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Abstract: The permanently frozen volcanic sediment is one of the most promising geological objects for
searching life on Mars. On Earth, volcanic intrusions into permafrost result in formation of the unique
microbial communities. We propose several terrestrial analogues of Martian polar volcanoes, such as the
permanently frozen volcanic sediments on the Kamchatka peninsula and in Antarctica. The present study
shows applicability of the morphometric analysis for demonstration of the morphological similarity between
the terrestrial and Martian cinder cones. In the present work, the morphometric analysis of young Martian
landforms is based on the assumption that the conical structures identified on digital terrain model (DTM)
are volcanic cinder cones. Morphometric analysis of the studied cones showed a range of degradation. The
extent of degradation may be an indicator of age based on comparison with volcanic cinder cones on Earth.
A morphometric analysis of potentially young volcanic cones in the North Polar Region of Mars was
performed to estimate their relative age. The 14 potential cinder cones were identified using the DTM
provided by Mars Express High Resolution Stereo Camera (HRSC), allowing for the basic morphometric
calculations. The majority of the cinder cones are localized in the Chasma Boreale region within the area

79°-81°N and 261°-295°E. The calculated morphometric parameters showed that the cone average
steepness varied from 3.4° to 11.8°, cone height-to-width ratio varied from 0.025 to 0.12, and the ratio
between surface and basal area of the cone varied from 1.005 to 1.131. The studied cinder cones were
classified with respect to the morphometric ratios assuming that larger values correspond to the younger
structures. Employing the terrestrial analogy of morphometric ratios as a proxy for relative geological age,
we suggest that existing microorganisms may be found in permafrost of young Martian cinder cones.
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Introduction

The studies of extra-terrestrial volcanoes were largely pro-
moted in preparation for NASA lunar missions in late 1960s
and early 1970s (Nemeth 2011). Mars had a long history of
volcanic activity which resulted in presence of large number
of volcanic landforms (Carr 2006). Martian volcanism is
different from that on Earth due to its lower gravity, lower
atmospheric pressure and the lack of plate tectonics. Crater
statistics of calderas of several Tharsis volcanoes based on
Mars Express High Resolution Stereo Camera (HRSC) im-
agery reveals ages of ~ 100 Ma (Neukum et al. 2004). Crater
size-frequency for lower flanks of Olympus Mons suggests
age as young as 2.5 Ma. Cerberus plains also contain some
of the youngest volcanic features on the planet of not more
than a few million years old (Berman & Hartmann 2002).
Several shield volcanoes concentrated at the North Polar cap
margin based on the data of Mars Global Surveyor’s instru-
ment Mars Orbiter Laser Altimeter (MOLA) were dated
from 1 to 20 Ma (Garvin et al. 2000).

In the Chasma Boreale region, 106 mounds were identified
and analysed based on the MOLA topographic data in
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combination with high-resolution imagery from the Thermal
Emission Imaging System (THEMIS) instrument on board
of the Mars Odyssey spacecraft, Mars Orbiter Camera
(MOC) and High-Resolution Imaging Science Experiment
(HiRISE) camera on board of the Mars Reconnaissance
Orbiter (Warner & Farmer 2008). It was suggested that the
part of mounds located in this region are erosional remnants
and not volcanic landforms. However, the North Polar depos-
its are the youngest geological units on Mars (Fishbaugh &
Head 2002). Among the North Polar morphological features
observed with HRSC imagery was a field of small cones,
near the mouth of Chasma Boreale (Neukum & van Gasselt
2006). These cones were identified using digital terrain model
(DTM) in combination with HRSC high-resolution colour
images. The surrounding dark deposits and the absence of ero-
sion features lead to suggestion that these landforms are poten-
tially recent cinder cones. The absolute age of these structures
has been estimated as 7-15 Myr (Herkenhoff & Plaut 2000).
Within the ongoing discussion about geological nature of the
polar cones, the biological implication of cinder cones in Mars
is very important. Theoretically, the presence of life is possible
in sub-permafrost aquifers which may be transported through
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volcano to the surface. On Earth, this process was studied in
Kamchatka, where thermophilic microorganisms were ex-
tracted from the permafrost volcanic deposits surrounding cin-
der cones (Abramov et al. 2008). Terrestrial, non-volcanic
permafrost deposits ranging in age up to 8 Ma exist in the
Arctic and Antarctic and contain viable microorganisms
(Gilichinsky et al. 2007; Gilichinsky & Rivkina 2011).

