars
and covers an area of 470.000 km2 with an average elevation of 4.250 m
below the reference ellipsoid. It presents few well-defined positive
topographic features. By contrast, Scandia Cavi, which is located at the
southern border of Olympia Undae, is composed of two rugged
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Fig. 1. (a) MOLA-based map of the study area with
the 200 landforms studied in this work, super-
imposed over a 1:15,000,000 geological map from
Skinner et al. (2006).(b, c) Topographic (black) and
blended slope (blue) profiles with distance crossing
different landforms in Olympia Undae and in Scan-
dia Cavi. These two profiles correspond to the lines
marked in (a) and offer a quick view of the geologic
structures of this study. The border between Scandia
Cavi and Olympia Undae is marked with a red ver-
tical line.
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mountainous terrains that extend for 200 and 300 km, respectively. It
includes irregularly shaped depressions (also called “cavi”) surrounded
by tens-to hundreds-of-meters-high rough terrain (Tanaka et al., 2003,
2008). Both regions have received increasing attention in recent years
because: (1) Olympia Undae is the location of the largest gypsum deposit
on Mars to date (Langevin et al., 2005; Fishbaugh et al., 2007; Horgan
et al., 2009; Mass�e et al., 2012) and (2) the presence of mega ripples and
seasonal dune movement within Scandia Cavi (Tanaka et al., 2003, 2005,
2008; Boazman et al., 2020). Since the formation of gypsum (hydrated Ca
sulfate, CaSO4 � 2H2O) requires liquid water, its presence sets out new
questions about the aqueous history and the geological evolution of the
entire region. Theories to explain the origin of the gypsum in the
northern polar region include interaction of Ca-rich minerals with
water-containing sulfuric acid of volcanic origin (Langevin et al., 2005;
Fishbaugh et al., 2007), ice cap melting during warm periods (Langevin
et al., 2005), and evaporation of saline waters (Szynkiewicz et al., 2010).
A more exhaustive study of the topographic landforms can contribute to
significantly improve our understanding of the area, as well as of the role
played by volcanism in the origin and evolution of gypsum. Moreover, it
may help to identify possible past heat sources that are so far unknown.

Various positive topographic structures such as cones and domes,
whose origin may be volcanic, have been previously analyzed in the
northern circumpolar region (Garvin et al., 2000a,b; Kneissl and Neu-
kum, 2008; Tanaka et al., 2009; Fagan et al., 2010; Putzig et al., 2018;
Krasilnikov et al., 2018). Many of them are particularly difficult to
characterize from orbiter images because they have a relatively small size
(~2 km), occasionally are affected by sediment covers (such as ice or
dunes), or underwent significant erosion. Moreover, the coverage limi-
tation of remote-sensing missions at high latitudes has resulted in fewer
high-quality images of the area. Besides, several of these landforms are
found very close to or even overlapping each other, making the analysis
more complex. However, the main difficulty in the data acquisition
comes from the limitations of the available terrain digital elevation
models. In this work, we have only used the Mars Orbiter Laser Altimeter
(MOLA) data supported by High Resolution Stereo Camera (HRSC) and
Context Camera (CTX) images. These datasets will be explained in more
detail in the next Section.
2

In this study, we select 200 small and medium-size landforms (their
diameter varies between 3 and 68 km, being on average 16 km) from the
Olympia Undae and Scandia Cavi areas. All landforms are located be-
tween 4300 and 4900 m elevation below the MOLA Martian reference
datum (Smith and Zuber, 1999). The main objective is to identify,
characterize and catalogue these landforms, which are of special interest
for understanding the overall history and evolution of the area, one of the
youngest parts of the planet (Weiss, 2019). To that end, 1477 images
from Mars Express (MEX) and Mars Reconnaissance Orbiter (MRO) are
analyzed, together with topographic information. We categorized each of
the structures in three groups based on the presence (or lack) of a visible
crater in the images, and on their topographic characteristics. As
described later in the paper, these groups are: cratered-structures, non--
cratered structures and irregular structures. Then, we perform a
comprehensive analysis of their topographic characteristics to evaluate
three possible origins: (1) “internal” such as subsurface processes, e.g.
volcanic activity, (2) “surface processes”, when the phenomena occur
either above the surface or close to it, such as aeolian processes driving
erosion or deposition, or near the subsurface such as sublimation and
subglacial processes, and (3) “impact”-related, when the process is
originated from an impact event.

2. Datasets

This research uses orbital images of the northern polar region from
different cameras, such as the High Resolution Stereo Camera (HRSC)
(Neukum et al., 2004a,b) onboard MEX (Chicarro et al., 2004) and the
Context Camera (CTX) (Malin et al., 2007) onboard MRO. The HRSC
camera has a basic resolution of 10–20 m/pixel in stereo that can be
increased to 2–5 m/pixel when Super-Resolution Channel (SRC) is acti-
vated. HRSC images cover nearly the entire Martian surface. This in-
strument allows analyzing details down to 10–30 m. In this study, we use
221 different radiometrically calibrated HRSC Nadir images of Level 3
(photometrically normalized). CTX are black-and-white images with a
spatial resolution of 6 m/pixel (Malin et al., 2007) with a good coverage
of the planet entire surface. We have used 1205 images of this kind. We
have also used 51 images obtained by the High Resolution Imaging



Fig. 2. Top and medium panels: Representation of the different morphological
parameters used in this study for the different types of landforms. (a) Structures
with a deep crater (Dcr) that is greater than the landform height over the terrain
(Hco). Wcr and Scr respectively are the largest and smallest lengths of the crater,
and Wco and Sco the largest and smallest lengths of the base of the structure. (b)
Same parameters for structures with craters that are less deep than the landform
height. (c) Same parameters for structures without crater. (d) Same parameters
for irregular structures. Bottom panels: Methodology applied in this study for
the same structure: (e) Orbital image of a landform where the morphological
parameters described in the first part are marked. (f) 3D topographic map with
the terrain elevation in colors. (g) 2D map of blended slopes. (h) 2D topographic
map with the terrain elevation in colors. (i, j) Altitude-distance profiles corre-
sponding to the dashed line profiles of panel h. In these profiles, and in all that
appear in the following figures, the origin of the X-axis corresponds to the first
letter in alphabetical order marked in the corresponding profile line.
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Science Experiment (HiRISE) (McEwen et al., 2010) on board MRO that
partially cover 18 of our landforms.

