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Abstract Subsurface ice in the mid‐latitude regions is a significant water inventory on present‐day Mars,
and their volume and distribution are thought to have varied due to the orbitally induced paleoclimatic changes.
Using high‐resolution satellite images, the present study explores the distributions of three presumed periglacial
landforms (thermal contraction polygons, fractured mounds, and brain terrains) that could provide evidence for
the present‐day subsurface ice distribution in the northern mid‐latitude (30°–42°N). We identified the three
periglacial landforms concentrated within the regions of 0°–40°E, 60°–100°E, and 160°–210°E in the latitude of
>33°N. Their distributions are in agreement with the occurrence of fresh ice‐exposing craters and the estimated
area of high annual water ice budget obtained by the general circulation model, reflecting the present‐day
subsurface ice distribution. We further classified the thermal contraction polygons into five types based on their
morphology, and investigated various distribution patterns for each type. Among them, high‐centered polygons
are the most abundant type in the survey area, whereas low‐centered polygons are less prominent and observed
only at >38°N. The large‐sized mixture polygons, which were only found in certain areas of 57°–92°E, are
distributed in areas where the atmospheric model indicates that the highest annual water ice budget occurred
during the past high‐obliquity period, but that the water ice budget has decreased during the present‐day
low‐obliquity condition. These findings, along with insights from possible terrestrial analogs in the Arctic
Archipelago and northern Canada, suggest that regions where large‐sized mixture polygons formed contained
significant amounts of water ice in the past, but have undergone intense degradation over time.

Plain Language Summary How much water ice exists in the subsurface of Mars? Where is it
currently distributed? How has its distribution varied with climate change from the past to the present? The
answers to these questions are important for understanding the past and present‐day hydrological cycle and
habitability of Mars. One of the ways to infer the existence of invisible subsurface ice is to use periglacial
landforms, which form where the surface topography is deformed due to the presence of subsurface ice. In this
study, we explored the distributions of these periglacial landforms in the mid‐latitude of Mars using high‐
resolution satellite images. The results indicate that the periglacial landforms are distributed in areas where ice
tends to accumulate in the present‐day Martian climate as obtained from climate model simulation.
Furthermore, we found characteristic landforms formed by the degradation of subsurface ice in areas where
large amounts of ice were likely deposited in the past Martian climate but decreased due to subsequent climate
change.

1. Introduction
With the availability of comprehensive global coverage, satellite data show extensive evidence of Amazonian
glaciation and glacial landforms in the mid‐latitudes (30°–60°) in both hemispheres of Mars (Brough et al., 2016,
2019; Dickson et al., 2012; Head et al., 2003; Levy et al., 2014; Mangold, 2005). The evidence from glacial
landforms and atmospheric models suggests that the locations of water ice accumulation have changed signifi-
cantly due to obliquity‐induced climate changes (Laskar et al., 2004; Madeleine et al., 2009; Fassett et al., 2014;
Dickson et al., 2012). Fresh ice‐exposing craters further indicate that a substantial amount of water ice have been
preserved as frozen regolith in the present‐day Martian mid‐latitudes (Dundas et al., 2018, 2021; Posiolova
et al., 2022). However, it is still uncertain exactly where the subsurface ice exists in the present‐day Martian

RESEARCH ARTICLE
10.1029/2023JE008232

Key Points:
• Three presumed periglacial landforms

(thermal contraction polygon, fractured
mound, brain terrain) show similar
distributions at 38°–42°N on Mars

• Their distribution corresponds well
with the distribution of ice‐exposing
craters and the model‐generated annual
water ice budget on Mars

• Polygonal terrains were classified by
shape, and the large‐sized mixture type
was interpreted as formed by the sub-
surface ice degradation

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
H. Hasegawa,
hito_hase@kochi-u.ac.jp

Citation:
Sako, T., Hasegawa, H., Ruj, T., Komatsu,
G., & Sekine, Y. (2025). The periglacial
landforms and estimated subsurface ice
distribution in the northern mid‐latitude of
Mars. Journal of Geophysical Research:
Planets, 130, e2023JE008232. https://doi.
org/10.1029/2023JE008232

Received 28 NOV 2023
Accepted 4 DEC 2024

Author Contributions:
Conceptualization: Hitoshi Hasegawa,
Goro Komatsu, Yasuhito Sekine
Data curation: Takaki Sako
Funding acquisition: Hitoshi Hasegawa
Investigation: Takaki Sako,
Hitoshi Hasegawa
Methodology: Hitoshi Hasegawa,
Trishit Ruj
Project administration:
Hitoshi Hasegawa
Supervision: Hitoshi Hasegawa
Validation: Hitoshi Hasegawa,
Trishit Ruj, Goro Komatsu,
Yasuhito Sekine
Visualization: Takaki Sako

© 2024. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non‐commercial and no modifications or
adaptations are made.

SAKO ET AL. 1 of 22

https://orcid.org/0000-0003-0925-2717
https://orcid.org/0000-0002-7953-4085
https://orcid.org/0000-0003-4155-108X
https://orcid.org/0000-0002-3544-3632
mailto:hito_hase@kochi-u.ac.jp
https://doi.org/10.1029/2023JE008232
https://doi.org/10.1029/2023JE008232
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JE008232&domain=pdf&date_stamp=2024-12-30


mid‐latitudes, and how the volume and location of the subsurface ice have changed from the past high‐obliquity
period to the present.

The Subsurface Water Ice Mapping (SWIM) project aims to reconstruct the present‐day subsurface ice distri-
bution by integrating orbital data sets, such as radar data analysis and water equivalent hydrogen detection, along
with the distribution of glacial landforms (Morgan et al., 2021). Recently, the SWIM project released an updated
version of the ice consistency map that combines the distributions of periglacial landforms (i.e., thermal
contraction polygon). However, the original data on the distributions of periglacial landforms are not publicly
released, nor is the algorithm for how the ice consistency map was derived from the distributions of glacial and
periglacial landforms, radar data, and hydrogen detection.

Landforms interpreted to be periglacial [for example, thermal contraction polygons, pingos (fractured mounds)]
are distributed widely in the Martian mid‐to‐high‐latitudes (de Pablo & Komatsu, 2009; Dundas & McE-
wen, 2010; Levy et al., 2009a, 2010a; Mangold, 2005; Marchant and Head, 2007; Seibert & Kargel, 2001; Soare
et al., 2005). Since these periglacial landforms on Earth are developed in permafrost regions such as Alaska,
Canada, Siberia, and Antarctica (e.g., Burr et al., 2009; Jones et al., 2012; Liljedahl et al., 2016; Marchant and
Head, 2007; Soare et al., 2011; Soare et al., 2020), the equivalent landforms onMars are also considered to reflect
the existence of ground ice at present or recent past.