Origin of volcanic cinder cones

Terrestrial cinder cones are ‘perhaps the simplest and most
common volcanic landforms in existence’ (Wood 1980). It is
a monogenetic volcanic structure with a distinct and defined
initial date of formation that lasts not more than a few million
years, before erosional processes flatten it. Morphological and
morphometric methods have proven to be an efficient tool for
determining the relative dates of terrestrial cinder cones and the
erosional processes affecting them (Wood 1980; Hasenaka &
Carmichael 1985; Hooper 1995; Inbar & Risso 2001; Parrot
2007). Such analysis generally attempts to measure the mor-
phometric parameters of cinder cones, e.g. height, diameter,
and slope, and the relationship between them. Modern morph-
ology of cinder cones might be associated with the duration of
the denudation processes.

On Earth, there are large volcanic fields with hundreds
of monogenetic cinder cones, such as the Michoacan—
Guanajuato (Mexico), San Francisco (Arizona, USA),
Andino-Cuyano (Mendoza, Argentina), Tenerife (Canary
Islands, Spain) and Hawaii with a long list of published
works (Scott & Trask 1971; Porter 1972; Bloomfield 1975;
Settle 1979; Martin del Pozzo 1982; Dohrenwend et al. 1986;
Wolfe et al. 1987; Hooper 1995; Inbar & Risso 2001; Déniz
et al. 2008).

The variation in the morphometric parameters of the cinder
cones within the same climate zone might be associated with
the relative morphometric dating with the more recent cinder
cones characterized by steeper slopes. However, the compari-
son of cinder cones of similar age from different climatic zones
shows that the erosional rates directly affect their geometrical
attributes and provide a range of morphometric parameters.
The intensive erosional processes in the climatic conditions
of the Kamchatka peninsula are not allowing for preservation
of cinder cones older than 100 Ky (Gilichinsky & Rivkina
2011; Inbar et al 2011). The cones dated as Early-Middle
Pleistocene age were eroded due to the geomorphic processes,
particularly during the last stage of the Pleistocene glaciation.
On the contrary, the subtropical climate of the Mexican
Volcanic field (Hooper 1995), the semiarid climate of Payun
Matru Volcanic Field (Inbar & Risso 2001) or the
Mediterranean climate of the Golan plateau (Inbar et al
2008) are showing measurable morphological changes in the
range of hundred thousands of years. Recent monogenetic cin-
der cones formed in the Great Fissure Tolbachik Eruption
(Kamchatka, Russia) or Paricutin (Mexico) have steep slopes,
up to 30°, although older eroded scoria cones typically have
gentler slopes, from 10° to 15° (Golan plateau, Israel). The
influence of climate is reflected in the highest rates of erosion
in the area, due to the harsh weather conditions. The slope
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angle decreases from the initial value of 31°-34° for the 1975
cones to 25°-29° for the cones 1500-2000 years before present
(BP). The Paricutin cone in Mexico erupted in the year 1943
had the initial slope of ~33° (Segerstrom, 1950) declining
slightly to 31°, 45 years later (Inbar et al 1994). Recent
cones on Mt Etna show a slope decrease of 10° in only 450
years (Wood 1980).

Based on the theoretical considerations, Martian cinder
cones will resemble those on Earth in general shape but
might be larger in size and lower in height, due to Mars lower
gravity and atmospheric pressure (Wilson & Head 1994;
Fagents & Wilson 1996; Parfitt & Wilson 2008; Broz et al.
2014). Previous predictions (Wilson & Head 1994, Mouginis-
Mark et al. 1992) suggested that even mild Strombolian
eruptions such as those that construct steep-sided (23°-33°)
scoria/cinder cones on Earth would result in broad 5-10 km
diameter cones under Martian conditions, with typical flank
slopes of ~10°. However, Wood (1979) assumed that cinder
cone steepness is independent of gravity and atmospheric pres-
sure, because the wider dispersal of ejecta material would affect
crater width and basal diameter in the same way.

