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We studied the growth and evolutionary history of four major volcanoes of the Tharsis Province based on
morphometry, age and hypsometric studies. Shield volcanoes of Tharsis volcanic province demonstrate
marginally dissimilar landform evolutionary trends. Arsia Mons is distinct with a single caldera of large
diameter and showed the highest asymmetry in the apron development. A convex hypsometric curve of
Arsia Mons indicates tectonic dominance in its evolution. Olympus Mons, on the other hand, is concave in
shape, suggesting an erosion dominated landform. Olympus Mons shows the highest symmetry in its
morphology as a cone, while Ascraeus Mons and Pavonis Mons display a deviation from the symmetry
due to the development of aprons. We determined the age of the caldera and the surrounding region of the
four major shield volcanoes of Tharsis Province using the crater counting technique. Chronological
studies using the crater counting technique indicate that the significant part of the Tharsis volcanic
province belongs to the Late Amazonian period (\ 300 Ma). Hypsometric studies indicate that Tharsis
Montes are tectonically active, while Olympus Mons dominantly showed erosional activity in the recent
past. Accordingly, the investigation of Tharsis Montes is a critical way to improve the understanding of
evolutionary pathways of volcanic landforms of the Martian surface.
Keywords. Mars; surface; volcanism; tectonics.

1. Introduction
Landform evolution studies attempt to document
surface processes operational that help in the
reconstruction of planetary evolution. Mars has a
non-uniform distribution of varied range of complex volcanic landforms with size ranging from a
few to several hundred kilometres. Tharsis and
Elysium provinces are the two distinct volcanic
provinces that are prominent in creating the

crustal dichotomy of Mars in terms of topography
as well as geology (Solomon and Head 1982). The
planet commonly has shield volcanoes of basaltic
type, which are usually large volcanic features with
broad volcanic ediBce (Carr 1980; Zimbelman
2000; Plescia 2004; Hauber et al. 2009). The largest
known volcanic features in the solar system are the
four major volcanoes of Tharsis Province on Mars.
Early investigations on the Martian volcanoes were
using the Viking data resulting in volcanic maps at

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).

172

Page 2 of 20

a scale of 1:5,000,000 (Carr 1973, 1975; Carr et al.
1977; Morris and Dwornik 1978). Davies (1974)
and Wu et al. (1984) used photogrammetric techniques for the early topographic investigation of
the Martian volcanoes. Several previous studies on
Martian morphology estimated the volume, altitude, relief and slopes of different volcanoes (Broz
and Hauber 2012; Mouginis-Mark 2018). Blasius
and Cutts (1981) had studied the topography of the
central volcanoes of Mars. Robinson et al. (1993)
had studied the Martian volcano chronology and
atmospheric contribution of Apollinaris Patera.
Mouginis-Mark and Kallianpur (2002) studied the
Martian volcano height and caldera geometry
using Mars Observer Laser Altimeter (MOLA)
data. Plescia (2004) reviewed the morphometric
properties such as dimensions and volumes of all
significant volcanoes on Mars using MOLA data.
Werner (2009) investigated the ages of the major
volcanoes using the High-Resolution Stereo Camera (HRSC), Mars Orbiter Camera (MOC), and
Thermal Emission Imaging System (THEMIS) for
the detailed study on global Martian volcanic
evolution. Hauber et al. (2011) studied the young
volcanic basaltic surfaces and the rheological
properties of the lava Cows, concluded from morphometric studies using CTX and MOLA datasets.
The large diversity of volcanic landform on the
Mars is due to several factors, i.e., change in
eruption style, change in the style of volcanism, as
well as change due to morphological evolution with
time (Werner 2009). Consequently, such studies
related to the morphometric properties of volcanoes may lead to the characterisation of the eruption style (Carr 2006). The Tharsis region of Mars
is always in the research focus as a conspicuous
area for studying Martian geological evolution due
to its large scale and complex volcanic activity
(Carr 1974; Wise et al. 1979). The shield volcanoes
generally have broad volcanic ediBce. Previous
studies on the morphologies of Tharsis volcanoes
considered as analogues of basaltic shield volcanoes
on Earth (Carr 1973; Werner 2009). The shield
volcanoes of Tharsis volcanic province displays a
trend of low viscosity, maBc lithology and eAusive
nature of volcanism (Hodges and Moore 1994;
Plescia 2004; Bleacher et al. 2007). The three large
shield volcanic ediBces of Tharsis Montes
(Bgure 1), i.e., Arsia Mons, Pavonis Mons and
Ascraeus Mons aligned linearly from southwest to
northeast, respectively, and the distance between
each Mons is *700 km, in Tharsis Province, collectively known as Tharsis Montes (Carr et al.
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1977). Each shield volcano of the Tharsis Montes
ranges from 350 to 500 km in diameter and their
summit calderas are between 8 and 17 km above
the surrounding plains (Carr 1980; Plescia 2004).
Many researchers illustrated the tectonic and
geologic history of the Tharsis volcanic province
(Anderson et al. 2019 and references therein). The
paleo-tectonic maps presented by Anderson et al.
(2001) show that the Tharsis Province has been
active throughout Martian geologic time (from the
Noachian through Late Amazonian) as deBned by
its tectonic features. In the Tharsis region, uplift
and faulting have occurred in various episode discrete in time and space. The localised tectonic
events must have occurred in the Tharsis region
because of the size and complexity of the region.
Tectonic features of the Tharsis region are the
result of several episodes of faulting, independent
in space and time, rather than a single event
(Plescia and Saunder 1982; Thomas et al. 1990;
Byrne et al. 2009, 2012). The previous study on the
volcano-tectonic activities identiBed various tectonic features such as grabens, faults, sinuous rilles,
pit-chains on the Tharsis Montes (Byrne et al.
2012; Bouley et al. 2018; Mouginis-Mark and
Rowland 2008; Tanaka et al. 2014; Pozzobon et al.
2021). Morphometric analysis along with hypsometric curve analysis indicate the evolution of
Tharsis volcanic landforms through space and
time.
Olympus Mons, the tallest volcano in the solar
system, located northwest of the Tharsis Montes,
with its associated extensive volcanic products as
lava Cow and aureole deposits form subprovince in
the Tharsis region. Zisk et al. (1992) had studied
magma chamber depth and subsidence of caldera of
the Olympus Mons. Subsequently, Morris and
Tanaka (1994) did geologic mapping of Olympus
Mons using Viking data. The various tectonic features are identiBed on the ediBce such as grabens,
sinuous rilles, Cank terraces as thrust faulting
(Mouginis-Mark and Robinson 1992; Byrne et al.
2009; Musiol et al. 2016). However, few studies
identiBed the aureoles deposits around the Olympus Mons formed by Cank failures due to landslides
or catastrophe mass movements (McGovern et al.
2004; De Blasio 2011; Crosta et al. 2018). Hauber
et al. (2009) investigated the topography and
morphology of the plain volcanism in the Tharsis
region using MOLA, MOC, HRSC, High-Resolution Imaging Science Experiment (HiRISE),
THEMIS, and Context Camera (CTX) data. The
shield volcanoes of Tharsis are always compared as
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Figure 1. MOLA shaded relief map of the study area, Tharsis volcanic province.