The polygons of probable thermal contraction origin are a few to dozen meters in size on Mars, and they can be
observed clearly in images captured by the HiRISE (High‐Resolution Imaging Science Experiment; McEwen
et al., 2007). Levy et al. (2009a, 2010a) demonstrated that thermal contraction polygons are symmetrically
distributed within the latitude range between 30° and 80° in both hemispheres. Pingos (ice‐cored hills) are also
important periglacial landforms that indicate the existence of ground ice (Burr et al., 2009; Grosse & Jones, 2011;
Jones et al., 2012). HiRISE observations indicate the presense of fractured mounds in the 30°–50°N range of
Utopia Planitia, which are interpreted as pingos (de Pablo & Komatsu, 2009; Dundas & McEwen, 2010; Soare
et al., 2005, 2013, 2020). Brain terrains, characterized by surface textures resembling the human brain, are
commonly found within craters at mid to high latitudes on Mars. Since brain terrains are often associated with
glacial landforms (Squyres, 1979; Squyres and Carr, 1986), it has been thought that brain terrains were formed by
glacial processes, having subsurface ice at the present‐day (Levy et al., 2009b). On the other hand, some studies
suggest the possible involvement of periglacial process for its formation (Cheng et al., 2021a; Mangold, 2003;
Mellon et al., 2008). Therefore, complex mechanisms such as combined glacial and periglacial processes have
been suggested as the origin of brain terrain (Baker et al., 2010; Cheng et al., 2021a; Levy et al., 2009b; Man-
gold, 2003; Mellon et al., 2008; Sinha & Vijayan, 2017).

While there have been studies (e.g., Bina & Osinski, 2021; Dundas & McEwen, 2010; Levy et al., 2009a, 2010a;
Mangold, 2005) that investigated these presumed periglacial landforms independently (thermal contraction
polygons, fractured mounds, and brain terrains) on Mars, the previous studies did not explore the relationships
among their distributions. Examining the distributions of these landforms in the 30°–42°N range, where the icy
and non‐icy regions likely meet, is essential for understanding the subsurface ice volume and the history of water
and ice on Mars. This region is also key for observing changes in the subsurface ice distribution from the past
high‐obliquity period to the present, as it may preserve relict landforms from earlier ice development phases.

In this study, we investigated 4,793 HiRISE images available for the northern hemisphere mid‐latitude
(30°–42°N) on Mars, where the southern limit of subsurface ice is thought to be positioned. We explored
those HiRISE images and evaluated the relationships among the distributions of thermal contraction polygons,
fractured mounds, and brain terrains (Figure S1 in Supporting Information S1). We then compared the results with
the distributions of recent ice‐exposing craters (Dundas et al., 2021; Posiolova et al., 2022), glacial landforms
[Lobate Debris Aprons (LDA), Linear Valley Fill (LVA) and Concentric Crater Fill (CCF)] (Fasset et al., 2014;
Levy et al., 2014; Souness et al., 2012), climate model results (Daerden et al., 2019; Forget et al., 1999; Madeleine
et al., 2009; Pál et al., 2019), and the subsurface ice consistency map obtained by the SWIM project (Morgan
et al., 2021). We further discuss the possible causes of the periglacial landform distributions, the inferred changes
from the past high‐obliquity period, and estimate the present‐day subsurface ice distribution of the northern mid‐
latitudes on Mars, which is also crucial as a water resource of future human exploration.
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Journal of Geophysical Research: Planets 10.1029/2023JE008232

SAKO ET AL. 2 of 22

 21699100, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

008232 by G
O

R
O

 K
O

M
A

T
SU

 - C
ochraneItalia , W

iley O
nline L

ibrary on [30/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2. Materials and Methods
We investigated the distributions of three presumed periglacial landforms (thermal contraction polygons, frac-
tured mounds, brain terrain) by observing all HiRISE images currently available in the 30°–42°N latitude band
(Figure S1 in Supporting Information S1; Table S1 in Supporting Information S1; Sako et al., 2024). Considering
the relatively small dimensions of these landforms (sizes of fractured mounds are about tens to hundreds meters,
while sizes of polygonal terrains are much smaller, ranging from 5 to 20 m in size), HiRISE images (30 cm/pixel)
are the only competent data to identify them. Unlike the global coverage CTX (Context Camera; Malin
et al., 2007) images, HiRISE covers only 5% of the survey area. Nevertheless, we used the HiRISE images as it is
difficult to identify 10‐m scale landforms with the CTX‐scale resolution (6 m/pixel). The spatial distribution of
the HiRISE images is mostly uniform across the study regions, although there are some pockets with marginally
sparser data, such as at 230°–250°E. We consider these perspectives in our interpretations.

We used ArcGIS 10.8 to map the periglacial landform distributions using the HiRISE images and investigated the
surface roughness and micro‐topography of the areas according to shadow measurements and incident angle
information. The rim height relative to the center of polygonal terrains is estimated using the directions of solar
irradiance described in the label files (.lbl). The distributions of each landform were plotted on the MOLA (Mars
Orbiter Laser Altimeter; Smith et al., 2001) shaded relief (Figure S1 in Supporting Information S1). The points
representing the polygonal terrains, fractured mounds, and brain terrains are placed at the center of each HiRISE
image where the target landforms were observed. This procedure was necessary because mapping all topographic
features individually is a brutally time‐consuming process. The contiguity of these landforms is listed in Table S1
of Supporting Information S1. The HiRISE images in which we did not find the target geomorphology or we were
unable to see the image clearly due to the dust storms are marked as “No specific terrain”. The kilometer‐scale
giant polygonal terrains identified in Utopia Planitia (e.g., Buczkowski et al., 2012; Hiesinger and Head, 2000) are
not included as our target geomorphology in this study since other processes (i.e., volcanic or tectonic origins)
may have been responsible for their formation. The target periglacial landform types were identified by referring
to the criteria described below.

2.1. Polygons

The polygonal terrains, which are normally square or hexagonal patterned ground, are common on Martian
surfaces (Figure 1). Most of these terrains observed at mid‐to high latitudes (>30°) have been hypothesized with
periglacial thermal contraction origins (e.g., Levy et al., 2009a; Marchant and Head, 2007; Seibert & Kar-
gel, 2001; Soare et al., 2011, 2014a). NASA's Phoenix lander, which landed in 2008 at a northern high‐latitude
site where polygonal terrain had developed, is reported to have found water ice several centimeters beneath the
surface (Arvidson et al., 2008; Mellon, Arvidson, et al., 2009; Mellon & Malin et al., 2009). Furthermore, ice‐
exposing fresh impact craters have been reported from some polygonal landform sites (Dundas et al., 2021),
which also supports the present‐day existence of subsurface ice underneath the polygonal terrain.

On Earth, polygonal terrains commonly develop in permafrost regions, such as those identified in Alaska,
Canada, Siberia, Mongolia and Antarctica. Since many of polygonal terrains have ice wedges at the polygon rims,
they are commonly called ice‐wedge polygons (Dafflon et al., 2016; Liljedahl et al., 2016; Marchant and
Head, 2007; Matsuoka, 2011; Matsuoka et al., 2018; Murton, 2013). Ice‐wedge polygons on Earth are developed
through the following processes: (a) cracking of periglacial terrain during winter, (b) infilling of the cracks by
meltwater during spring or summer, (c) freezing of the water‐filled cracks, and progressive formation wide and
deep ice‐wedges during winter. In near‐surface ice‐rich permafrost regions such as Tuktoyaktuk Coastlands in
northern Canada, polygons are often formed by ice‐wedges as a result of freeze‐thaw cycles influenced by
meltwater influence (Soare et al., 2011). In contrast, polygons also develop in cold, dry permafrost environments
such as the Dry Valleys of Antarctica, where liquid water is typically absent (Marchant et al., 2002; Sletten
et al., 2003). Here, polygons form through thermal contraction cracking, accompanied by the sublimation of
buried ice. Then, cracks are frequently filled with wind‐blown sand, resulting in the formation of sand‐wedge
polygons. Thus, although some polygonal terrains in Antarctica do not show clear signatures of ice‐wedges, it
is possible that ground ice was involved in their formation process. Thus, in this study, we focused on relating the
distributions of periglacial landforms on Mars to the presence of subsurface ice in the present or recent past.