Martian cinder cones

While large volcanoes on Mars have been long studied in de-
tail, smaller mounds were not considered as an object of
study due to the absence of high resolution imagery. The recent
release of the high resolution data made possible the precise
analysis of Martian surface terrain. In modern studies, several
fields of conical mounds were analysed suggesting various hy-
potheses about their origin as volcanic (Neukum & Gasselt
2006), erosional remnants (Warner & Farmer 2008), mud vol-
canoes (Pondrelli et al. 2011), pingos (de Pablo & Kamatsu,
2009) and of impact craters (Hodges & Moore 1994). Such
cones were not studied yet by rovers and the origin of majority
of conical structures is still disputed.

In the early reports from the HRSC team seven volcanic
cones were observed in the Martian North Pole Region
(Neukum & van Gasselt 2006; Broz & Hauber 2012). These
cones may have been formed from the cinder material that
surfaced as a result of the underground volcanic activity.
Although the study suggested that cinder cones may have
erupted within a few tens of thousands years, the cones appear-
ing in the imagery are remarkably unaffected by erosion from
wind, water, or ice moving in the soil. The analysis of 106
mounds in the same region showed cones slope ranging between
1°and 8° and cones width between 3 and 18 km. In spite of some
similarity with terrestrial basaltic low-angle volcanoes, this field
of cones was interpreted as being remnants of near-polar layered
material (Warner & Farmer 2008). The basis for this consider-
ation was horizontal flank layering, polygonal map-view
morphology, topographic relationships and spatial association
with retreating polar scarps. The cinder cones of the Martian
North Polar Region are localized in the area within 79°-81°N
and 261°-295°E. The age of the shield volcanoes in the same
area was estimated at 1-20 Ma (Garvin et al. 2000).

Mars Reconnaissance Orbiter’s Context Camera (CTX) im-
agery was used to analyse volcanic field in south-west Utopia
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Planitia (Lanz et al. 2010). The results showed similarities to
volcanic rift zones on Earth: a set of broad eruptive fissures,
parallel dike swarms, magmatic intrusions and number of
lava flows that can be seen to have erupted from the fissures
and cones (Lanz et al. 2010). Cones superposed on the fissures
are interpreted to be volcanic cinder cones based on the simi-
larity with other features rather than morphometry.

The data from several cameras such CTX, HRSC and
HiRISE were used for analysis of Tharsis region (Broz &
Hauber 2012). Twenty-nine volcanic cones were identified
and their morphometric parameters were calculated using
basal width, crater width, height and slope. Slopes of Tharsis
cinder cones were estimated to vary from 13° to 28°, with
basal width as much as 1-4 km. The results suggested that
the studied cones are Martian equivalents of terrestrial cinder
cones. The age estimations of cinder cones were based on the
crater size—frequency distribution of surrounding surfaces sug-
gesting formation between 1.5 and 0.44 Ga.

Microbiological potential of Martian volcanic permafrost

The cinder cones are the only known so far geological forma-
tions on Mars that might be relevant to the permafrost life pres-
ervation model. The presence of thermophilic microorganisms
in the frozen terrestrial volcanic sediments raises questions
about their source. High-temperature ecological niches in the
areas of active terrestrial volcanism are known as geothermal
oases among permanently frozen ash and scoria (Cousins &
Crawford 2011; Flores et al. 2013; Herbold et al. 2014). The
only way for thermophiles to be present within frozen pyroclas-
tic material is through deposition during the eruption. Such ter-
restrial microbial community might serve as a model for
extraterrestrial inhabitants on Earth-like cryogenic planet
Mars with its numerous ancient extinct volcanoes. Their past
eruptions were periodically breaking out the planet’s cryo-
sphere by magma fluxes, forming the thermal oases. The pro-
ducts of eruptions are lifted to the surface and frozen. These
newly frozen volcanic deposits are much younger than sur-
rounding permafrost. The cap at the Martian North Pole is
formed by water ice and provides the environment for micro-
bial life preservation. At the early Noachian time 4.6-3.7 bil-
lion years ago, Mars was evolving in a similar scenario with the
early Earth, which could support the appearance of life.

At Hesperian (3.7-1.8 billion years ago) and Amazonian
time (1.8 billion years ago—present), the global freezing took
place on Mars. In the post-Noachian time, geothermal oases
could be formed on the frozen surface. Those oases have
been associated with volcanic activity and located in ground
water effusion areas where microorganisms could penetrate
from below. However, due to the great difference in the age
of permafrost it is difficult to extend experience of terrestrial
cryobiosphere to its Martian analogues.