analogous to terrestrial Hawaiin volcanoes because
of the straight-line alignment of the three Montes
and analysed to be hotspot plume volcanism
(Greeley and Spudis 1981) in which the Olympus
Mons is an outlier. The present study is to evaluate
this comparison based on the morphometric analysis. Accordingly, the study of Tharsis Montes is a
critical way to improve the understanding of morphometric properties of the Martian surface.
However, the morphological results of the surface
require validation based on the ages of the surface
(Carr 1980). The chronological information is
derived using crater populations on the planetary
surface.
The absolute age methods for planetary surface
have been developed and described in many
research papers (Neukum and Hiller 1981; Hartmann et al. 1981; Neukum 1983; Hartmann and
Neukum 2001; Ivanov 2001). The concept is to
compare the observed crater density of a given
surface to a known production function. Absolute
age is obtained by considering and limiting the
crater density to a minimum diameter and calibrated with a chronology function (Michael and
Neukum 2010). With the advancement in the
spatial resolution of the sensors, high-resolution
images are capable of providing new insights about
the geologic evolution of Mars. Several researchers

used the method of crater counting on highresolution images to count crater populations to
determine the absolute age of the Martian surface.
Neukum (2004) used the HRSC image to determine
the recent activity of volcanoes of Tharsis and
Elysium regions, while Werner (2009) used the
HRSC images along with the nested MOC-NA
images to determine the absolute age of the surface.
Hauber et al. (2011) worked with high-resolution
CTX images to determine the age of the low shield
volcanoes. Similarly, CTX image was used by
Robbins et al. (2011) to estimate the age of calderas
of 20 major volcanoes. Image and topographic data
from the latest generation of the satellite, e.g., the
Mars Odyssey (MO), Mars Global Surveyor
(MGS), Mars Reconnaissance Orbiter (MRO), and
Mars Orbiter Mission (MOM) missions have
allowed the systematic characterisation of the
surface morphology at the best resolution. Subsequently, such higher resolution datasets help in
determining the volcanic landforms distribution in
space and time (Bleacher et al. 2007, 2017). The
main objective of the present study is to carry out
morphological analysis of Tharsis volcanic province mainly focused on Tharsis Montes and
Olympus Mons (Bgure 1).
This study aims to analyse and discuss the evolutionary history of the major volcanoes of the
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Tharsis province based on hypsometric analysis
along with morphometric and chronological studies. The aim of the present study is to provide
hypsometric analysis complimenting to previous
works and therefore not to investigate the new
evidences. In the morphological analysis, the slope
and elevation proBle of Tharsis Montes, as well as
Olympus Mons, were estimated. Detailed morphometric parameters like the ratio of the width of
caldera and width of cone (Wca/Wco) and the ratio
of the height of the cone and width of the cone
(Hco/Wco) were also determined (Broz and Hauber
2012; Grosse et al. 2014). We interpreted the land
evolution pattern of the Tharsis Montes and
Olympus Mons using hypsometric analysis. Subsequently, we determined the age of the caldera
and the surrounding region of the Tharsis Montes
and Olympus Mons using the crater counting
technique (Werner 2009; Michael and Neukum
2010; Platz et al. 2013).
The Indian Space Research Organization (ISRO)
successfully launched Mars Orbiter Mission
(MOM) on 5th November 2013 (Nair and Mathew
2017) as the Brst mission to Mars by India. One of
the main scientiBc objectives of the MOM mission
is to study the morphology, mineralogy and
topography of Martian surface features. For the
fulBlment of this scientiBc objective, instruments
like Mars Colour Camera (MCC) and Thermal
Infrared Imaging Spectrometer (TIS) were used
along with other three instruments (Lele 2014). In
the present study, interpretation of MCC images
combined with MOLA DEM and CTX images from
other missions formed the basis of morphological
and chronological analysis.
2. Materials and methodology
The present study integrated several satellite
datasets, i.e., Mars Orbiter Laser Altimeter
(MOLA) DEM (Zuber et al. 1992; Smith et al.
2001), Mars Colour Camera (MCC) (Lele 2014)
and ConText Camera (Malin et al. 2007) from
different missions to derive the morphological
evolution patterns. The MOLA DEM data onboard
MGS spacecraft having a spatial resolution of
about 463 m (Zuber et al. 1992; Smith et al. 2001)
and MCC dataset having the variable spatial resolution onboard MOM has been used to carry out
the morphological analysis of Tharsis volcanic
province. MCC images provide only context
information in the visible range of EM spectrum
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Figure 2. Illustration of the concept of hypsometric analysis of
the volcanic Mons. In this Bgure, y is the relative elevation, h
is the height of a given contour, and H is the maximum
elevation from the surrounding plane.