Previously, using HiRISE images, Levy et al. (2009a, 2010a) investigated polygonal terrains between 30° and 80°
latitudes on Mars and classified them into seven types, including High‐Relief Polygon, Flat‐Top Small Polygon,
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Irregular Polygon, Subdued Polygon, Gullygon, Peak‐Top Polygon, and Mixed Center Polygon (Table 1). On the
other hand, in our study, following the nomenclature commonly used for polygonal terrains on Earth, the terms
“Low‐Centered Polygon (LCP)” and “High‐Centered Polygon (HCP)” are used to describe the relative height of
the polygon's edge or rims to the center (Soare et al., 2014a, 2014b).

We classified the polygonal terrains into the following five types: LCP,HCP, LCP‐HCP transition (LHT), Polygon
in Scalloped depression (PSD), and Large‐sizedMixture Polygon (LMP). Peak‐Top Polygon of Levy et al. (2009a)
corresponds toHCP in this study. TheMixedCenter Polygon of Levy et al. (2009a) is further subdivided into HCP,
LCP, LHT, and PSD. LMP is a new classification in this study. Flat‐Top Small Polygon, Subdued Polygon, and

Figure 1. The HiRISE images of several polygonal terrains, LCPs (a), HCPs (b) and LHTs (c) in western Utopia Planitia
(ESP_016705_2215; 40.972°N, 123.371°E). Black arrow indicates LCPs, while white arrow indicates HCPs. (d) Location of
the three types of polygons within Scalloped Depressions. (e) LMPs in the western Utopia Planitia (ESP_055026_2220;
41.915°N, 81.96°E). (f) Small polygons (5–10 m diameter) found within LMPs.
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Gullygon were not found in our survey area. The correlation between the
classifications by Levy et al. (2009a) and our study is shown in Table 1.

2.1.1. Low‐Centered Polygons

LCPs (Figure 1a) are 10–20 m in diameter with a raised rim and a depressed
center. The raised rim of the LCP has a distinct crack, which can be formed by
repeated thermal cracking of ice wedges. Their shapes are nearly hexagonal or
squares, showing homogeneous size and shapes similar to the shape of the
HCPs. On Earth, LCP‐type polygons are interpreted to hold more ice than
HCPs do, and transformation from LCPs to HCPs due to degradation over
several decades has been observed (Lilijedahl et al., 2016). In our survey area,
there was no region where only the LCP existed alone, and many of the
observed LCPs were contiguous with HCPs.

2.1.2. High‐Centered Polygons

HCPs (Figure 1b) are polygons with raised centers and lowered rims (troughs) with diameters ranging from 5 to
20 m. Their shapes are nearly hexagonal or square, showing homogeneous size and shapes. The HCP‐type
polygon on Earth is formed by degradation and transformation from the ice‐wedge‐rich LCP type (Dafflon
et al., 2016; Lilijedahl et al., 2016). Soare et al. (2021) demonstrated an increase in the abundance of LCPs
compared with HCPs toward the pole in Utopia Planitia (40°–50°N; 100°–125°E). This suggests that there is less
ice where HCPs form than where LCPs form, which is comparable to the terrestrial case.

2.1.3. HCP‐LCP Transitions

LHTs (Figure 1c) are transitional forms where both LCPs and HCPs are found. We have distinguished LHTs fpr
locations where most of the polygons are HCPs in shape, but where LCP‐type polygons are also interspersed. In
general, LHTs are mostly associated with scalloped depressions.

2.1.4. Polygons in Scalloped Depression (PSD) (Figure 3B)

Scalloped depressions (Figure 1d) are shell‐shaped depressions with a diameter ranging from several hundreds of
meters to kilometers, and are widely identified in Utopia Planitia. They have been interpreted as a feature formed
due to ice degradation (Dundas et al., 2015; Séjourné et al., 2011, 2019; Soare et al., 2007, 2011; Ulrich
et al., 2011). The presence of scalloped depressions indicates an ice‐rich stratified sedimentary permafrost layer
(approximately 80 m in thickness), containing excess ice (Séjourné et al., 2019). In some regions, both HCPs and
LCP (and LHTs) are distributed inside scalloped depressions; HCPs are located on the equatorial slope while
LCPs and LHTs tend to be located in the polar slope concavity. The polygons on the northern and northeastern
sides of the depressions have bumpy surfaces and seem degraded, suggesting that the depression developed
toward higher latitudes.

2.1.5. Large‐Sized Mixture Polygons (LMPs) (Figure 3A)

The LMPs (Figure 1e) are characterized by a large polygon approximately 100 m in diameter, with smaller
polygons (diameter about 5–10 m; Figure 1f) within the large polygon. The smaller polygons have raised rims
without cracks in the rim (Figure 1f), while larger polygons have valley rims (lowered edges). Previous studies
(Costard et al., 2016; Costard & Kargel, 1995; Seibert & Kargel, 2001; Séjourné et al., 2019; Soare et al., 2011,
2021; Ulrich et al., 2011) also reported the occurrence of such large ∼100 m size polygons in western Utopia
Planitia, which they called the UP1 type. The Mixed center polygons of Levy et al. (2009a) differ from LMPs in
that they are polygons with HCPs and LCPs coexisting in a scalloped depression (Table 1). The large‐sized
polygons in Utopia Planitia are thought to be formed in the past during higher obliquity conditions (Costard
et al., 2016; Séjourné et al., 2019; Soare et al., 2021; Ulrich et al., 2011). Deep, elongated pits aligned along the
N–S junction of polygonal margins are characteristics of the edges of LMPs (Séjourné et al., 2019; Soare
et al., 2011). Since they are cut by the scalloped depressions, the LMP polygons are interpreted to be older in age
(Ulrich et al., 2011).

Table 1
Comparison of the Polygon Type Classification Between Levy et al., 2009a
and This Study

Levy et al., 2009a This study

Peak‐Top Polygon High‐Centered Polygon (HCP)

Mixed Center Polygon High‐Centered Polygon (HCP)

Low‐Centered Polygon (LCP)

LCP‐HCP Transition (LHT)

Polygon in Scalloped Depression (PSD)

not defined Large‐sized Mixture Polygon (LMP)
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2.1.6. Other Polygons

In addition to the polygonal terrains described above, we identified specific shapes of polygonal terrains similar to
the desiccation‐related polygons observed in dry salt lakes on Earth (e.g., Cheng et al., 2021b; Dang et al., 2018;
Komatsu et al., 2007). They are generally rectangular or complexly polygonal in shape (Dang et al., 2018), and
frequently located in areas with light‐toned materials and chloride‐bearing strata on Mars (El‐Maarry et al., 2013,
2014; Osterloo et al., 2008). We named such terrains as Desiccation Polygons (DPs). Some DPs also show
tortuous raised rims and sinuous crack types, and similar morphology has also been identified in the Qaidam
Basin on Earth (Anglés & Li, 2017; Xiao et al., 2017). Some studies (Cheng et al., 2021b; Dang et al., 2018) have
pointed to the possibility that features of thermal contraction patterns may also be found in the desiccation
process, and it may be difficult to distinguish the two mechanisms based on the morphology alone. On the other
hand, El‐Maarry et al. (2013) suggest that polygonal terrains of more than 75 m in size cannot be formed solely
due to thermal stresses, based on the fracture mechanisms of crack propagation in frozen soil under the present‐
day Martian climate conditions.