The most promising location for the search of life signs is
permanently frozen sediments of the polar volcanoes. These re-
gions include several young cinder cones and shield-volcanoes
at the edge of polar ice cap. There are several Earth analogues
of Martian polar volcanoes such as permanently frozen
volcanic sediments at Kamchatka peninsula and Antarctic

https://doi.org/10.1017/51473550415000166 Published online by Cambridge University Press

Morphometry of volcanic cones on Mars

volcanoes. Thus, terrestrial permafrost may represent a pos-
sible ecosystem for Mars as an Earth-like cryogenic planet.

In the present work, the morphometric analysis of young
Martian landforms is based on the assumption that the
conical structures identified within digital terrain model
are volcanic cinder cones. Assuming the volcanic origin of
the conical structures in the Martian North Polar Region,
we applied the morphometric method to estimate their
relative age. By employing the terrestrial analogy of mor-
phometric ratios as a proxy for geological age, we suggest
that microorganisms are likely to be found in permafrost of
Martian cinder cones.

Methodology

HRSC DTM data

The data from Mars Express HRSC image archive at the Freie
Universitaet (hrscview.fu-berlin.de, Berlin, Germany) were
used for description of the volcanic terrain. The HRSC experi-
ment on the Mars Express Mission provides high-resolution
surface imagery, accompanied by elevation data. The HRSC
data are delivered at different processing levels, including
radiometric calibration, geometric corrections, spatial referen-
cing and DTM derivation. The archived HRSC Level-4
products (colour images and DTM) allow for the detail inves-
tigation of morphometric parameters of smaller topographic
features such as possible cinder cones. The elevation in
HRSC DTM is calculated relative to the MOLA equipotential
surface (areoid) and directly comparable with MOLA topo-
graphy values.

The image data of HRSC are organized in north-south or-
iented strips of various length and 52 km wide swath, captured
at resolution of ~ 350 m pixel~! in the colour mode. The reso-
lution of corresponding DTM varies between 50 and 250 m
pixel™!. However, the DTM coverage largely depends on the
quality of stereo images and is not necessarily produced for
the entire portion of the image data.

The 14 high-resolution colour Level-4 images accompanied
by HRSC-based DTM of the North Polar Region were ac-
quired from the Mars Express HRSC image archive for two
groups of cinder cones. Although the larger number of low-
level HRSC images is available for the region, the study area
was restricted to the DTM coverage (Fig. 1).

Survey of cinder cones

In our study, the survey of cinder cones was performed using
the HRSC optical data in combination with corresponding
DTM. In total, 35 conical structures from 25 imaging orbits
(i.e. image covers, according to the HRSC experiment nomen-
clature) were studied. The main prerequisite for the visual sur-
vey was the definition of a cinder cone. Within the available
DTM cover there are a lot of features that may provide the for-
mal definition of a cinder cone as conical volcanic structure.
However, the combination of high-resolution optical data
with DTM has allowed for more specific description of cinder
cones:
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Fig. 1. Grey-shaded terrain of the Martian North Polar Region extracted from Google Mars (google.com/mars) showing the available HRSC
Level-4 DTM cover (black polygons) and two studied groups of cinder cones (white polygons). The Martian North Circumpolar Area is marked as

a black circle.

» Symmetrical conical structures distinguishable from the

topographic surrounding in DTM;

 Straight flanks and evident summit craters with respect to

relatively small size of the entire mound,

+ Noticeable in the HRSC colour scene and different enough

to merit a visual separation from the image background.

Only 14 cinder cones (within five orbits) met the aforemen-
tioned conditions (Table 1). It should be noted that beyond
the DTM coverage, we found additional 15 conical structures
that could be associated with volcanic activity.

Morphometric analysis

We conducted morphometric measurements of the Martian
conical structures using the method previously tested on
Kamchatka cinder cones (Gilichinsky & Rivkina 2011). All
conical features deemed similar to those of the terrestrial cinder
cones were identified and their morphometric parameters were
calculated from the available HRSC DTM coverage.