that also has a varying spatial resolution of *20 m
to *4 km, subjected to the orbital conditions of
the satellite (Lele 2014). Therefore, MCC images
overlaid on MOLA DEM data served as a support
for better visualisation of morphological features
and delineating the volcanic landform boundaries.
In this study, the hypsometric curve was generated using MOLA DEM for the major volcanoes of
the Tharsis provinces. The edge of the ediBce has
been demarcated such that the slope over the end
edge becomes gentle and showing a lower change in
elevation. The elevation of each Montes was classiBed into 12 equal class intervals and within each
class interval, area has been calculated. Subsequently, we calculated the cumulative percentage
area for all Montes. All the four volcanic shields got
represented in one single plot with normalized
elevation and area.
The hypsometry describes the distribution of
area at different elevations (Strahler 1952). The
hypsometry can be inCuenced by lithology on
smaller scale and tectonics on a larger scale (Lifton
and Chase 1992) as well as by the climatic eAect
(Masek et al. 1994). The hypsometric curve is used
to estimate the proportion of the land surface area
that exists at a different elevation (Perez-Pena
et al. 2009) by plotting the graph of cumulative
area percentage against different elevations
(Bgure 2). The distribution of the elevation provides information of landform equilibrium which
involve two processes, internal and external.
Internal process like tectonic activity creates the
relief, thus increase the elevation of landforms
whereas the external process such as erosion lowers
the landforms (Perez-Pena et al. 2009). Such
information of elevation distribution over the
landforms can be inferred through hypsometry.
The convex hypsometric curve infers the youthful

Page 5 of 20 172

J. Earth Syst. Sci. (2021)130:172
stage with less eroded landforms or tectonically
active landform; S-shaped attributed to a mature
stage with moderately eroded landform and concave curves indicate peneplain stages of the landform with highly eroded landscape (Strahler 1952).
To study the basic morphometric ratios of the
four major volcanoes, namely, Olympus Mons,
Arsia Mons, Pavonis Mons, and Ascraeus Mons,
DEM generated contours were derived. The ratio
of width of caldera to width of cone (Wca/Wco)
gives information about the truncation or pointedness degree of the ediBce. The ratio of height of
the cone to width of the cone (Hco/Wco) as represented in Bgure 3 is used to determine the overall

Figure 3. Geometrical representation of the parameter used in
the study.

steepness (Broz and Hauber 2012; Grosse et al.
2014). The slope of the volcanic region provides
information about the style of volcanism and the
lava compositions. It is generally interpreted that
the lower slope of volcanic surface depicts the maBc
composition of lava, whereas steep slope generally
related with more silicic composition (Plescia
2004). Slope and contour maps are required to
determine these morphometric parameters. For all
four Montes, contour maps were generated with
similar contour spacing by keeping the contour
interval of 1000 m. The slope map for each Mons
was derived from the MOLA DEM data by calculating the maximum change in elevation between
neighbouring pixels. Elevation proBle was generated along the lines AA0 and BB0 representing two
directions passing through the centre of the caldera
of each Mons. The directions were chosen in such a
way that it covers the maximum changes in elevation and slope with respect to the surrounding
regions based on the visual interpretation of the
merged image of MCC and MOLA. It is very hard
to deBne the edge of the major shield volcanoes of
Tharsis because a large extent of the lava Cow