The topographic information comes from the digital elevation model
(DEM) and digital terrain model (DTM) based on data from the Mars
Orbiter Laser Altimeter (MOLA; Smith et al., 2001) onboard Mars Global
Surveyor (MGS). This instrument achieves precise topographic infor-
mation of the Martian surface by measuring the time of flight of laser
pulses sent by the instrument to the surface and then back to the
spacecraft at a rate of 10 Hz. MOLA provides measurements of the
topography of Mars with a surface spot size of approximately 120 m. The
center-to-center along-track footprint is 330 m and the vertical accuracy,
including the radial orbital error, is 10 m (Smith et al., 2001). The
topography is expressed in IAU2000 planetocentric coordinates refer-
enced to the latest Mars gravity model (Smith et al., 1999).

3. Methodology

We focus on small and medium-size landforms with diameters be-
tween 3 and 68 km that are covered by enough images and topographic
profiles of good quality. Thus, a set of 200 landforms was selected.
Concerning the size, 86 (43%) of the chosen structures have a basal area
smaller than 50 km2, and 27 (24%) of the 114 remaining structures are
smaller than 100 km2. With respect to the location, 23 topographic
landforms are situated in Olympia Undae and 177 in Scandia Cavi. The
lesser number of landforms found in Olympia Undae can be due to the
sand coverage there, and to the different geological history (Krasilnikov
et al., 2018). Fig. 1a shows the distribution of these 200 landforms,
whose main morphological parameters are displayed in Fig. 2a–d and
will be explained below.

The data analysis is performed using the JMARS (Java Mission-
planning and Analysis for Remote Sensing) software tool (Christensen
et al., 2009). This is a geospatial information system (GIS) based software
that provides data-analysis tools for NASA Mars missions such as MGS,
fromwhich theMOLA data are obtained. The JMARSmap created for this
study is freely available at S�anchez-Bayton et al. (2021) and a full list of
acronyms used in this work is available in Table 1. Fig. 2e–j summarize
the main steps of the methodology adopted to characterize the structures.
The subsequent steps are the following:

� Using the DEM/DTM data in JMARS, the terrain is surveyed in order
to find the landforms that have enough observations (both images and
topographic data). Landforms with and without craters are separated.

� Using JMARS, a grid of profiles over each structure is made, from
which the MOLA topographic altitude is retrieved. The slopes are also
obtained from longitude-latitudemaps in JMARS (Fig. 2f) retrieved as
a blend of the DEM/DTM data derived from MOLA and HRSC data.

� Based on the MOLA retrievals, 2D and 3D views of each landform are
created using a gridding and surface mapping software. The joint
visual analysis of the 2D/3D orbital view (Fig. 2e) and the 2D topo-
graphic map with the terrain elevation in colors (Fig. 2f) give the first
approach of the main geomorphological characteristics of the land-
forms (being cratered or non-cratered structure, degree of
complexity, and presence or lack of ejecta). In particular, several
morphological parameters such as those highlighted in Fig. 2a–d are
retrieved: shortest and longest crater diameter (Scr and Wcr,
respectively), Crater Depth (Dcr), shortest and longest basal diameter
(Sco and Wco, respectively) and altitude (Hco) with respect to the
terrain (base of the structure). This classification follows the same
criteria than Bro�z and Hauber (2013), and Lenhardt et al. (2018) for
the nomenclature.

� In order to analyze the nature of each landform, further parameters
are also considered. These are maximum (MxE) and minimum (MiE)
elevation of the structure and basal area (A). For the analysis of the
cratered landforms (Fig. 2a and b) the crater area (Acr) is added and
Hco is taken as the highest height from the terrain to the near upper
rim measured (Fig. 2a and b). For non-cratered landforms, Hco is
3

measured as the difference MxE-MiE (Fig. 2c and d). The whole set of
retrieved parameters is provided in the Supporting Information File.

� Using the derived morphological parameters, the structures are
classified according to three groups:

o Cratered structures (Fig. 3): For those structures with craters, first,
we take into account the depth of the craters and whether they are deeper
than the surrounding terrain. Second, we search for the presence of ejecta
around the craters. In this group, we can distinguish three subgroups. (1)
Cratered Cones (CC): they have a shallow crater above the terrain and no
ejecta. (2) Impact craters (IC): they have a deep crater often below the
terrain and there is a clear signature of ejecta. (3) Undifferentiated



Table 1
Acronyms used in the article.

CC Cratered Cones Dcr Crater Depth A Basal Area MOLA Mars Orbiter Laser

IC Impact Craters Acr Crater Area Hco Altitude MEX Mars Express
UC Undifferentiated Craters Wcr Crater Longest Diameter Wco Basal Longest Diameter HRSC High Resolution Stereo Camera
PD Peak Domes Scr Crater Shortest Diameter Sco Basal Shortest Diameter MGS Mars Global Surveyor
SD Simple Domes MxE Maximum Elevation MiE Minimum Elevation CTX Context Camera
IS Irregular Structures MOC Mars Orbiter Camera

MRO Mars Reconnaissance Orbiter

Fig. 3. Representative examples of cratered landforms. a) Cratered cones, b) Impact craters, c) Undifferentiated craters. For all of them, the first column contains an
orbital image of the landform with the main morphological parameters defined (same style as in Fig. 2e). The second column shows a 2D map of the structure blended
slopes, and the third column a 3D altitude-colored topographic map where several morphological parameters are also marked.
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craters (UC): They have mixed characteristics of CCs and ICs.
o Non-Cratered structures (Fig. 4a–b): Depending on their location,

those structures without craters are classified into two subgroups. (1)
Peaked Domes (PD): They are situated over Scandia Cavi, have a general
peaked shape, and their bases are narrow in comparison to their height.
(2) Simple Domes (SD): They are located over Olympia Undae. They have
low-medium heights with a dome-shaped upper part without noticeable
features in the top and are surrounded by a semi-arc-shaped feature that
is lower than the surrounding terrain.

o Irregular Structures (IS) (Fig. 4c): These structures are situated both
over Olympia Undae and Scandia Cavi and are composed by a group of
sub-structures considered as elements of a bigger landform instead of
individual structures because a larger topographic unit containing the
substructures is clearly identified.