The central point for the estimation of morphometric para-
meters is the delineation of the basal isoline that separates the
cinder cone from the surrounding topographic background.
We have calculated the slope models of the identified cinder
cones as an elevation change parameter in the DTM, using
the topographic modelling module in Exelis ENVI/IDL.
Using the calculated slope model, the basal isoline was
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allocated according to the cinder cone lowest elevation isoline
with the average slope of more than 5°. The definition of the
base has allowed for calculation of the morphometric para-
meters as ratios of the cone geometrical attributes (Fig. 2).
The ratio between the surface area (S,) and the planimetric
area of the cone base (Sy,) provides a direct indication of cinder
cone roughness (surface-to-base ratio). In a grid-based system
such as HRSC DTM, planimetric area is calculated as a sum of
areas of individual cells, which is defined by the DTM spatial
resolution. The surface area of each grid cell is dependent on its
slope. A surface area increases as a grid cell is tilted from a hori-
zontal reference plane to its three-dimensional (3D) position in
a DTM (Fig. 2). The surface area of individual cell (S’,) can be
calculated by dividing the planimetric area by the cosine of cor-
responding slope angle (). Then the total surface area of the
cone is calculated as sum of the individual cells (equation (1)).

S,
5= Z cos(at) M

Computation of the surface (lateral) area of a cinder cone
will result in a value that is greater or equal to the area of the
rectangle on the planimetric reference grid of DTM. For ex-
ample, in case of ideal cone with S, =1km? and slope of
30°, the ratio will be equal to 1.15. Removal of the cone mater-
ial by erosion will smoothen the topography resulting in the
ratio decrease overtime.
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Table 1. Morphometric parameters of 14 cinder cones as measured from HRSC DTM

Average Base area Surface area Basal width
Cone ID HRSC orbit Location Volume (km?) Height, m slope (°) (Sp) (km?) (S,) (km?) (Wp) (km)
1 1275_0000" 80.23N, 295.68E 3.11 593 11.8 17.4 19.6 23
2 3737_0000" 81.26N, 272.42E 4.42 455 10.1 14.4 15.7 2.1
3 3737_0000" 80.73N, 267.26E 3.23 316 6.4 19.7 20.3 25
4 3737_0000" 80.65N, 262.29E 3.37 387 6.9 16.3 16.9 23
5 3737_0000" 80.46N, 268.74E 2.69 153 3.5 254 25.6 28
6 1169_0000> 78.69N, 285.33E 10.96 557 7.9 472 49.5 3.9
7 1169_0000> 80.08N, 275.33E 232 255 3.4 33.7 34.0 3.3
8 1169_0000> 78.91N, 274.65E 6.03 240 47 26.5 27.0 29
9 1169_0000> 79.14N, 285.52E 221 257 6.1 16.1 16.5 23
10 1291_0000° 80.13N, 172.45E 2.29 198 3.2 29.6 29.9 3.1
11 1258_0000* 81.15N, 161.13E 3.17 180 3.3 34.2 34.5 3.3
12 1258_0000* 79.36N, 168.08E 1.35 170 5.4 114 11.6 1.9
13 1258_0000* 79.51N, 168.62E 3.19 177 1.8 46.1 46.2 3.8
14 1258_0000* 79.21N, 162.25E 0.59 101 23 12.1 12.2 1.9

Note that superscript numeration of HRSC orbits is referring to the spatial resolution of a corresponding DTM as follows: 1-150, 2-250, 3—100 and
4-125 m. Locations of the cinder cones are given in planetocentric coordinates.

Fig. 2. Volcanic cone as represented by DTM and by planimetric grid (a). The height of the cone (denoted as /) is defined as elevation difference
between the highest cone point and the basal isoline; Example of relation between planimetric reference grid and the corresponding cell of the tilted
plane (b). The surface area is denoted as S’,, planimetric area as S, and the slope angle as o.

The standard morphometric measure of the overall steepness
of a cinder cone is calculated as ratio of the height (%) to the
basal width (W},). The height is calculated as a difference be-
tween the crest elevation and the elevation of the base of the
cone. The basal width is calculated as /Sy, /.

Similarly to S,/S}, ratio, this ratio also reflects the erosion of
the cone and decreases with age as material is removed from
the crest to the base. Originated from the traditional morpho-
metric measurements from topographic maps, the A/W,
(height-to-width ratio) has to be supported by DTM derived
S.,/Sy, ratio.

The volume of the cinder cones is calculated using the
surface of cinder cones with respect to a reference plane.
Similarly to all the aforementioned morphometric parameters,
the calculation of volume is an approximation, largely depend-
ing on the DTM spatial resolution. We have calculated the
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volume of the inferred cinder cones according to equation (2):

V=> IS,

where /1’ is the elevation difference in an individual grid cell be-
tween the surface elevation and the elevation of the base of the
cone and Sy, is the cone base area in an individual grid cell.