Figure 4. Overall methodology Cowchart.
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away from the main ediBce (Kallianpur and
Mouginis-Mark 2001; Plescia 2004). Therefore, the
elevation proBle along AA0 and BB0 was used to
determine height and the basal diameter of Mons.
The basal diameter of the Mons was determined by
using the slope map to deBne the boundary along
with the slope break with lowest slope values.
Subsequently, the ratio of Wca/Wco and Hco/Wco
parameters were generated for both the elevation
proBles.
To generate a realistic landform evolutionary
model, it is important to have the absolute age of
the land surface. Therefore, in the present study,
we used imaging data from Context Camera
(CTX) onboard MRO for the age estimation of
Tharsis volcanic region using crater counting
technique (Michael and Neukum 2010; Platz et al.
2013). CTX provides very high-resolution data
(*6 m/pixel). Consequently, small-scale morphological features can easily be identiBed (Malin et al.
2007). About 63 locations of homogeneous surface
have been chosen such that it consists of high and
low-lying elevation, calderas of major volcanoes,
and other volcanic products, to determine the
spatial variation in age for the Tharsis volcanic
province. For each location with homogenous terrain, impact craters were counted and the crater
diameter was measured using ArcGIS extension
CraterTools (Kneissl et al. 2011). For each counting location, CTX image has been used, and the
map scale was selected in between 1:15000 and
1:30000 to measure crater diameters. The impact
craters with more than 40 m of diameter were used
in this study for the data Btting to avoid the
problems which arise due to target property inCuence (Dundas et al. 2010). The inclusion of secondary craters in the counting caused deviation in
the estimated age of the surface from absolute age.
Hence, these craters were avoided in the crater
counting (Hauber et al. 2011). However, it is very
difBcult to differentiate the isolated secondary
craters from primary craters. Thus, it is possible to
have few secondary craters in the count statistics.
The software ‘Craterstats’ (Michael and Neukum
2010) has been used to determine the crater age
model by the analysis of Crater size-frequency
distributions (CFSD) using production function of
Ivanov (2001) and the chronology function of
Hartmann and Neukum (2001). In this study, the
small and large size craters were excluded from
Btting the data as CSFD rarely falling on the same
isochrons. Thus, different diameter range has been
used to Bt the CSFD curve. Crater model age for 63
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locations, including caldera of all the four Montes
as well as regions in between each Mons was
determined. In order to understand the age variation at the regional level, the estimated ages were
overlaid on the geological map (Tanaka et al.
2014). This variation of age in the study region will
be helpful to infer the evolution of major volcanic
landforms in the Tharsis region along with
morphometric analysis (Bgure 4).
3. Results and discussions
The Tharsis volcanic province has numerous
volcanic constructs of distinct morphology and
different age, but the present study is focused on
the four main shield volcanoes, namely, Olympus
Mons and the three Montes: Arsia, Pavonis and
Ascraeus collectively named as Tharsis Montes.
The preliminary aim of the study is to carry out a
comprehensive analysis on the volcanic morphometry, hypsometry and crater age that can result in a
broad discussion about the evolution of these volcanic landforms and the eAect of tectonics on its
evolution.
3.1 Hypsometric analysis of Tharsis Montes
and Olympus Mons
We analysed the hypsometric curves and integrals,
generated for the four shield volcanoes from MOLA
DEM data to understand the evolutionary pathways of these landforms (Bgure 5a). Hypsometric
curve analysis of the three Montes of Tharsis region
suggests that the Arsia Mons shows a convex curve
indicative of a landform dominated by tectonics.
This is evident from previous research studies that
identiBed various tectonic features such as normal
faults as a proof of extensional tectonic regime
(Bouley et al. 2018) and the arcuate grabens as
reported by Crumpler and Aubele (1978); MouginisMark and Rowland (2008) and Tanaka et al. (2014)
in the western and eastern Cank regions of Arsia
Mons. The elevation proBles plotted using the highresolution CTX image and MOLA DEM shows the
grabens with considerable depth along the proBle
lines AA0 and BB0 as shown in Bgure 5(b and c).
Hence, it is obvious that the Arsia Mons as a landform shows impact of tectonism in its evolutionary
stages. Ascraeus Mons demonstrate a concave nature, while Pavonis is in between concave and convex
but more towards concave nature. The hypsometric
curve of Olympus Mons is concave in nature with a
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Figure 5. (a) Hypsometric curve for Olympus Mons, Ascraeus Mons, Pavonis Mons and Arsia Mons of the Tharsis volcanic
province, (b) High-resolution CTX image of graben on the western Cank region of Arsia Mons and elevation proBle along the lines
AA0 and BB0 , (c) High-resolution CTX image of graben on the eastern Cank region of Arsia Mons and elevation proBle along lines
AA0 and BB0 , (d) CTX image of the Olympus Mons scarps: (i) Eastern Cank region, (ii) North-eastern Cank region, and
(iii) North Cank region.

small bump towards the end, indicating sudden
change in the slope of the central volcanic cone and
suggests that the landform is dominated by erosional activity. Further, few locations identiBed in
this study on three high-resolution CTX images as
shown in Bgure 5(d) were identiBed as slumps and
scarps by Crosta et al. (2018) and Tanaka et al.
(2014) on the Olympus Mons. Various other studies
also reported that the escarpment on the ediBce and
aureole deposits surrounding the northern and
north-eastern region of Olympus Mons are formed
either by some catastrophic mass movement
(McGovern et al. 2004), submarine landslide collapse (De Basilo 2011) and slumps (Crosta et al.
2018) due to the Cuvial activity, presence of water at
the base (De Basilo 2011) or Cank failure due to
high-pores Cuid pressure (McGovern et al. 2004).
Mouginis-Mark (2018) has observed a recent collapse as a small landslide of *7 km along the
northern escarpment. Hence, as suggested by the