A more detailed description of the characteristics of each subgroup is
given in the next Section.

Our analysis could be affected by two main sources of errors. The first
one is the general uncertainty of the original dataset. The MOLA
4

instrument has a range resolution of 37.5 cm, a range precision of 1–10m
for surface slopes of up to 30�, and an absolute accuracy of 1 m with
respect to Mars' center of mass (Aharonson et al., 2001). According to
Fagan and Sakimoto (2012), the vertical precision of the MOLA dataset
for structural slopes of < 2� is approximately 37 cm, and varies up to 10
m for a 30� slope. This uncertainty does not significantly affect our study
because most of the 200 structures only reach a slope value smaller than
9�. Considering the positioning, although the MOLA footprints are
approximately 120 m in diameter and are spaced ~330 m apart, analyses
indicate that random errors in position are less than 100 m (Smith et al.,
2001). The second source of error is related to any possible systematic
errors due to the pixel pointing accuracy in JMARS. However, we
consider that they may not be significant because horizontal errors be-
tween two neighboring MOLA data points are less than 10% of the
structure diameter. The average MOLA's along-track spacing is ~330 m
and most of the analyzed structures are several kilometers large in hor-
izontal dimensions. However, the uncertainty could be larger for the
smallest structures.



Fig. 4. Representative examples of non-cratered landforms and irregular structures. a) Peaked domes, b) Simple domes, c) Irregular structures. This figure has the
same format as Fig. 3.
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4. Results

The 200 topographic landforms are catalogued based on their
morphology in three groups that include Cratered, Non-Cratered and
Irregular Structures. The first two are based on the presence (or lack) of a
visual crater in the structure, the third group gathers complex landforms
that share some geological and geomorphological properties of the other
two. Within the cratered group, three subgroups can be distinguished:
Cratered Cones (CC), Impact Craters (IC) and Undifferentiated Craters
(UC). In turn, the non-cratered group includes two subgroups: Peaked
Domes (PD) and Simple Domes (SD). Figs. 3 and 4 display a represen-
tative example of each type and the main parameters obtained in each
case. For instance, the first column shows orbital images where the
Table 2
Summary of main morphometric parameters. A complete list of statistical morphome

CC IC UC

Total number 87 30 12
ΔDcr (km) 0.002–0.153 0.013–1.340 0.016–0.204
Dcr (km) 0.026 0.194 0.075
ΔHco ðkmÞ 0.029–0.568 0.058–0.496 0.042–0.445
Hco (km) 0.167 0.162 0,171
Hco= Dcr 12.87 1.495 3.336
Wcr (km) 2.606 8.772 5.258

Scr (km) 2.314 8.438 4.850

Wco (km) 7.989 21.904 13.742
Wcr= Wco 0.336 0.474 0.431
Scr= Wcr 0,88 ~1 0.92
Sco= Wco 0.835 0.959 0.833
ΔAcr (km2) 0.13–24.97 7.44–354.15 2.670–55.780
Acr (km2) 5.612 76.301 20.009
ΔA (km2) 4.46–648.40 69.720–2217.780 18.753–1511.0
A (km2) 75.927 447.834 224.774
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horizontal dimensions on the crater are marked. The second column
displays the latitude-longitude map of slopes, and the third column
presents the 3D topographic view. Some key morphological parameters
have been indicated in these latest plots as complement to the idealized
view shown in Fig. 2a–d in order to visualize how each parameter is
measured for real structures. The actual parameters are listed in Table 2.
Fig. 5a displays the location of the 200 landforms over the study area
color-coded by type of subgroup, and Fig. 5b shows their longitude-
latitude distribution. Finally, in order to investigate each subgroup
characteristics, the ratio Hco/Wco versus area is plotted in Fig. 5c, which
separates each subgroup into different clusters with the exception of the
UC landforms which do have mixed signatures of other subgroups as
described in Section 4.1.3.
tric parameters is provided in the Supporting Information file.

PD SD IS

40 6 25
n/a n/a n/a
n/a n/a n/a
0.078–0.679 0.143–0.369 0.218–0.592
0.253 0.220 0.402
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
7.565 8.794 34.176
n/a n/a n/a
n/a n/a n/a
0.781 0.768 0.756
n/a n/a n/a
n/a n/a n/a

70 9.689–318.600 39.300–126.690 152.237–3698.845
43.17 70.090 986.848



Fig. 5. (a): MOLA-based map showing the 200
landforms represented in Fig. 1a but now high-
lighted in different colors according to their classi-
fication into one of the six different categories:
Cratered Cones (CC, in green), Impact Craters (IC, in
red), Undifferentiated Craters (UC, in yellow),
Peaked Domes (PD, in purple), Simple Domes (SD,
in light pink), and Irregular Structures (IS, in blue).
(b) Distribution of all landforms of this study in
longitude versus latitude. (c) Ratio Hco/Wco versus
Area of all the landforms of this study.
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4.1. Cratered landforms

This group consists of 129 topographic structures that appear to
feature a crater, which are divided in three subgroups: CC, IC and UC.
Fig. 6 shows representative examples of images and topographic profiles
that are described as follows.

4.1.1. Cratered cones (CC)
This subgroup includes 87 landforms, all of them located in Scandia

Cavi (Figs. 1a and 5a). These landforms are elevated with respect to the
surrounding terrain and present a well-defined cone shape with one or
several small and shallow craters on the summit (but not necessarily at its
center). These shallow craters, marked with yellow arrows in Fig. 6, have
depths varying between 15 and 100 m. Such small depth can create the
Fig. 6. Representative examples of the Cratered Cones subgroup. Orbital images are
corresponding to the line marked on the images are shown in the bottom row. The

6

visual effect of a flat surface at the top of the cone, but craters are clearly
visible in high-resolution images and in topographic profiles. The shapes
of the craters are variable, with several irregular and elliptical shapes.
Moreover, CCs do not have very steep slopes (Fig. 6) and do not have
signs of presence of ejecta. Another characteristic of these landforms is
that the crater area, Acr, is smaller than the base, A.