Therefore, in this study, we distinguish between DPs and periglacial thermal contraction polygons based on their
size and geological classification (e.g., coexistence with light‐toned materials and chloride‐bearing deposits).
Some polygonal terrains, which are difficult to distinguish between DPs and periglacial terrains, are included in
the Irregular Polygons (IPs) and omitted from the discussion in this paper. IPs are unusual polygons that we
cannot categorize in any of the other six types. For example, they include very small‐sized (<5 m) and irregularly
shaped polygons. The distribution of DPs and IPs was explored and shown in Supporting Information S1 (Table
S1 and Figure S1 in Supporting Information S1), but is not discussed in this study.

2.2. Fractured Mounds

Fractured mounds are landforms with cracks developing on the top (Figure 4). The fractured mounds on Earth are
known to be part of an evolutionary process of periglacial landforms called pingos. A pingo is a landform formed
by lenticular ice cone growth beneath the mound (Grosse & Jones, 2011; Jones et al., 2012; Soare et al., 2005).
The ice core beneath the mound can grow and become a high cone. After the growth of the ice core, cracks and
fractures develop in the surface, and depressions are formed at the summit (Mackay, 1998, 1999; de Pablo &
Komatsu, 2009; Soare et al., 2013, 2014b; Ishikawa & Yamkhin, 2016; Soare et al., 2020, 2021).

On Earth, two types of pingos have been identified: closed system (hydrostatic) and open system (hydraulic)
(Soare et al., 2013, 2014b, 2020). Closed system pingos (CSPs) are perennial ice‐cored mounds that develop on
relatively deep and continuous permafrost (Soare et al., 2020). On the other hand, open system pingos (OSPs)
form on discontinuous permafrost that are fed by external water supply (Soare, Conway, Dohm, et al., 2014). Both
types of pingo can be distinguished by occurrence and associated landforms; for example, CSPs are often
observed in regions where ambient temperatures have risen, “ice‐rich” permafrost has been thermally destabi-
lized, and thermokarst lakes have formed (Soare, Conway, Dohm, et al., 2014). In contrast, OSPs are often
developed in areas associated with faults and glacial lobes.

On Mars, pingo‐like features of fractured mounds have been found in many locations, including Utopia and
Elysium Planitia (e.g., de Pablo & Komatsu, 2009; Dundas & McEwen, 2010; Soare et al., 2013, 2020). In
previous studies, mound landforms with circular to slightly elongated shapes and cracks on the top were defined
as fractured mounds, and we followed that criterion (Dundas & McEwen, 2010). Following the criteria from the
previous study by Soare et al. (2014b, 2020), we classified fracture mounds within scalloped depressions as CSP‐
like fractured mounds (Figure 2a). In contrast, those associated with gullies and lobes or existing independently
were classified as OSP‐like fractured mounds (Figure 2b).

2.3. Brain Terrains

Brain terrain (Figure 3) is a specific landform developed in Martian mid‐to‐high latitudes, and the surface texture
resembles a human brain‐cell (Levy et al., 2009b, 2010b). Since brain terrain is often associated with glacial
landforms such as LDA, LVF, and CCF deposits, which are found at latitudes higher than 30°N (Squyres, 1979;
Squyres and Carr, 1986), it has been thought that brain terrains were formed by glacial processes, having sub-
surface ice at the present‐day (Levy et al., 2009b). On the other hand, some studies suggested a
possible involvement of periglacial process for its formation, including evidence near Phoenix landing sites
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(Cheng et al., 2021a; Mangold, 2003; Mellon et al., 2008). Given the presence of abundant ring‐mold craters
(Kress & Head, 2008) on the surface of brain terrains, and observations of radar sounding data collected by the
SHARAD (SHAllow RADar) (Holt et al., 2008; Plaut et al., 2009), the presense of present‐day subsurface ice is
suggested (Baker et al., 2010; Sinha & Vijayan, 2017). Thus, although the formation mechanisms of the brain
terrains are debated, complex mechanisms such as a combined glacial and periglacial processes have been
suggested as the origin of brain terrain (Baker et al., 2010; Cheng et al., 2021a; Levy et al., 2009b; Mangold, 2003;
Mellon et al., 2008; Sinha & Vijayan, 2017). Therefore, in this study, we explored the relationship between the
distribution of the brain terrains and the other periglacial landforms such as thermal contraction polygons and
fractured mounds.

3. Observation Results
3.1. 0°–60°E (Western Arabia Terra)

In this area (Figure 4), polygonal landforms such as LCPs (Figure 5a), HCPs (Figure 5b), fractured mounds
(Figure 5c), and brain terrain (Figure 5d) are distributed particularly from 35° to 42°N and 0°–40°E. On the other
hand, the distribution of the three periglacial landforms in the 40°–60°E longitude range is restricted to latitudes
higher than 38°N. This less‐pronounced zone corresponds to the area of relatively high topographic relief
(Figure 4). In this area, the three periglacial landforms tend to be distributed inside of craters and bottom of
channels (different from Gallygon of Levy et al., 2009a). Polygonal terrains are commonly observed in flat areas
near the southern slope of the craters and at the channels.

HCPs are the common type of polygons in this region, with a diameter of about 10–20m and homogeneous shapes
of hexagon and square (Figure 5b). LCPs of about 10–20 m size are also found in two regions at around 40°N,

Figure 2. HiRISE images showing two types (CSPs and OSPs) of fractured mounds. (a) CSP‐like fractured mounds within
the depressions in western Arabia Terra (ESP_051230_2200; 39.8122°N, 39.6283°E). (b) Enlarged mound image of (a).
(c) OSP‐like fractured mounds associated with glacial landforms in western Arabia Terra (ESP_019768_2220; 41.5891°N,
18.4233°E). (d) Enlarged mound image of (c).
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29°E and 39°N, 55°E (Figure 5a). LHTs are observed in one area of 42°N, 10°E. PSDs are identified from 0° to
7°E, 22–24°E, and 55°–60°E at latitudes generally higher than 40°N. LMP are characteristically distributed in the
areas between 38° and 42°N and 57°–60°E.