hypsometric analysis, the evolutionary path of
Olympus Mons is dominated by erosional events.
However, various tectonic features such as the grabens and Cank terrace as thrust fault and Cank vents
are identiBed on the Olympus Mons (MouginisMark and Robinson 1992; Byrne et al. 2009; Musiol
et al. 2016; Peters and Christensen 2017). Therefore,
it is evident from the hypsometric analysis that
Olympus Mons as a landform is dominated by erosional activity and tectonic activity dominated in
the evolutionary pathway of Arsia Mons. However,
such a strong indication of tectonic dominance in the
evolutionary path is absent for Pavonis Mons and
Ascraeus Mons. Hence, the hypsometric analysis
compliments the results demonstrated in prior
studies (Crumpler and Aubele 1978; McGovern
et al. 2004; Mouginis-Mark and Rowland 2008; De
Basilo 2011; Byrne et al. 2012; De Basilo 2012;
Tanaka et al. 2014; Mouginis-Mark 2018; Pozzobon
et al. 2021).
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3.2 Morphological analysis of Tharsis volcanic
province
3.2.1 Olympus Mons
Olympus Mons is the tallest shield volcano among all
the Montes with ediBce rises to a height of 22 km
above the surrounding plains and with the largest
basal width on the Mars (Morris and Tanaka 1994).
The slope analysis shows a high degree of slope
around the rim of the caldera of Olympus Mons as
shown in Bgure 6, indicated by a circular red line.
The Canks of Olympus Mons ediBce were mainly
comprised of the gentle slope of about 3–5°, but near
the scarp, it increases up to 40° depicted by the red
colour narrow rim in Bgure 6. The slope is moderate
in the middle of the Canks and grows shallower
towards the base. The caldera of Mons has a very
gentle slope of about 0°–2° with a moderate gentle
slope obtained around the central part. The Canks of
Olympus Mons show a gentle slope suggesting
dominantly maBc lithology as suggested by Hodges
and Moore (1994). Unlike other main volcanoes of
Tharsis Montes, Olympus is distinctively symmetric
without aprons as illustrated by the extracted contours using MOLA DEM data overlaid with MCC
(Bgure 7). The contours extracted can also be used to
infer the relative gradient of the land surface. The
close contours at the central region around the caldera suggest a steeper rim of the caldera.
The northwest region of the caldera shows a
relatively high gradient around the scarp, while the
opposite side, i.e., on the south-east shows a

Figure 6. Slope map (degree) of Olympus Mons.
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relatively low gradient. The elevation proBles
obtained for the Olympus Mons along AA0 and BB0
as shown in Bgure 8, the summit elevation (Wco)
and the caldera depth (Wca) of the Mons along the
line AA0 and BB0 (refer table 1) show the symmetrical nature of Olympus Mons. The Wca/Wco
ratio (table 1) shows that Olympus Mons has a low
degree of pointedness along AA0 and BB0 . From the
ratio of Hco/Wco (table 1), it has been observed
that overall steepness of Olympus Mons was low
along AA0 and BB0 proBle sections. The Cank
steepness suddenly changes to gentle slope at an
elevation above 6000 m along AA0 , while the same
feature is absent in the BB0 proBle. The caldera
geometry along AA0 shows the presence of at least
two different calderas while along BB0 there is the
presence of almost three calderas of smaller size
imprinted on a bigger caldera which is validated
from the CTX image analysis (Bgure 17a). The
most significant observation is the symmetrical
nature of Olympus Mons that gets validated using
proBles along AA0 and BB0 .
3.2.2 Morphology of Tharsis Montes
The Tharsis Montes (Ascraeus Mons, Pavonis
Mons and Arsia Mons) aligned from northeast
to southwest, respectively, is compared genetically
to Hawaiian plume volcanism because of the linear
alignment and other related morphometric
parameters. The concept of Hawaiian Plume
activity relies on the concept of plate tectonics, and

Figure 7. Contour map of Olympus Mons from MOLA DEM
overlaid on MCC image with a contour interval of 1000 m.
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Figure 8. Elevation proBle of the Olympus Mons. (a) Location of proBle lines AA0 and BB0 on the MCC image of Olympus Mons,
(b) elevation proBle along the line AA0 and (c) elevation proBle along the line BB0 .

the same reason creates the most significant challenge to relate with Tharsis Montes as there is little
substantial evidence of plate tectonics in Mars.
3.2.3 Ascraeus Mons
Ascraeus Mons is the tallest among the three Tharsis
Montes with a summit height of about 18.12 km
above surrounding plains (Plescia 2004). The slope
map of Ascraeus Mons shows that the main ediBce
has gentle to moderate slope with a very steep slope
at the rim of caldera (Bgure 9). The surrounding
region of Ascraeus Mons as well as the centre of the
caldera is a level plain with zero slope. The contour
map extracted from MOLA DEM overlaid on MCC
image of the Ascraeus Mons illustrates the asymmetrical nature with the aprons extending northeast–southwest direction as shown in Bgure 10. The
contour map shows that the elevation of the
Ascraeus Mons changes rapidly. The elevation
changes gradually along the northeast and southwest as compared to the northwest and southeast
region of the Ascraeus Mons.
MCC image has been overlaid with MOLA gridded
DEM to obtain the elevation proBle. The results
obtained for the elevation proBle as shown in
Bgure 11, along with basic morphometric parameters

(table 1) suggest that the apron in the direction of B
can extend further to several kilometres along line
BB0 . The asymmetry in the volcanic cone indicates a
tectonic control in the evolutionary stage of Ascraeus
Mons as a volcanic landform. Consequently, the
smooth proBle of Ascraeus Mons, which is absent in
other Montes is indicative of some sort of erosional
activity, which is also supported by the hypsometric
analysis. Ascraeus Mons being oldest among Tharsis
Montes provides evidences for erosional events which
may not have occurred in the youngest Arsia Mons.
The elevation proBle of Ascraeus Mons is different
from Olympus because of the relatively smooth and
steep proBle for the main cone and caldera along both
AA0 and BB0 directions.
The result of Wca/Wco (table 1) shows that
Ascraeus Mons has a low degree of pointedness.
From the ratio of Hco/Wco (table 1), it has been
observed that the overall steepness of Ascraeus
Mons is low. The result of elevation proBle shows the
asymmetrical nature of the Ascraeus Mons with
apron development in the BB0 proBle direction.
3.2.4 Pavonis Mons
Pavonis Mons is located in between the Ascraeus
Mons (north-east) and Arsia Mons (south-west). It

0.0896
0.0575
0.0597
0.2350
831.67
461.42
373.4
566.05

Figure 9. Slope map (degree) of Ascraeus Mons.