CCs have large variability in size parameters and blended slopes (see
Table 2). In particular, crater depth ranges between 0.002 and 0.153 km,
being on average 0.026 km (Figs. 3a and 6a), while the average height of
the landforms is 0.167 km, which leads to an average Hco/Dcr ratio of
12.87. The craters are not fully circular in general, being their longest
dimension, Wcr, on average, 2.606 km, and the shortest, Scr, 2.314 km.
The average of the longest dimension of the crater is much smaller than
the longest dimension of the base, Wco ¼ 7.989 km. The average ratio
shown on the top row and topographic (black) and blended slope (blue) profiles
yellow arrows in the orbital images point to the crater features.
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Wcr/Wco is 0.33. Nevertheless, both the crater and the base are regular
in terms of their long and short lengths as the Pearson correlation coef-
ficient R2 of their linear fits (Wc-Scr and Wco-Sco) is 0.94 and 0.79,
respectively. These values underline the homogeneity of this group with
respect to their crater and basal shapes. With respect to the area, the
craters vary between 0.13 km2 and 24.97 km2 with an average of 5.61
km2 and the bases between 4.46 and 648.40 km2 giving an average of
75.92 km2. These results emphasize a characteristic difference between
the size of the base and the top of these landforms.

4.1.2. Impact craters (IC)
This subgroup is made of 30 landforms, two are located in Olympia

Undae and 28 in Scandia Cavi. We have included a very large crater,
named Dokka (IC-05),that has a longest dimension of 52.600 km in
comparison to the averageWcr¼ 8.772 km of the rest of the landforms of
this subgroup. Dokka is a well-known crater of meteoritic origin (Conway
et al., 2012), with clearly-defined characteristics that we use as a refer-
ence to identify other smaller IC structures with similar features and
shapes. However, this crater is not included in our statistics as it is a clear
outlier in size.

IC landforms are sub-circular depressions that cut into the regional
topography with a raised rim. They are relatively easy to distinguish from
other subgroups because they have a deep, very circular central crater
that is much deeper than the CC ones, and a crater rim above the sur-
rounding terrain. The crater constitutes a large part of the landform, and
it is very often surrounded by a notably elevated wall encircled by well-
defined ejecta (e.g. Fig. 7). As these features are related to impact pro-
cesses, we have named them Impact Craters. IC is the only subgroup in
this study that has the origin implicit in the name.

Figs. 3b and 7 show examples of this subgroup. For ICs, the crater area
varies between 7.44 and 354.15 km2 with an average of 76.30 km2 (see
Table 2). Most craters are almost perfectly circular, having a ratio of Scr/
Wcr~1. They are also notably deep as Dcr ranges from 0.013 to 1.340 km
and has an average of 0.194 km. In turn, Hco varies between 0.058 and
0.496 km, and its average is 0.162 km. The ratio Hco/Dcr is 1.49, which
is much lower than that of CC (which is 12.87). This low ratio reflects
that for 20 out of the 32 ICs, Dcr > Hco and the crater is below the
surrounding terrain. Several of these craters can have interior deposits of
sand (such as IC-04, Fig. 3b) or ice (such as Dokka, IC-05 in the Sup-
porting Information File).

ICs can look partly similar to CCs because both present a crater
feature but they differ in other clear features: IC craters have a perfectly
circular shape while CCs typically do not, and, usually, they are accom-
panied by ejecta, which is not present at all in CCs. In addition, IC craters
are deeper and bigger than CCs as can be seen comparing themean values
of Dcr (0.194 km for ICs and 0.026 km for CCs) and Acr (76.30 km2 for
Fig. 7. Representative examples of the Impact Craters subgroup. Orbital images are
corresponding to the line marked on the images are shown in the bottom row. The
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ICs and 5.61 km2 for CCs).

4.1.3. Undifferentiated craters (UC)
This subgroup is formed by 12 landforms located in Scandia Cavi, all

of them with a large and circular central crater that does not cut below
the surrounding topography and presents very steep edges.

UCs have mixed morphological characteristics of ICs and CCs (see
Table 2). For instance, the large and circular crater (average Scr/Wcr ¼
0.92) of these structures could be associated with impact processes. The
only partial exception is UC-03 that has two craters probably caused by
an oblique impact (Fig. 8). In addition, 7 out of the 12 landforms present
a clear ejecta (see, for instance, UC-05 in Fig. 8) which is also a distinctive
feature of ICs. However, these craters are shallow, with crater depth
averaging 0.075 km, and, as CCs, clearly stand above the surrounding
terrain. Besides, UC-05 has a topographic profile showing a shape more
similar to CCs than to ICs, as can be noted in Fig. 8. Nevertheless, these
characteristics do not satisfy the requirements to consider the landforms
as either CCs or ICs, in part because the satellite images do not offer
enough resolution. Therefore, the classification of these landforms as CCs
or ICs is not clear in all cases.

As described below, this characteristic morphological mixture is
accompanied by structural parameters that tend to be larger than those of
CCs and smaller than those of ICs.

4.1.4. Comparison between CC, IC and UC subgroups
Fig. 9a shows a topographic comparison of three structures of similar

size from each of the three subgroups of cratered landforms. It can be
noted that UC landforms have intermediate characteristics to those of CC
and IC subgroups.

Fig. 9b–d represent the distribution of Hco of all the cratered land-
forms versus three parameters that describe the crater: depth, area, and
largest horizontal dimension. As can be seen, Hco of CCs (green dots)
varies between 0.029 and 0.568 kmwith a mean value of 0.166 kmwhile
the variation of ICs (red dots) ranges from 0.058 to 0.496 km and the
mean is 0.176 km. Thus, height cannot be a criterion to differentiate
them. For UCs, Hco ranges from 0.029 to 0.568 km, and the mean value is
also 0.15, i.e. its height variation is intermediate to that of the two other
groups. Focusing on the Hco-Dcr pairs (Fig. 9b), there is a clear difference
between CCs and ICs, CCs having a smaller Dcr than ICs, and UCs being in
between the two groups. UCs landforms show a ratio Hco/Dcr of 3.22
while the values of this ratio for CCs and ICs are 12.87 and 1.49,
respectively. This result indicates that the craters of the UC landforms
also are above the terrain, but they are not as shallow as the CC land-
forms. A similar differentiation between CCs and ICs is shown in Fig. 9c,
where the Hco versus Acr variation is represented. This Figure clearly
indicates that ICs have larger Acr values than CCs, 20 km2, being on
shown on the top row and topographic (black) and blended slope (blue) profiles
yellow arrows in the orbital images point to the crater features.