3.2. 60°E to 120°E (Eastern Arabia Terra and Western Utopia Planitia)

In this area, HCPs with a diameter of about 10–20 m are present (Figure 6). LCPs are identified in only one
HiRISE image, centered at 41°N and 120°E (Figure 7a). HCPs are sparsely distributed in the region between 38°
and 42°N and 90°–120°E, where they coexist with fractured mounds and/or brain terrain (Figure 7b). CSP‐ and
OSP‐like fractured mounds are also observed (Figures 7c and 7d). One important characteristic of this region is
the occurrence of LMPs (Figures 1e and 1f) in the region between 38° and 42°N and 70°–92°E. These are the only
zones within the survey area where LMPs are concentrated. The LMPs consist of a mixture of large‐sized
polygons (about 100 m in diameter) and small polygons (about 5–10 m in diameter). The small polygons in

Figure 3. HiRISE images gallery showing Brain terrain in the study site. (a) Brain terrain in western Utopia Planitia
(ESP_012751_2135; 33.414°N, 70.271°E). (b) Brain terrain in western Arabia Terra (ESP_052464_2190; 38.600°N,
189.946°E).

Figure 4. The distribution of target landforms from 0°E to 60°E. This area is on the west side of Arabia Terra. Between 0° and 30°E longitudinal band, thermal
contraction polygons and fractured mounds are found in lower latitudes at around 35°N.
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LMPs have no cracks at the rim (Figure 1f). LMPs distributed around 42°N coexist with PSDs. It is noteworthy
that the CSP‐like fractured mounds are not observed in the LMP area.

3.3. 120°E to 180°E (Eastern Utopia Planitia and North of Elysium Mons)

In this area (Figure 8), LCPs (Figure 9a), HCPs (Figure 9b), CSP‐like fractured mounds (Figure 9c), and brain
terrain (Figure 9d) are sparsely distributed at latitudes ranging between 38° and 42°N. In the area of 120°–127°E,
CCP and fractured mounds exist around ∼40°–42°N, and only brain terrains are observed in the lower latitudes.

Figure 5. HiRISE images of characteristic landforms in 0–60°E, Arabia Terra. (a) LCPs of 10–20 m width
(ESP_072398_2220; 41.478°N, 6.132°E). (b) HCPs of 10–20 m width (ESP_072398_2220; 41.478°N, 6.132°E). (c)
CSP‐like fractured mounds in western Arabia Terra (ESP_043227_2140; 33.53375°N, 12.9123°E). (d) Brain terrain and
fractured mound in western Arabia Terra (ESP_046497_2195; 38.948°N, 22.6768°E).

Figure 6. The distribution of target landforms from 60° to 120°E. This region corresponds to eastern Arabia Terra and Utopia Planitia. LMPs are particularly distributed
in the region between 70° and 92°E. Symbol legends are shown in Figure 4.
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On the other hand, from 158° to 180°E, HCPs, brain terrain, and fractured mounds are more widely distributed
down to ∼35°N. Especially, brain terrain is densely concentrated in high altitude areas of Phlegra Montes around
160°–165°E. LCPs are identified in four HiRISE images at 120°E to 125°E (note that only two symbols are visible
because they are distributed in very close images). All the LCPs in this region are distributed within scalloped
depressions. These are the same as those listed in Table 1 of Soare et al. (2021). LHTs were seen in three images
near 39°N at 172°E.

Figure 7. HiRISE images of characteristic landforms in 60°–120°E area (eastern Arabia Terra and western Utopia Planitia).
(a) LCP with a diameter of about 10 m. The polygon rim is raised and has cracks (PSP_06908_2215; 41.178°N, 124.127°E).
(b) HCP with a diameter of about 10–20 m (PSP_007001_2200; 39.482°N, 105.541°E). (c) CSP‐like fractured mounds in
western Utopia planitia (ESP_16191_2175; 37.0663°N, 116.229°E). (d) OSP‐like fractured mounds associated with glacial
landforms in western Utopia planitia (ESP_026041_2215; 41.373°N, 118.4455°E).

Figure 8. The distribution of target landforms from 120° to 180°E. This area is north of Elysium volcano, 120° to 130°E is Utopia Planitia, 160° to 180°E is Arcadia
Planitia and Amazonis Planitia. This region is characterized by less periglacial landform distribution than longitudes of 0°–120°E. Symbol legends are shown in
Figure 4.
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3.4. 180°E to 240°E (Amazonis Planitia, and Northern Olympus Mons)

Polygons, fractured mounds, and brain terrains are observed north of 35°N in the region from 180°E to 210°E
(Figure 10). On the other hand, polygons and brain terrain are rarely found east of 210°E, although fractured
mounds are sparsely distributed. HCPs (Figure 11a) are densely concentrated in the region between 35° and 42°N

Figure 9. HiRISE images of characteristic landforms in 120°–180°E, eastern Utopia Planitia. (a) LCPs in northern Elysium
mons. These polygons are about 10–20 m in diameter, hexagonal in shape, and uniform in size (ESP_045608_2205;
40.853°N, 173.263°E). (b) HCPs in northern Elysium mons. These polygons are about 10–20 m in diameter, hexagonal in
shape, and uniform in size (ESP_019354_2170; 36.613°N, 162.265°E). (c) OSP‐like fractured mounds in northern Elysium
mons (ESP_046387_2200; 39.680°N, 145.128°E). (d) Brain terrain in North of Elysium Mons (ESP_078432_2170;
36.642°N, 162.351°E).

Figure 10. The distribution of target landforms from 180° to 240°E region. The depicted area corresponds to Arcadia Planitia and Amazonis Planitia, located north of
Olympus Mons. In the western section of this region, specifically west of 210°E, there is a comparatively reduced occurrence of periglacial landforms. Symbol legends
are shown in Figure 4.
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and 180°–210°E. LHTs (Figure 11b) are sparsely distributed at ∼180°E− 210°E north of >38°N. Fractured
mounds are both OSP‐ and CSP‐types (Figure 11c). Scalloped depressions are particularly concentrated in the
regions between 37° and 42°N and 194°–205°E. The distribution of brain terrain (Figure 11d) shows a zonal
orientation in the SW–NE direction, extending from 182°E, 33°N to 193°E, 40°N (Hibbard et al., 2021).

3.5. 240°E to 300°E (Alba Mons and Tempe Terra)

The target periglacial landforms are only observed between 269° and 280°E and 293°–297°E (Figure 12). OSP‐
like fractured mounds (Figure 13a) and brain terrains (Figure 13b) are sparsely distributed mainly in the high
latitude areas of >40°N.

3.6. 300°E to 360°E (Northern Chryse Planitia and Southern Acidalia Planitia)

Target periglacial landforms are rarely observed in this area (Figure 14). OSP‐like fractured mounds (Figure 15a)
and brain terrains (Figure 15b) are sparsely distributed at >40°N. Brain terrain is sparsely observed between 348°
and 360°E.