0.0509
0.0451
0.0686
0.2107
663
442.83
406.02
487.55
33.80
19.98
27.87
102.75
22.90
16.28
8.85
13.06
Olympus Mons
Ascreaus Mons
Pavonis Mons
Arsia Mons

Wca/Wco
Wco
Hco

Wca

0.0345
0.0367
0.0217
0.0267

2.92
3.71
4.70
1.49

22.47
13.98
10.52
9

74.55
26.56
22.29
133.07

Wca/Wco
Wco

0.0270
0.0303
0.0281
0.0158

3.05
3.60
4.80
1.30

122
193
177
134
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Mons/Parameters

Along the line AA0 (*km)

Hco/Wco

Dca

Hco

Wca

Along the line BB0 (*km)

Hco/Wco

Dca

Relative age
of caldera
(in million years)
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Table 1. Results of the various morphometric parameters and relative age of the Montes.
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Figure 10. Contour map of Ascraeus Mons from MOLA DEM
overlaid on MCC image with a contour interval of 1000 m.

has a summit elevation of about 14 km (Plescia
2004), the lowest elevation recorded among the
three Tharsis Montes. The slope map of Pavonis
Mons obtained using MOLA DEM, shows a gentle
to moderate slope (Bgure 12).
Even though apron development is more towards
the southwest direction as illustrated in the contour map (Bgure 13), slope map suggests the symmetrical nature of the ediBce. The rim of the
caldera has steep slope like in Ascraeus Mons and
Olympus Mons with a nearly zero slope at the Coor
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Figure 11. Elevation proBle of the Ascraeus Mons. (a) Location of proBle lines AA0 and BB0 on the MCC image of Ascraeus
Mons, (b) elevation proBle along the line AA0 and (c) elevation proBle along the line BB0 .

Figure 12. Slope map (degree) of Pavonis Mons.

Figure 13. Contour map of Pavonis Mons from MOLA DEM
overlaid on MCC image with a contour interval of 1000 m.

of the caldera as well as the surrounding region of
Pavonis Mons. The Contour map of the Pavonis
Mons with 1000 m of interval shows that the elevation of Pavonis Mons changes gradually
(Bgure 13). Pavonis Mons shows most uniform
slope in the Tharsis Montes.
The elevation proBle has been obtained along the
line AA0 ad BB0 using MOLA DEM overlaid on

MCC image of Pavonis Mons, as shown in
Bgure 14. The results obtained for the morphometric parameters (table 1), indicates a subcaldera
developed as shown in both AA0 and BB0 . From the
Hco/Wco ratio, the steepness recorded is low as well
as value of the truncation is also low (table 1). This
is similar to the trend observed for Ascraeus Mons.
The elevation proBles along AA0 and BB0 suggest
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Figure 14. Elevation proBle of the Pavonis Mons. (a) Location of proBle lines AA0 and BB0 on the MCC image of Pavonis Mons,
(b) elevation proBle along the line AA0 and (c) elevation proBle along the line BB0 .

Figure 15. Slope map (degree) of Arsia Mons.

the presence of two caldera indicated from the
CTX images (Bgure 18c).
3.2.5 Arsia Mons
Towards the south-west of the Pavonis Mons with
a summit elevation of about 17.7 km is Arsia Mons
(Plescia 2004). Overall Arsia appears to be similar
to other Montes of Tharsis in morphometry.

However, a few characteristic morphometric
parameters suggest a different outlook. The slope
map and contour map of Arsia Mons derived from
MOLA DEM suggest the asymmetrical nature of
Arsia Mons, as shown in Bgures 15 and 16.
The slope map of Arsia Mons conBrms that the
ediBce has mild to gentle slope similar to others
Mons of Tharsis Montes with the steep slope
observed along the rim of the caldera. The caldera
base is very Cat with zero slope. It is evident from
the contour map that the elevation changes gradually along the north-east and south-west as compared to the north-west and south-east regions of
the Pavonis Mons. A similar trend has been
obtained for Ascraeus Mons. The elevation proBle
along line AA0 and BB0 from MOLA DEM overlaid
on MCC image (Bgure 17) indicates that the Arsia
Mons is characterised with a single large caldera
(table 1). The same is suggested from the CTX
images as well (Bgure 18d). The value obtained
from the Hco/Wco (table 1) is low for the Arsia
Mons indicating a higher overall steepness. The
Wca/Wco ratio (table 1) value is high among other
Montes of Tharsis; thus, the truncation value is
high. It implies that the development of relief was
more as compared to other Tharsis Montes.
Based on morphometry, Olympus Mons shows a
high degree of symmetry of the ediBce with a steep
slope at the boundary of the ediBce while the Arsia
Mons, on the other hand, shows a high degree of
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asymmetry of the ediBce. The steep slope at the
rim of the caldera is present for all the three
Montes of the Tharsis as well as Olympus Mons.
The occurrence of more than one caldera in
Olympus, Ascraeus and Pavonis Montes may have
the control on the morphology of these volcanoes.
Extensive apron development, the single caldera
base, and the asymmetrical nature of the slope
differentiate Arsia Mons from the other three
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shield volcanoes. Extensional tectonic features are
more dominant in the Arsia Mons as reported by
Crumpler and Aubele (1978); Head et al. (1998);
Mougnis-Mark and Rowland (2008); Tanaka et al.
(2014) and Bouley et al. (2018). Similar extensional
tectonic features are reported from Pavonis and
Ascraeus Montes (Byrne et al. 2012; Tanaka et al.
2014; Pozzobon et al. 2021), though not so dominant. The asymmetric behaviour of Arsia Mons
could be attributed to the extensional tectonic
regime of the area.
3.3 Age determination of Tharsis volcanic
province