Fig. 8. Representative examples of the Undifferentiated Craters subgroup. Orbital images are shown on the top row and topographic (black) and blended slope (blue)
profiles corresponding to the line marked on the images are shown in the bottom row. The yellow arrows in the orbital images point to the crater features.

Fig. 9. (a) Comparison of three representative landforms belonging to the different subgroups of cratered landforms: CC-68 (green), IC-06 (red), and UC-01 (yellow).
The three orbital images and a comparison of their altitude profiles are shown. (b) Hco versus Dcr for all cratered landforms. (c) Same for Hco versus Acr, (d) Hco
versus Wcr, (e) A versus Acr. (f) Dcr versus Acr, and (g) Wcr versus Wco.

Fig. 10. Representative examples of the Peak Domes subgroup. Orbital images are shown on the top row and topographic (black) and blended slope (blue) profiles
corresponding to the line marked on the images are shown in the bottom row. The yellow arrows in the orbital images point to the peaked features.
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average, the limit that separates both groups. UC landforms continue
occupying positions between these two groups. Something alike happens
in Fig. 9d that represents Hco versus Wcr where ICs show larger values of
Wcr than CCs (the averages are 8.772 km for ICs and 2.606 km for CCs)
and UCs are situated between these two subgroups.

Moreover, in order to show the landform steepness and provide other
criterion to better distinguish the three subgroups, Fig. 9e–g show the A-
Acr, Dcr-Acr, and Wcr-Wco relations. As can be seen, the three plots
display a clear distinction between CCs and ICs and an intermediate
position for UCs.
4.2. Non-cratered landforms

The group of landforms without evidence of a crater-like feature
within the structure includes 46 topographic positive landforms that we
name with the generic term of domes. We note that Cones is another
possible term that could be used for some of these structures, but taking
into account that their interior is clearly above the terrain and they adopt
varied shapes (spherical to ellipsoidal, rounded, elongated) we consider
that the term domes reflect their nature better. Figs. 10–12 show repre-
sentative examples of images and topographic profiles of subgroups that
are described below.

4.2.1. Peaked domes (PD)
All the 40 positive topographic landforms that compose this subgroup

are located in Scandia Cavi. They are undulated and steep-sided struc-
tures with one (e.g., PD-03, PD-05, PD-06, Fig. 10) or several peaks,
marked with yellow arrows (e.g., PD-04, Fig. 10), but without craters.
Many of these structures resemble a conical shape (Fig. 10) and, in some
cases, can be mistaken as CCs. However, they are differentiated from this
subgroup of cratered landforms because PDs lack a summit depression
(i.e., craters), have steeper walls than CCs, and their basal areas, that
yield an average value of 43.17 km2, are smaller than those of CCs whose
average is 75.92 km2 (see Table 2). The Hco and Wco averages of PD
landforms are 0.253 and 7.565 km, respectively, with an average Sco/
Wco ratio of 0.78 as they occasionally show a circular shape (e.g., PD-03,
PD-05 and PD-14, Fig. 10). PDs can occur as isolated structures situated
close to Olympia Undae such as PD-03, or as landmarks placed among
other small landforms such as PD-05 and PD-06.

4.2.2. Simple domes (SD)
This subgroup is composed of 6 landforms (Fig. 11) that follow a

longitudinal alignment near 80� latitude in Olympia Undae (Fig. 5) and
present several characteristic features. They have low-medium heights
with a domical-shaped upper part without noticeable features at the top.
They also share a characteristic asymmetry with a lower rim toward the
southwest, opposite to the higher rim in the northeast at all cross-
sectional profiles (see pink shadow area and slope profiles in Fig. 11).
SDs have a predominantly circular basal shape, although part of their
structure is covered by dunes, and only an arc-shaped zone is visible
(Fig. 11). A surrounding trench, which depth can reach an average value
Fig. 11. Representative examples of the Simple Domes subgroup. Orbital images are
corresponding to the line marked on the images are shown in the bottom row. Th
characteristic of this type of structures.
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of 100 m, can be observed in SD-02, SD-03, SD-04 and SD-05 occupying
half of the perimeter of the landform. The SDs subgroup contains the
smallest landforms of Olympia Undae of our sample and their area varies
between 39.30 km2 (SD-04 and SD-05) and 126.69 km2 (SD-01) with an
average of 70.09 km2 (see Table 2). The Hco and Wco averages are 0.220
km and 8.794 km, respectively. This type of structures is not found in
Scandia Cavi as they are difficult to identify in such rugged terrain that
contains a large number of landforms that can hide these small structures.

4.3. Irregular structures (IS)

This category encompasses the remaining 25 landforms, some of
them studied previously by Tanaka et al. (2003) in their analysis of
Scandia Tholi and Cavi, and the south of Olympia Planitia, zones that
form a region broader than our study area. Five of these 25 landforms are
located in Olympia Undae (IS 01–05) and the rest in Scandia Cavi (IS
06–25).

These landforms are the biggest structures analyzed in this study, and
are named Irregular Structures (IS) here, because of their very irregular
shapes and complex sub-structures. Fig. 12, that shows 5 landforms of
this group, and the blended slope map and the 3D image of Fig. 4c,
indicate that ISs can be identified as a single structure (occupying all the
basal area) composed of several small subunit landforms (Tanaka et al.,
2003). These small landforms can be both cratered and non-cratered
structures, including mounds, impact craters and peaked structures
with large variability in size and shape. Nevertheless, all these small
landforms were considered as elements of a bigger landform instead of
individual structures. These characteristics lead us to consider these
structures as a separate type of landforms.

The basal area of these landforms varies between 152.24 and
3698.85 km2, with an average of 986.85 km2 (see Table 2). Therefore,
they are the biggest structures of our sample set. The longest basal
diameter, Wco, is on average 34.176 km, and the height, Hco, 0.402 km.
The height of these topographic features is similar in Olympia Undae and
Scandia Cavi, as well as the elongation of their base given by the ratio
between the shortest and the longest diameters (Sco/Wco ~0.76).

4.4. General comparison

We have shown in this Section that the selected structures clearly
belong to six different classes with marked differences.