4. Discussions
4.1. Distributions of Three Periglacial Landforms in the Northern Mid‐Latitude (30°–42°N)

We identified the distributions of three presumed periglacial landforms, especially within the regions of 0°–40°E,
60°–100°E and 160°–210°E, for latitudes of >33°N (Figures 16a–16e; Figures 17a–17e). Conversely, these
landforms have limited occurrences in the western hemisphere, particularly between 230° and 270°E and
280°–350°E. Notably, the areas featuring polygonal terrains, fractured mounds (especially CSP‐type), and brain

Figure 11. HiRISE images of characteristic landforms in 180°–240°E (Arcadia Planitia and Amazonis Planitia). (a) HCPs
with a diameter of about 10–20 m (ESP_037655_2210; 40.560°N, 202.404°E). (b) LHTs with a diameter of about 10 m.
LCPs are indicated by black arrows and HCPs by white arrows (ESP_015898_2225; 41.980°N, 194.221°E). (c) CSP‐like
fractured mounds in Amazonis Planitia (ESP_016848_2155; 34.9853°N, 180.206°E). This mound is located in a depression.
(d) Brain terrains in Amazonis Planitia (ESP_063726_2155; 35.4524°N, 181.7855°E).
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terrain also align with areas exhibiting fresh impact craters exposing ice (Dundas et al., 2021; Posiolova
et al., 2022; Figure 16f), which strongly supports the link between periglacial landforms and subsurface ice. Thus,
it is highly likely that the existence of present‐day subsurface ice plays an important role in the development of
these three landforms.

The polygonal terrains also have distinct distribution patterns according to their morphology. HCPs are wide-
spread across areas showing also the contiguity of the three periglacial landforms, except in the 60°–100°E region.
It is noteworthy that LCPs and LHTs are distributed around 10°E, 30°E, 55°E, 100°E, 120°–124°E, 170°–173°E
and 180°–208°E, closely corresponding to the areas with freshly ice‐exposed craters (Dundas et al., 2021;
Posiolova et al., 2022; Figure 16f). Conversely, the 57°–92°E region is dominated by LMPs (Figure 1e), while
HCPs are less abundant and LCPs are absent. The occurrence of ∼100 m‐sized polygons in this region is also
noted by previous studies (Costard et al., 2016; Séjourné et al., 2019; Soare et al., 2021; Soare et al., 2011; Ulrich
et al., 2011), and they are thought to have formed during the past high obliquity (>35°) periods. The existence of
scalloped depressions truncating these large‐sized polygonal terrains (Ulrich et al., 2011) also supports their older
ages, such as during the high obliquity period (>5 Ma).

Smaller polygons within LMPs, ranging from 5 to 10 m in diameter and lacking cracks on the rims (Figure 1f),
exhibit features similar to the morphology of the brain terrain. The absence of cracks on the rims may suggest that
the raised rims formed as sand‐wedges filled with wind‐blown material (Murton et al., 2000; Ulrich et al., 2011).
The raised rims were protected by the filled sand material, but the polygon centers were depressed by intense ice
degradation (Levy et al., 2009b; Ulrich et al., 2011). Thus, the smaller polygons in the LMPs may have been

Figure 13. HiRISE images of characteristic landforms in 240°–300°E (northern Olympus Mons and Tempe Terra). (a) OSP‐
like fractured mound in Tempe Terra (ESP_015947_2210; 40.754°N, 297.501°E). (b) Brain terrains in Tempe Terra.
(PSP_007667_2170; 36.734°N, 279.739°E).

Figure 12. The distribution of target landforms from 240° to 300°E region. The depicted region corresponds to Tempe Terra, located north of OlympusMons. Periglacial
landforms exhibit limited distribution within this area. Symbol legends are shown in Figure 4.
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formed using a different process than the typical freeze‐thaw process involved in the LCPs. On the other hand, the
pronounced deep and elongated pits within the LMP rims (Figure 1e) are aligned along the N–S junction in
polygonal margins (Séjourné et al., 2019). In the same longitudinal area of the 75°–105°E region, Séjourné
et al. (2019) also documented the co‐occurrence of large‐sized polygons and elongated pits within the 38°–47°N
latitudinal range, with scalloped depressions existing slightly more poleward within 42°–54°N. The morphology
and collapse pattern of sinuous elongated pits, following polygonal cracks resemble degraded polygonal land-
forms on Bylot Island (Costard et al., 2016) and Ellesmere Island (Bernard‐Grand'Maison & Pollard, 2018) in the
Canadian Arctic Archipelago, and Tuktoyaktuk Coastlands of northern Canada (Soare et al., 2011), suggesting
melting of subsurface ice and pooling in underground cavities. This evidence from the potential terrestrial analog
sites of LMPs in the Arctic Archipelago and northern Canada implies that while significant ice existed during past
high obliquity periods, much of it has likely degraded and dispersed over time. The absence of fresh icy craters
(Dundas et al., 2021; Posiolova et al., 2022; Figure 16f) in this area also supports this interpretation.

Both CSP‐ and OSP‐like fractured mounds exhibit a distribution pattern resembling polygons and brain terrain
(Figures 16 and 17). OSP‐type are more pronounced. Similar to a previous study (Dundas & McEwen, 2010), a
notable concentration of fractured mounds was identified in the 0°–35°E and 65°–90°E regions. In addition, we
recognized abundant fractured mounds within the 160°–230°E region, which had not been previously docu-
mented. Within the survey area, there are abundant occurrence of features such as fractured domes and mounds as
well as flat textures. The coexisting domes, mounds, and flats are considered to be distinct evolutionary stages of
pingos, similar to previous findings in Utopia and Elysium Planitia (de Pablo & Komatsu, 2009; Dundas &
McEwen, 2010). It is noteworthy that CSP‐type are not distributed in the areas of abundant LMPs occurrence in

Figure 14. The distribution of target landforms from 300° to 360°E. This area is northern Chryse Planitia and southern Acidalia Planitia. This area is not distributed
periglacial landforms like 240°to 300°E. Symbol legends are shown in Figure 4.

Figure 15. HiRISE images of characteristic landforms in 300°–360°E. (a) OSP‐like fractured mound in northern Chryse
Planitia (ESP_033102_2225; 42.18595°N, 305.712°E). (b) Brain terrains in northern Chryse Planitia (ESP_038032_2160;
38.6861°N, 352.8355°E).
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Utopia Planitia, which is also consistent with the interpretation that subsurface ice in this area is currently
degraded.

Although the formation mechanisms of brain terrains, especially their relationship with subsurface ice, are
debated, we find the distribution of brain terrains to be consistent with those of thermal contraction polygons,
fractured mounds, and ice‐exposing craters. The southern extent of the distribution of brain terrain in mid‐latitude
Mars displays a zonal distribution with a sharp boundary with the surrounding terrain (Figure 16e). For instance,
there is a WNW–ESE alignment spanning from 350°E, 40°N to 20°E, 30°N, followed by a WSW–ENE orien-
tation from 30°E, 30°N to 50°E, 40°N, indicated by the red dotted line in Figure 16e. Similarly, there is a WNW–
ESE orientation from 50°E, 40°N to 75°E, 30°N, a WSW–ENE orientation from 80°E, 30°N to 130°E, 40°N, a
WNW–ESE orientation from 150°E, 40°N to 170°E, 30°N, and WSW–ENE orientation from 180°E, 30°N to
210°E, 40°N. It is noteworthy that the other two periglacial landforms (thermal contraction polygons and frac-
tured mounds) are predominantly situated at latitudes higher than the zonal distribution of the brain terrain
(Figures 16a–16e). This observation suggests that the brain terrain likely formed during an older period (higher
obliquity condition) than the other two landforms.