The factor of DTM spatial resolution is very important for
estimation of morphometric parameters. The HRSC DTM
provides the description of Martian topography in resolutions
varying from 50 m at the equator to 250 m at the poles. Thus,
the reduced resolution of DTM available for the study of 100—
150 m in the North Pole region allows for the correct estima-
tion of basic morphometric parameters mentioned above but
not necessarily sufficient for calculation of summit and crater
attributes.

(€3
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Cone 1

Cone 2

Cone 7

Fig. 3. The digital terrain models of the 14 studied cinder cones. The numeration of the cones conforms the order in Table 1. Note that the cones
1-9 belong to the Chasma Boreale group (Group 1) and cones 10-14 belong to the Olimpia Udinae group (Group 2).
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Results

Fourteen cones divided into two geographic groups were ob-
served in the Martian North Polar Region. They are covered
by 25 HRSC orbits for which DTM Level 4 exists (Fig. 1).
The spatial resolution of the studied DTM varied between
100 and 250 m, the height of the cones varied in the range
from 250 to 600 m (Table 1).

The first group (Group 1) centred on 80°N; 270°E (approxi-
mately 300 km west of the mouth of Chasma Boreale) and the
second group (Group 2) is located to the west of Olympia
Undae dune field (80°N; 165°E). All these cones were
identified in the landscape by visual examination and the
DTM for each cone was extracted from the general orbit cover-
age. This allowed for visualization of main morphological
attributes as flank slopes, summit units and basal outlines
(Fig. 3).

For each cone, calculations were made of the main morpho-
logical parameters such as height, width, average slope, vol-
ume, basal and surface areas (Table 1).

Group 1 consists of nine conical mounds with the average
slope of 6.8° and the average surface-to-base ratio of 1.05
(Cones 1-9, Table 1). The calculated volume of the cones in
the group varied between 2.21 and 10.96 km?® with the average
volume of 4.26 km>. Group 2 consists of five cones with the
average slope of 3.2° and the average surface-to-base ratio of
1.01 (Cones 10-14, Table 1). The calculated volume of the
cones in the group varied between 0.59 and 3.19 km?® with
the average volume of 2.12 km®.

Calculations were based on cone plane attributes in case of
height-to-width ratio and cone 3D characteristics in case of
surface-to-base ratio. The height-to-width and surface-to-
base ratios are usually consistent with the erosion-based
scoria wasting process of the material from the top of cinder
cone to its flanks. The association between these parameters
allows for straightforward degradation modelling of local
topography by interpolation of DTM data points. The
height-to-width and surface-to-base ratios show a common
shift from larger values within Group 1 towards smaller
values in Group 2 (Fig. 4). The variation of height-to-width
ratio ranges between 0.04 and 0.14 in cones of Group 1 and
between 0.025 and 0.04 in cones of Group 2. Similarly, the
variation in surface-to-base ratio ranges between 1.01 and
1.14 (Group 1) and between 1.002 and 1.017 (Group 2).
The comparison with four recent terrestrial cinder cones
visualizes the correspondence between these two types of
morphometric ratios. However, it should be noted that the
strictly numerical comparison of these parameters with terres-
trial analogues is not applicable due to incomparable DTM
resolution.

The per-cone average slope values were calculated and
compared with S,/S},, values demonstrating good correlation,
R>=0.901 (Fig. 5). Similarly to terrestrial analogues, this
relationship associates ‘recent’ cones with steeper slopes as
having greater surface area, in comparison with cone’s base.
Similarly, ‘older’ cones are associated with gentle average
slopes and having surface area almost equal to cone’s base.
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Fig. 4. Comparison of planimetric height-to-width ratio (4/W4,)
against terrain surface-to-base ratio (S,/Sy) as calculated from HRSC
DTM. The numeration of the cones conforms the order in Table 1.
Note the four recent terrestrial cinder cones (marked as grey crosses)
that were formed in Great Fissure Tolbachik Eruption in Kamchatka
between years 1975 and 1976.