In terms of location (Fig. 5a), IC and IS landforms are present both in
Olympia Undae and Scandia Cavi. In contrast, the SD group is only
located in Olympia Undae, and the UCs, CCs and PDs are only found in
Scandia Cavi. The largest amount of CCs can be found in the western part
of Scandia Cavi, and the maximum number of PDs in its eastern zone. In
addition, there are several UC, CC and PD landforms that can be found at
the boundary transition of both regions.

In general, the areal distribution of the structures does not exhibit any
linear or curvilinear pattern (Fig. 5a). The only exception are some SDs
and the five ISs located near the border between Olympia Undae and
shown on the top row and topographic (black) and blended slope (blue) profiles
e pinkish area highlights the depressed zone surrounding the landform that is



Fig. 12. Representative examples of the Irregular Structures subgroup. Orbital images are shown on the top row and topographic (black) and blended slope (blue)
profiles corresponding to the line marked on the images are shown in the bottom row.
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Scandia Cavi, where, as can be seen in Fig. 1, the sand layer is less thick
(Tanaka et al., 2008). Some other structures could exist in the region that
are not visible due to the sand layer.

Comparing the basic morphometric parameters between the six
different categories, we find that cratered landforms have the largest
scatter in size, while SDs and PDs are generally smaller in both horizontal
and vertical dimensions. IS landforms are the biggest, and ISs and PDs
have the most diverse morphology. It is important to keep in mind that
the true size of some of the structures, especially those in Olympia Undae,
could be somewhat greater as they might be partially buried in the sand.

Fig. 13a–c are to compare some characteristics of the non-cratered
structures with those of the Irregular ones. Panel 13a displays the Wco-
Sco relations in the three groups, which is linear. This indicates that in
the three cases, their bases are almost circular. The distribution in the
plot shows the largest size of IS landforms and the smallest of PDs. The
SDs occupy an intermediate position. This distribution is also present in
Fig. 13b where the topographic profiles of three representative structures
are displayed. The contrast of the IS profile with those of the non-cratered
structures brings to light the high complexity that IS structures can reach.
In turn, Fig. 13c that represents height (Hco) versus basal area (A), shows
that Peaked Domes are the highest and the Simple Domes the lowest. ISs
have a 2–3 times larger diameter than PDs and SDs, and smaller heights
than the highest PDs but larger than SDs. This figure also indicates that,
although the mean values of PDs are similar to SDs and ISs, the main
difference with them is their smaller basal area.

5. Discussion

We have performed a detailed geomorphological analysis of 200
topographic features identified in Olympia Undae and Scandia Cavi
areas. This analysis has led to classifying these landforms into three main
groups: cratered structures, non-cratered structures and other complex
landforms named ‘irregular structures’. A discussion of their possible
formation processes is done in order to constrain the role they play in the
geological evolution of the study area. For that, three possible origins are
considered: (1) “internal” such as volcanic process; (2) “surface pro-
cesses” when the phenomena occur either above its surface and close to
it, such as aeolian processes that generate erosion and deposition, or just
below it as CO2 sublimation and subglacial processes; (3) “impact”, when
the process is originated by an impact event such as meteorites coming
from comet debris, asteroids or meteoroids.

5.1. Internal processes

These are caused by the heat release through two basic mechanisms:
conduction and convection from inside the planet.

Volcanic processes (including subglacial volcanoes). The com-
parison of CCs with similar landforms in other regions of Mars might also
give insight into their origin. Cratered Cones are small to medium-sized
landforms (area ranging from 4.47 to 648.40 km2) whose morphometric
characteristics and size are similar to other landforms that have been
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observed at other Martian locations (Fagan et al., 2010; Skinner and
Tanaka, 2006). Small volcanic cones are located not only in the largest
Martian volcanic provinces, i.e., Tharsis, Elysium, or in large crater ba-
sins such as Hellas, but also at several other sites scattered around the
planet (Hauber et al., 2011; Bro�z and Hauber., 2012; Bro�z et al., 2015).
Focusing on the diameter distribution, it can be noted that CCs have
similar Wcr to the volcanic candidate cones at Isidis and Amazonis Pla-
nitiae, which diameter varies from 30 to 1000 m (Fagents et al., 2002).

Some models describing the volcanism in the circumpolar region
favor the sub-ice growth of volcanoes (Head and Pratt, 2001; Hovius
et al., 2008). In this process, hot lava and cold surface ice interact, pro-
ducing liquid and gas phase H2O, what could lead to explosive eruptions.
The explosion would generate the crater whose initial shape and depth
would be modified by processes involving ice-water phase change,
induration originated by deposition of external ice, and ice-related
alteration by glacial or periglacial processes (Hargitai and Kereszturi,
2015). These processes can also include sublimation of deposited ice and
related collapse (Fishbaugh and Head, 2005; Fishbaugh et al., 2007;
Tanaka et al., 2009; Szynkiewicz et al., 2013). The changes could be even
more disruptive if these processes affect the crater subsurface fault
pattern. This situation could be a possible scenario for a significant
number of our CCs. It can also be an explanation for the origin of the
Irregular Structures because permafrost lasts for a long period (e.g. oc-
casionally more than a billion years) as this area had sub-zero tempera-
tures for most of the geological history, even considering the effect of
climatic changes too (Clifford et al., 2010). The eruption of mud or
slurries, water and gases that drive to the formation of mud volcanoes
could be further mechanisms playing a role in the formation of part of the
big structures, such as the ISs (Kite et al., 2007). This can be the case of
the broad hills in Olympia Undae, classified as IS in this work and
considered as tholi by Tanaka et al. (2003). Slurries expelled to the
surface from below could have contributed to the formation of these
landforms while more energetic processes such as collapses generated by
phreatic or cryoclastic eruptions, could have produced the characteristic
depressions of Scandia Cavi and some of its biggest landforms.

Several examples have been studied on Mars for lava-water in-
teractions (Squyres et al., 1987; Chapman and Tanaka, 2002; Warner and
Farmer, 2010). Rootless cones can form via explosive interactions of lava
and shallow subsurface ice (Lanagan et al., 2001) and is worth consid-
ering that Wcr of CCs is similar to the rootless cone candidates with
~100 m diameter at Amazonis Planitia (Greeley and Fagents, 2001).