Figure 16. Contour map of Arsia Mons from MOLA DEM
overlaid on MCC image with a contour interval of 1000 m.

A comprehensive analysis of landform evolution
based on morphometric analysis necessitates surface age analysis. As a result, a total of 63 locations, covering all the four major volcanoes:
Olympus Mons, Ascraeus Mons, Pavonis Mons,
and Arsia Mons of the Tharsis region, as well as the
regions in between each Mons, were identiBed to
determine the age using craters counting techniques using high resolution CTX images (supplementary table S1). The age of the caldera Coor of
Olympus Mons and Tharsis Montes were determined by identifying the calderas for each Mons, as
shown in Bgure 18. The CSFD of the caldera of
these major volcanoes indicates diverse ages suggesting more than a single episode of volcanic

Figure 17. Elevation proBle of the Arsia Mons. (a) Location of proBle lines AA0 and BB0 on the MCC image of Arsia Mons,
(b) elevation proBle along the line AA0 and (c) elevation proBle along the line BB0 .
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Figure 18. The pair of images shows the major volcanoes of Tharsis volcanic province with caldera (a) Olympus Mons,
(b) Ascraeus Mons, (c) Pavonis Mons, and (d) Arsia Mons. Image on the left side from each pair shows MOLA shaded relief map
and on the right side from each pair shows context camera image. The coloured region shows the calderas with estimated age,
where craters were counted.

eruption (Bgure 19 and table 2). The Olympus
Mons located on the westernmost part of the
Tharsis Montes is characterised by at least Bve
calderas, as shown in Bgure 18a (Neukum et al.
2004). The Caldera I is dated to *146±4.7 Ma,
with a Bt over the diameter range of 60–300 m.
Caldera II dated to *206±5.1 Ma in the diameter
range of 60–400 m, while Caldera III represents the
age of *295±14 Ma, in range of diameter 55–300
m. Caldera IV dated to *169±9.7 Ma in diameter
range of 55–200 m and Caldera V dated to the
youngest age *122±8.7 Ma in diameter range
45–200 m in Olympus Mons.
Ascraeus Mons has complex calderas comprising
a central caldera (*25 km) surrounded by additional four calderas with different age of formation
(table 2) as shown in Bgure 18b (Robbins et al.
2011). The Caldera I was dated with the *307±9.8
Ma, with a Bt over the diameter range 60–300 m.
Caldera II dated to *465±20 Ma with a diameter
range of 70–400 m, while Caldera III age was found
to be *272±21 Ma in the diameter range of 65–300
m. Caldera IV has been dated to *193±20 Ma
with diameter range 65–300 m; Caldera V was
dated to *402±22 Ma with diameter range of
65–300 m. The Pavonis Mons situated in between
Ascraeus Mons and Arsia Mons has two calderas.
The central caldera of *30 km diameter of Pavonis
Mons is dated to *177±6.2 Ma with the diameter
range of 55–200 m (Bgure 18c, table 2). The Arsia
Mons has only one single caldera with the largest

diameter of *100–110 km. The age of caldera of
the Arsia Mons is *134±1 Ma with 40–300 m of
diameter range (Bgure 18d, table 2). The age estimated over the caldera region of the Tharsis
Montes is statistically matched with the age
obtained by Neukum et al. (2004); Werner (2009)
and Robbins et al. (2010). Thus, the result shows a
decreasing trend of active volcanism from Ascraeus
Mons to Arsia Mons, i.e., northernmost to the
southernmost summit of the three Tharsis Montes.
The different age of the calderas of Olympus Mons
and Tharsis Montes suggest that the volcanic
activity was not continuous, but have different
episodes of the volcanic eruption.
We used the crater counting technique to estimate the age of not only the calderas, but several
other locations in and around the Tharsis Montes
and Olympus Mons, as shown in Bgure 20 and
supplementary table S1. In this method, we have
excluded the small size and large size craters to Bnd
out the best-Bt for isochrons (Michael and Neukum
2010; Hauber et al. 2011). The estimated age
depends on the crater’s density, i.e., the number of
craters in a particular area and the size of the
craters. The estimation of age is based on the
number of craters of a given size compared to the
number of any other size (Michael and Neukum
2010). Overall, the age of calderas of Olympus
Mons and the three Tharsis Montes show statistical consistency with results obtained from the
previous researchers. However, the absolute age

Figure 19. Cumulative crater frequency with derived crater model age of Olympus Mons (a) Caldera I, (b) Caldera II, (c) Caldera III, (d) Caldera IV, (e) Caldera V; Ascraeus
Mons (f) Caldera I, (g) Caldera II, (h) Caldera III, (i) Caldera IV, (j) Caldera V; Pavonis Mons (k) Caldera I; and Arsia Mons (l) Caldera I.
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Table 2. Calderas of the major volcanoes with area, number of craters within the diameter range and derived age.
Mons
Olympus Mons