Discussion

In previous studies, it has been shown that Earth volcanic
permafrost contains viable thermophilic microorganisms
(Abramov et al. 2008; Gilichinsky et al. 2010a, 2010b;
Mironov et al. 2013). These types of microorganisms were
never found in permafrost located outside the volcanic areas.
The only way they are to appear within a frozen material is
through a concurrent deposition during the eruption, together
with products associated with volcano heated subsurface geo-
thermal oases. Thus, in the areas of active volcanism, the cata-
strophic geological events transport the life from the depths of
the high-temperature ecological niches out to the surface where
it may be preserved in permafrost over a long period of time.
Following Earth analogy, life may survive in Martian
permafrost up to 8 Myr. For this reason, the focus of our
study is the North Polar Region of Mars. Although the
Martian South Polar Region shows indications of water ice
as well, the putative young volcanic structures were not ob-
served there. The Martian North Polar Region satisfies two
main astrobiological requirements: the presence of ice-
cemented ground (permafrost) and relatively young volcanic
structures as cinder cones. In this case, a classification of cinder
cones by morphometric parameters might be used for relative
dating assuming younger structures as having a higher astro-
biological potential from the life conservation perspective.
The results obtained in our study provide an additional as-
pect of Mars habitability by considering morphometric ratios
as a proxy for relative geological age. The nine cones of the
Group 1 range (Cones 1-9, Table 1) were previously identified
by Neukum et al. (2004) and Neukum & van Gasselt (2006) as
conical mounds of volcanic origin. In the present study, the
slopes of this group were found to have a smaller range than
that of 16°-28° reported by Broz & Hauber (2012) for
Tharsis pyroclastic cones. Their findings are similar to the
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Average slope, degrees

1 1.02 1.04 1.06

y=T78.183x - 75.155
R*=0.901

1.08 11 112 114

Sa/Sb ratio

Fig. 5. Comparison of per-cone average slope mapped against values of S,/S, ratio, calculated from the HRSC DTM. The numeration of the

cones conforms the order in Table 1.

range measured for young terrestrial cinder cones in
Kamchatka (Gilichinsky & Rivkina 2011) and Payun Matru
Volcanic Field in Argentina (Inbar & Risso 2001). Slopes in
the second group of cones (Cones 10-14, Table 1) are of the
same order as slopes of the majority of the mounds analysed
using high-resolution HiRISE imaging data which were inter-
preted as non-volcanic structures (Warner & Farmer 2008).
Similarly, we identified these cones in the list of near-polar
forms and observed the direct relationship between average
slope and the morphometric parameter of surface-to-base
ratio (Fig. 5). It should be noted that degradation of cinder
cones through mass wasting and erosion provide different
formation mechanism from pristine volcanic morphology.
Therefore, the volcanic forms created by basaltic volcanism
will be considerably different from the cinder cones of similar
age. Following the Earth analogy, the cones with the morpho-
metric parameters of slope (9°-12°) and surface-to-base ratio
(1.09-1.15) might be associated with the volcanic activity as
a result of small explosive eruptions. These values correspond
well with the morphometric characteristics of older cinder
cones in Kamchatka (2-10 Kyr) and Golan Heights (~1
Ma). However, the direct comparison of the morphometric
parameters might not be appropriate due to DTM resolution
that affects the morphometric parameters of cones in a way
similar to that of erosion by reducing the topography and
slope. In that case, young cinder cones depicted on a coarse
resolution DTM can produce morphometric values similar
to those of older cones calculated from DTM of higher
resolution.
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Assuming the volcanic origin of the studied Chasma Boreale
mounds, Cones 1 and 2 (Table 1) can be considered the young-
est cinder cones in the North Polar Region of Mars, with po-
tential to be the youngest Martian permafrost. The terrestrial
thermophilic psychrotolerant microbial inhabitants of the vol-
canic permafrost may suggest the hypothesis of existing micro-
organisms that may be found in permafrost around the young
Martian cinder cones. Ongoing extension of HRSC DTM
coverage over additional regions will contribute to better
understand the volcanic history of the Martian North Polar
Region.

Identification of the sites with a high possibility for micro-
bial life existence is one of the most challenging issues in
Mars exploration. The unique combination of the geological
conditions that form young permafrost in volcanic cinder
cones on Mars provides the environment that allowing for
life preservation. Among the Martian geological assemblages,
only volcanic permafrost is proximal to apply the terrestrial
analogy of microbial thermophilic communities. In this per-
spective, morphometric analysis provides a way of selection
of the younger volcanic cinder cones with higher potential
for microbial life.
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