The presence of different subglacial volcanic structures is confirmed
both on Earth (Pedersen and Grosse, 2014) and Mars (Ghatan and Head,
2002; Pedersen, 2016). Fagan et al. (2010) studied four landforms within
this region, of which two correspond to CC-05 and CC-06 established in
this study. Those authors classify these landforms as steep-sided cones,
which suggest possible subglacial volcanic origin.

5.2. Surface processes

Aeolian processes. Strictly speaking, Aeolian processes are not



Fig. 13. Comparison of non-cratered landforms and Irregular Structures. (a)Wco versus Sco for these two groups:(b)Same for Hco versus Area, and (c) Comparison of
characteristic elevation profiles with distance from three landforms belonging to these categories: PD-14, SD-03 and IS-06.
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primary formation mechanisms but could have contributed to the
appearance of PD and SD structures. Aeolian effects are frequent in the
northern polar region of Mars (Garvin et al., 2000), and the circumpolar
erg (Breed et al., 1979) with some isolated barchans (Bourke et al.,
2004). These features are clearly different from the separate dunes which
are characteristic of the crater interiors of the southern highlands (Fenton
and Hayward, 2010). The six SDs located in Olympia Undae between 79�

and 81� N are situated 50 km from each other. Their arc-shaped erosional
“depressions” next to an elevated structure are situated on the north-
eastern side (Fig. 11), which is compatible with wind-driven formation
processes because, at least at present, the primary wind has this direction
(Ewing et al., 2010; Hayward et al., 2014; Fernandez-Cascales et al.,
2018). Therefore, the primary wind could have played a role in their
formation, but aeolian mechanisms were probably not the only forces at
work. Half of the SDs (SD-02, SD-04 and SD-05, Fig. 11) have a crescent
shape with arc-shaped missing parts in the northeastern section. They
partly resemble horseshoe-shaped barchan dunes (Bourke and Balme,
2008) and their size (4–15 km) is around the upper limit of the diameter
range for barchans on Mars (Parteli et al., 2014). Their height varies
between 146 and 369 m, greater than those assumed for Mars (Bourke
et al., 2006). Surrounding trenches are present in the case of four of the
landforms of this type, what might be linked to climate-related processes
such as oriented deposition and sublimation of volatiles around heights,
partly similar to other sublimation-related depressions at middle- and
high-latitude terrains of Mars (Zanetti et al., 2010).

Erosion, exhumation and sublimation. As commented before, the
analysis carried out with the Mars Reconnaissance Orbiter Shallow Radar
(SHARAD) over the northern polar area by Nerozzi and Holt (2019)
points to the fact that layers of water ice were deposited in the Vastitas
Borealis Interior Unit and superimposed to sand sediments that experi-
mented cementing processes. The CO2 ice is deposited and when the
temperature increases (Buhler and Piqueux, 2021), sublimates below the
CO2 layer eroding the structures, and modifying their shape. In some
cases, structures with greater depths of crater and size, such as the impact
craters Dokka (IC-05) and Jojutla (IC-08) accumulate water ice inside as
studied by Conway et al. (2012). Our entire study area has been influ-
enced by these processes that affect the shape of all kinds of structures
and produce irregularities in the profiles of deep craters. These processes
keep acting presently and, therefore, the formation of each structure
should be studied individually, but this is not the subject of this paper.

5.3. Impact processes

Impact craters can also witness alteration processes similar to those
described above and according to the study of Conway et al. (2012) the
shape alteration of deep impact craters with ice-rich mounds inside is due
to the CO2, water ice and sublimed H2O interactions driven by seasonal
environmental changes.

The IC landforms could be related to five types of morphological
characteristics originated by impacts: “round crater”, “excess ejecta”,
“perched”, “pedestal” (Kadish and Head 2011, 2014) and “ellipsoidal”
(Chappelow and Herrick, 2008) craters. In the first two types, the impact
excavates both an ice-richmantle and a silicate regolith layer (Kadish and
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Head, 2011). The ejected rocky material covers the icy layer and pre-
serves it from sublimation. Consequently, either it generates an excess
ejecta crater (Black and Stewart, 2008) or a perched crater if a subse-
quent infilling process occurs, elevating the crater surface over the sur-
rounding terrain. Excess ejecta craters are younger and deeper than
perched ones and can be distinguished as the ejecta is up and under the
terrain's topographic level. For example, IC-12, IC-15, IC-17 and IC-30
are representative examples of this type of ICs (see Fig. S2 of the Sup-
porting Information File).

Perched craters are older landforms with a characteristic profile of an
ejecta zone and a shallow crater located over the surface level (Boyce
et al., 2005; Garvin et al., 2000b; Meresse et al., 2006; Kadish and Head
2011, 2014). IC-04, IC-10, IC-11, IC-14 and IC-20 are examples of this
subgroup. As commented in Section 4.1.2., impact-related landforms are
also distinguishable from the CCs because they have a deeper crater. In
this study, the crater depth difference when comparing IC and CC land-
forms with a similar Wcr can reach 100 m. In some cases, small perched
craters can be confused with CC or some UC, because the sediments and
dunes can hide the ejecta material.

Pedestal craters are shallower craters able to decrease the sublimation
rate of the surrounding terrain (Kadish and Head, 2011) covered and
shielded by their ejecta. The result is a characteristic pedestal shape with
a sharp topographic step at its edge that allows distinguishing these
topographic landforms from CCs, in spite of their shallow craters. For
example, landforms IC-09 and IC-27 are clear pedestal craters.

In some cases, the discrimination between CCs and ICs can be made
by paying attention to the shapes of the rim and the ejecta. For instance,
craters with an ellipsoidal rim and “butterfly” ejecta can indicate that
they originate from a low-angle impact (Chappelow and Herrick, 2008).
This could be the case of the double crater located on a flat plain at
(40.5�N, 222.5�E), attributed to an impacting body as asteroid or comet
fragments. This landform has been classified in this study as an undif-
ferentiated structure (UC-03, Fig. 8) because it lacks a clear ejecta.

Some of the landforms of this study have been previously analyzed by
other authors. In particular, Garvin et al. (2000b) studied the landforms
called IC-4, IC-5, IC-8, IC-11 and IC-29 in our study, and also agreed with
our interpretation considering them as ICs. In a similar way, Fagan and
Sakimoto (2012) examined 346 circumpolar ICs located in the latitude
range of 57–82�N, of which 9 agree with structures of our IC group in
their classification.