Figure 16. Comparison of the distribution of periglacial landforms obtained in this study (a)‐(e) with various data sets (f–l). The red dotted line indicates the southern
limit of periglacial landform distribution. The base map is MOLA shaded relief. (a) Distribution of all types of polygons. (b) Distribution of HCP. (c) Distribution of
polygons excluding HCP. (d) Distribution of fractured mounds. (e) Distribution of brain terrain. (f) Subsurface ice consistency map of 0–1 m depth by the SWIM project
(https://ammos.nasa.gov/marswatermaps/?mission=MWR). The white and black marks represent the distribution of ice‐exposing craters (white points), possible ice‐
exposing craters (black open diamonds), and non‐ice‐exposing craters (black points) (Dundas et al., 2021; white circles: Posiolova et al., 2022; white quadrangle).
(g) Subsurface ice consistency map of 1–5 m depth by SWIM project. (h) Neutron Data set representing the quantity of hydrogen (Feldman et al., 2011), illustrated as ice
consistency map by SWIM project. (i) Rader Surface Power Return obtained from SHARAD surface output (Castaldo et al., 2017), illustrated as an ice consistency map
by the SWIM project. (j) Thermal inertia data (Christensen et al., 2001). The regions of low thermal inertia are shown in blue, and the regions of high thermal inertia are
shown in red. (k) Geologic map of surface geologic units on Mars (Tanaka et al., 2014). (l) Glacial landform distribution: LDA: yellow, LVF: light green, CCF: pink
(Levy et al., 2014). The red circles indicate the distribution of post‐glacial ice‐free craters (Fassett et al., 2014).
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4.2. Comparison With Other Existing Data Sets

To investigate the formational mechanisms of the three periglacial landforms, we conducted a comparative
analysis using various data sets, including subsurface ice consistency maps obtained by the SWIM project
(Figures 16f and 16g), neutron data set (Feldman et al., 2011; Figure 16h) and radar surface power return
(Castaldo et al., 2017; Figure 16i) utilized in the SWIM project (Morgan et al., 2021). We also compared our
results with thermal inertia data (Christensen et al., 2001; Figure 16j), a geological map (Tanaka et al., 2014;
Figure 16k), and the occurrence of glacial‐related landforms (LDA, LVF, CCF; Levy et al., 2014; Fassett
et al., 2014; Figure 16l).

The distribution of the three periglacial landforms identified in our study roughly correlates with the recently
updated subsurface ice consistency map of the SWIM project (Figures 16f and 16g). Interestingly, the 57°–92°E
region where LMPs have developed corresponds to a less‐ice area within the subsurface ice consistency map (at
depth 0–1 m). However, there are significant differences between the southern limits of the three periglacial
landforms and the subsurface ice consistency map. The SWIM results indicate the presence of ice (both depths of
0–1 m and 1–5 m) even where periglacial landforms are not distributed (Figures 16f and 16g). The difference
between our survey results and the SWIM ice consistency map needs to be verified in the future after the SWIM
project's original data of periglacial terrain distribution becomes publicly available.

On the other hand, the distribution of periglacial landforms does not align with the thermal inertia data (Chris-
tensen et al., 2001; Figure 16j), which can be indicative of surface material grain size (Fenton et al., 2003). This

Figure 17. Comparison of the distribution of periglacial landforms obtained in this study (a–e) with various data sets (f–k). The red dotted line indicates the southern limit
of periglacial landform distribution. The base map is MOLA shaded relief. (a) Distribution of all types of polygons. (b) Distribution of HCP. (c) Distribution of polygons
excluding HCP. (d) Distribution of fractured mounds. (e) Distribution of brain terrain. (f) Annual subsurface water ice budget (mm/yr) at current obliquity 25° condition
(Madeleine et al., 2009). (g) Annual subsurface water ice budget (mm/yr) at obliquity 35° condition (Madeleine et al., 2009). (h) Summer ice sublimation (mm) at
obliquity 35° condition (Madeleine et al., 2009). (i) Winter ice accumulation (mm) at obliquity 35° condition (Madeleine et al., 2009). (j) Model‐generated near‐surface
relative humidity in Northern hemisphere summer (Pál et al., 2019). (k) Model‐generated near‐surface relative humidity in Northern hemisphere winter (Pál
et al., 2019).
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suggests that variations in surface materials do not constrain the distribution of periglacial landforms. In addition,
the distribution of these landforms does not match most of the geological units depicted on the geological map
(Tanaka et al., 2014; Figure 16k), implying that geological classification does not influence their distribution
significantly. This interpretation strengthens the interpretation that periglacial landform reflects subsurface ice
conditions from the geologically young, that is, the latest Amazonian to the present day.

Comparison with the distribution of glacial landforms (LDA, LVF, CCF; Levy et al., 2014) reveals a correlation
between the southern limit of LVF and brain terrain in the WSW–ENE orientation (20°–50°E area) as well as the
WNW–ESE orientation (50°–75°E area) (Figure 16l). However, it is noteworthy that the distribution of LVF in
specific longitudes (0°–20°E, 80°–130°E, 150°–170°E, and 180°–210°E) does not align with the southern limits
of the brain terrain. In addition, the consistent occurrence of CCF north of 30°N and especially within 0°–190°E,
210°–310°E, and 340°–360°E longitude regions contrasts with the distribution pattern observed for the three
periglacial landforms. This observation shows the idea that periglacial and glacial landforms likely represent
different stages of subsurface ice development under the different climate regimes and boundary conditions. On
the other hand, the distribution of LMPs correlates well with the distribution of post‐glacial craters (Fassett
et al., 2014) (Figure 16l). Post‐glacial craters formed after the deposition of glacial materials and lack ice‐rich
fields, indicating that they likely developed after glacial retreat (Fassett et al., 2014). This finding supports our
interpretation that LMPs represent a degraded form of subsurface ice.

4.3. Comparison With Climate Simulation Results

We compared our results with the annual water ice budgets (Madeleine et al., 2009) and seasonal variations in
near‐surface humidity (Daerden et al., 2019; Pál et al., 2019) available to date based on the general circulation
models. Among the compared simulation data sets, the distribution of periglacial landforms obtained in our study
demonstrates the highest consistency with the estimated annual water ice budget (Madeleine et al., 2009;
Figures 17f–17i). Madeleine et al. (2009) examined the water ice budget over a year, focusing on the difference
between the current obliquity of 25° condition and the past higher obliquity of 35°, coupled with different dust
opacity levels (τdust = 1.5–2.5) (Figures 17f and 17g). They also evaluated the patterns of summer ice subli-
mation and winter ice accumulation during the 35° obliquity conditions (Figures 17h and 17i).

Our comparison between the distribution of periglacial landforms with model results utilizes a red dotted line as a
reference to denote the southern limit (Figures 17f–17i). Notably, the map of the annual subsurface water ice
budget in the current obliquity condition with high dust opacity shows the best alignment with the distribution of
periglacial landforms (Figure 17f). Although some regions, such as the 295°–310°E area, showed a relatively high
ice budget despite the absence of the three periglacial landforms, the distributions of these periglacial landforms
and the annual ice budget are rather consistent. Particularly in regions of 10°–30°E, 65°–90°E and 160°–200°E,
both the annual ice budgets (current obliquity condition) and the distribution of periglacial landforms extend
southward, and the position of the red dotted line is well aligned (Figure 17f). On the other hand, the area of
annual ice budgets under higher obliquity conditions exhibits a consistent but slightly reduced distribution (the
southern limit of the ice budget area is distributed slightly north of the red dotted line; Figure 17g). Furthermore, it
is noteworthy that the southern limit of this distribution closely corresponds to the boundary between regions
dominated by intense summer ice sublimation (Figure 17h) and regions where this is less pronounced. However,
the distribution of winter ice accumulation (Figure 17i) does not coincide with periglacial landforms, suggesting
that the primary influence on its distribution is summer sublimation.