5.4. Combination of processes

Based on the cases discussed above, none of the proposed formation
processes alone account for the origin of the studied landforms. Although
volcanic processes appear to be a relevant mechanism, especially for CCs
landforms, other processes could be also involved in the formation of
these landforms. For example, CC-05 in Fig. 6a shows some fine-scaled
parallel stripes that look like layering, likely composed of a dust and
ice mixture, formed by depositional processes partly similar to the
latitude-dependent mantle (LDM) (Kreslavsky and Head, 2002; Orgel
et al., 2019).

A combination of processes can also explain the origin of the non-
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cratered landforms and the Irregular Structures. As SDs are surrounded
by dunes and situated closer to the polar cap, sedimentary or erosional
processes driven by katabatic and seasonal winds, what could be
important to shape their morphology (Herny et al., 2016; Spiga and
Smith, 2018). As commented above, climate-related processes such as
oriented deposition and sublimation of volatiles around heights could
contribute to the formation too. In turn, the large complexity of IS
landforms suggests an origin involving various processes such as hy-
drothermal phenomena (Tanaka et al., 2008), mud dome generation
(Kite et al., 2007; Skinner and Mazzini, 2009; Hargitai and Kereszturi,
2015) and volcano-ice interaction. Nerozzi and Holt (2019) showed that
subsurface ice exists in the region, which supports volcano-ice
interaction.

PDs seem to have a primary internal origin, probably connected to
volcanic episodes but they could also be affected by erosional mecha-
nisms. Their steep slopes indicate that the consistency of their material is
higher than the other categories and that their formation processes could
be substantially different from the other domes less steep. Landforms
without craters like PD-28 could be compatible with characteristics of
pingos that are elevated ice cored hills with roughly circular shape. Oc-
casionally, they show fractures or a central depression at their top,
somewhat similar to a volcanic cone. They form at periglacial terrains,
where ice or water is present in the subsurface (Burr et al., 2009). This
liquid or solid-plastic ice accumulates as a lens-shaped structure below,
or the water freezes and expands. In both cases the final result is a rise of
the surface of the landform producing a dome shape.

5.5. Circumpolar gypsum

The general consequence of subsurface interaction is expected to be
hydrothermal circulation of liquid water, which happened on Mars even
during the Amazonian period (McCubbin et al., 2010). Sulfates found at
high latitude in the Southern Hemisphere, particularly in the Sisyphi
Montes (70�S, 13�E), were attributed to subglacial volcanism (Ackiss
et al., 2018; Ackiss, 2019) although other volcanic processes such as
subaerial hydrothermal alteration cannot be discarded (Ackiss and Wray,
2014). While the origin of gypsum in the northern circumpolar area is not
necessarily related to hydrothermal alteration, the expected presence of
permafrost with possible joint occurrence of volcanic/magmatic activity
support subsurface hydrothermal processes. Such interaction could also
be related to the formation of gypsum deposits in Olympia Undae (Lan-
gevin et al., 2005). Gypsum concentration decreases in this region from
its eastern edge toward the west, following the inferred wind direction
(Langevin et al., 2005; Fishbaugh et al., 2007), which proves that its
distribution is closely related to aeolian activity (Feldman et al., 2008).
The suggested gypsum formation processes involve either local or
allochthonous origin and could be produced by local evaporitic deposi-
tion in interdune areas (Fishbaugh et al., 2007; Szynkiewicz et al., 2010),
or erosion from a local gypsum-rich underlying unit (Tanaka, 2006).

A possible volcanic field could be connected to the heat allowing the
water ice to melt, the volcanic materials to be altered and the sulfur input
to create acid weathering conditions. This would lead, among other
factors, to the formation of gypsum (Tr�eguier et al., 2008; Berger et al.,
2009). Overall, the conditions required to produce gypsum in this kind of
scenario are very similar to the current conditions encountered at the
surface of Mars for most of the Late Amazonian period (G�obi and Ker-
eszturi, 2019). The only notable exception is the SO2 that may be pro-
vided by episodic volcanic activity, which is consistent with the young
age of both the gypsum-rich dunes and the CC landforms described in this
paper. Alternatively, hydrothermal activity associated with the CC
landforms could also provide the sulfur input needed to produce gypsum
(Ackiss, 2019). The allochtonous hypothesis assumes that the alteration
of volcanic material that came from Alba Patera (Tanaka, 2006) could
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lead to the formation of gypsum and trapped gypsum crystals could be
consequently released from the sublimation-induced alteration of the
polar cap (Mass�e et al., 2012). This hypothesis has received support from
studies suggesting that gypsum appears to be resistant to erosion during
long-distance wind transport (Szynkiewicz et al., 2013).

5.6. Future studies

Further study is required to determine which of the above listed hy-
potheses is the most likely to occur. The possible presence of gullies in
several of the cratered landforms could also be further investigated as
these are important in astrobiological research (e.g. Cabrol et al., 2001;
Pablo and Fair�en, 2004; Nú~nez et al., 2016; Pal, 2019). Subsurface radar
investigations such as those carried out with the Mars Advanced Radar
for Subsurface and Ionosphere Sounding (MARSIS) could clarify their
origin through a detailed survey of the subsurface of these landforms.
High-resolution images in this area recorded under proper illumination
conditions, without wintertime frost coverage, may provide evidence of
gypsum occurrence as outcrops at ice/rock interfaces. Well targeted High
Resolution Imaging Science Experiment (HiRISE) images also offer
valuable information that can be useful to get this aim. Upcoming orbital
missions may play a decisive role in achieving this objective.

6. Conclusions

A systematic analysis of the morphology of 200 small-to-medium size
landforms in Olympia Undae and Scandia Cavi regions has been per-
formed using images from Mars Express and MRO, along with topo-
graphic information from MGS. This analysis drives the classification of
these newly identified landforms into three groups: (1) cratered struc-
tures, (2) non-cratered structures, and (3) irregular structures. The first
group is composed by three subgroups (Cratered Cones, Impact Craters
and Undifferentiated craters) and the second by two (Peaked Domes and,
Simple Domes), while the last one remains without any subdivision. The
possible relation of these 200 structures to internal, surface, and impact
processes is discussed and it could be established that combined in-
teractions among these three types of processes seem to offer the best
explanation for many of the identified landforms.
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