Regarding the area of 60°–100°E where LMPs are predominant, the present‐day condition model (Figure 17f;
Madeleine et al., 2009) indicates a lesser water ice budget compared to the past condition model (Figure 17g;
Madeleine et al., 2009), implying that LMPs likely formed during the period of past intense ice accumulation
activity under high obliquity. Therefore, we interpret the LMPs as the landforms formed in the past and are
undergoing intense ice degradation. This interpretation is also consistent with the evidence from the potential
terrestrial analog sites of LMPs in the Arctic Archipelago (Bylot Island: Costard et al., 2016; Ellesmere Island:
Bernard‐Grand'Maison & Pollard, 2018) and northern Canada (Tuktoyaktuk Coastlands: Soare et al., 2011),
which implies that while significant ice existed there during past high‐obliquity (>35°) periods, much of it has
likely degraded over time (Séjourné et al., 2019; Soare et al., 2021; Ulrich et al., 2011).

We further compared our results with modeling results of seasonal variations in atmospheric water vapor and
near‐surface relative humidity. Daerden et al. (2019) presented the global seasonal variations of the atmospheric
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water vapor by comparing the CRISM (Compact Reconnaissance Imaging Spectrometer for Mars; Murchie
et al., 2007) data of H2O absorption. Pál et al. (2019) further demonstrated the global seasonal variations of the
near‐surface relative humidity by utilizing the TES (Thermal Emission Spectrometer; Smith, 2004) data, with
consideration of the topographic effect (Figures 17j and 17k). Since the areas of high near‐surface relative hu-
midity coincide with low thermal inertia features (Christensen et al., 2001; Figures 16j), Pál et al. (2019)
interpreted that water vapor likely condenses in the near‐surface atmosphere in these areas. It is noteworthy that
areas of high near‐surface humidity in both northern hemisphere summer and winter do not correspond to the
distribution of periglacial landforms in this study, but rather to areas of low near‐surface humidity (Figures 17j
and 17k). The discrepancy between the distribution of periglacial landform and near‐surface humidity suggests
that there may be no interaction between the shallow subsurface ice and water vapor in the atmosphere. An
alternative possibility is that in the southern part of the periglacial landforms, shallow subsurface ice is present in
winter but sublimates in summer, which may indicate a consequent increase in atmospheric water vapor content as
a result of sublimation. In this case, there may be an interaction between the distribution of shallow subsurface ice
and the amount of atmospheric water vapor. Future verification for these two possibilities is desirable.

4.4. Possible Cause of the Distribution of Periglacial Landforms

There is regional heterogeneity in the longitudinal distribution of the periglacial landforms at latitudes 30°–42°N.
This heterogenetic distribution pattern is consistent with the model‐generated annual ice budget (Figure 17f;
Madeleine et al., 2009). The primary cause of this variation can be attributed to the topographic forcing of sta-
tionary planetary waves and transient weather systems, caused by the Tharsis, Arabia, and Elysium mountains, as
well as surface topography formed by bolide impacts (Neumann et al., 2004). The interaction between theMartian
atmospheric circulation and the planet's topography might influence the regional heterogeneity in the distribution
of the annual ice budget (Madeleine et al., 2009). These factors impact cloud formation and snowfall area,
contributing to the distinct distribution of periglacial landforms.

We also considered factors beyond planetary waves and topographic forcing, such as volcanic influences
(Butcher et al., 2017; Forget et al., 2006). Notably, Elysium Mons lies within 130°–150°E, while Aruba Mons
occupies within 230°–270°E. A distinct circular pattern in the absence of periglacial landforms around these
volcanic summits has been observed. This pattern could be attributed to either recent geothermal heat causing
subsurface ice melting or the condition of surface volcanic sediments unsuitable for periglacial landform for-
mation. Potential seismic activity has been indicated at Elysium Mons by InSight surveys, implying the occur-
rence of recent volcanic activity (Kedar et al., 2021). Additionally, Chryse Planitia at 290°–350°E exhibits the
distribution of various edifice features possibly originating from sedimentary (mud) volcanoes (Brož et al., 2023;
Komatsu et al., 2011, 2016). The condition prone to sedimentary volcanism may contribute to the absence of
periglacial landforms in this region (e.g., sediment type, extrusion of subsurface water, and loss to the
atmosphere).

5. Conclusions
We investigated the distribution of three presumed periglacial landforms (thermal contraction polygons, fractured
mounds, and brain terrain) in theMartian mid‐latitude region (30°–42°N) by observing 4,789 HiRISE images. We
identified their distribution to occur mainly in the latitudes poleward of 35°N, especially within the regions of
0°–40°E, 60°–100°E, and 160°–210°E. Conversely, these landforms had a limited occurrence in the western
hemisphere, particularly between 230° and 270°E and 280°–350°E. This comprehensive study reveals that the
three landforms exhibit a consistent distribution pattern, implying a common origin involving ice‐related
processes.

We further conducted a classification of the polygons, identifying seven distinct types and mapping their oc-
currences. The majority of polygonal terrains within the 30°–42°N latitude range are High‐Centered Polygons
(HCPs), which coexist with other two periglacial landforms, except in the 60°–100°E region. Low‐Centered
Polygons (LCPs) and LCP–HCP Transitions (LHTs) are restricted at latitudes beyond 38°N, around 10°E,
30°E, 55°E, 100°E, 120°–124°E, 170°–173°E, and 180°–208°E, and closely corresponding to areas known to
have recorded observations of fresh icy craters.

Large‐sized Mixture Polygons (LMPs) exhibit a distinctive distribution, confined to 57°–92°E (i.e., western
Utopia Planitia). The morphology and collapse patterns of sinuous elongated pits along the polygonal margins of
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LMPs resemble degraded polygonal landforms found in terrestrial analogs of the Canadian Arctic Archipelago
and northern Canada, indicating significant subsurface ice degradation. Climate models also suggest a reduced
present‐day water ice budget compared with periods of high obliquity in the past. Although substantial ice existed
during past high‐obliquity (>35°) periods, much of it has likely degraded over time in the LMP‐dominant region
between 57° and 92°E.

Based on findings from terrestrial analog studies which suggest that LCPs contain shallower subsurface ice than
HCPs, it is implied that a substantial amount of subsurface ice may exist or have existed in areas where the LCPs
and LHTs are present and where numerous polygons and fractured mounds are distributed (e.g., Amazonis
Planitia, Arabia Terra, and eastern Utopia Planitia). These insights are also important when considering favorable
landing sites for future human missions.

Data Availability Statement
All original data sets presented in this paper are available in an open‐access repository (Sako et al., 2024; https://
doi.org/10.6084/m9.figshare.26205488.v2).
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