Ascraeus Mons

Pavonis Mons
Arsia Mons

Calderas
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera
Caldera

I
II
III
IV
V
I
II
III
IV
V
I
I

Area
(km2)

No. of
craters

Diameter
range (m)

Estimated
age (Ma)

1630.25
1204.01
214.11
245.45
83.78
504.71
274.83
91.53
94.25
190.98
675.63
9081.30

1419
1600
420
300
195
964
529
165
84
335
782
15879

60–300
60–400
55–300
55–200
45–200
60–300
70–400
65–300
65–300
65–300
55–200
45–350

146±3.8
206±5.1
295±14
169±9.7
122±8.7
307±9.8
465±20
272±21
193±20
402±22
177±6.2
134±1

Figure 20. Age estimated from this study overlaid on the geologic map (Tanaka et al. 2014) represents different Martian geologic
period. The black dot represents the locations of the estimated age with number showing age in Ma unit.

may be different from the already published results
of Neukum et al. (2004) and Werner (2009). They
used the HRSC images to count the craters over
the region which has a low spatial resolution
compared to the CTX images. Robbins et al. (2011)
used CTX images to count the craters to estimate
the age of caldera for major volcanoes of the
Tharsis volcanic province. Hauber et al. (2011)
estimated the age of low shield volcanism around
the NW of Ascraeus, South of Pavonis Mons and
Ceraunius Fossae regions with high-resolution

CTX images. Our study resulted in a slightly different absolute age values compared to Hauber
et al. (2011) and Robbins et al. (2011). However,
the age estimated by us is statistically consistent
with them and belongs to the Late Amazonian
period. The difference in absolute age values calculated by different researchers is due to the fact
that the absolute surface age from CSFD is sensitive to the area under consideration, the number
and size of craters considered as well as the model
isochrones. The curve Btting achieved by us for all
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the 63 locations is given in supplementary
Bgure S1. This approach helped us to derive a
variation of age at the regional scale for the study
region. As Olympus Mons and Ascraeus Mons
consist of several calderas of age with a large range,
the youngest age indicates the last activity of these
Montes. Therefore, the youngest age was used to
determine the spatial variation over the study
region. The age determined for 63 locations were
overlaid on the geological map of Tanaka et al.
(2014) as shown in Bgure 20. According to Tanaka
et al. (2014), majority of the study region has been
classiBed into Early Hesperian, Hesperian, Late
Hesperian, Amazonian–Hesperian, Amazonian and
Late Amazonian geologic periods. However, the
estimated age from this study shows that the
region identiBed as Early Hesperian period dated
to 549–639 Ma, Hesperian period dated to 429 Ma,
Late Hesperian period dated to 228–477 Ma,
Amazonian–Hesperian period dated to 32–1010
Ma, Amazonian period dated to 122–193 Ma and
Late Amazonian dated to 41–203 Ma. This result
suggests that the majority of the study area
belongs to the Late Amazonian period as most of
the surface locations have a computed age of less
than 300 Ma. However, the age estimated surrounding the caldera region of the volcanic unit
shows reasonable agreements with Tanaka et al.
(2014). It is to be noted that Hauber et al. (2011)
estimated the age of few locations at Ceraunius
Fossae region and the surrounding region of the
Ascraeus Mons as Late Amazonian period, but
Tanaka et al. (2014) have dated these regions to
Hesperian and Amazonian–Hesperian periods
respectively. Therefore, we believe that the results
from the present study are a more improved version of age estimation using the crater counting
technique with high-resolution CTX images. This
simply means that a volcanic Cow unit may get
modiBed due to erosional and depositional activity,
which will be reCected in the age determination
based on crater counting.

4. Conclusions
In the present study, morphometric, hypsometric
and chronological analysis of the four major shield
volcanoes of Tharsis volcanic province demonstrates marginally dissimilar landform evolutionary trends for Olympus Mons, Arsia Mons,
Pavonis Mons and Ascraeus Mons. Multiple calderas identiBed for Olympus Mons, Ascraeus
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Mons and Pavonis Mons suggest multiple intermittent episodes of volcanic activity. The highly
asymmetrical nature of the volcanic cone of Arsia
Mons with a single caldera and large-scale apron
development in the northeast–southwest direction
stipulates a difference in the evolution of this
particular shield from the other two Tharsis
Montes. Olympus Mons shows the highest symmetry in its morphology as a cone, while Ascraeus
Mons and Pavonis Mons display a deviation from
the symmetry due to the development of aprons.
The slope map, contour map and elevation proBles of Olympus Mons show a sudden change in
relief at lower elevations which previous
researchers considered as erosional scarp. Hypsometric curve analysis of the four volcanic cones
postulates the variation in the landform evolutionary pathways for each Mons under the study.
Arsia Mons shows a convex hypsometric curve
indicative of tectonic dominated landform.
Olympus Mons, on the other hand, is concave in
shape, suggesting an erosion dominated landform.
Chronological studies using crater counting technique show that the surface of Tharsis volcanic
province belonging to the Late Amazonian period.
Age of caldera of the four Mons suggests that
Olympus Mons and Arsia Mons record the most
recent volcanic activity. Ascraeus Mons is the
oldest followed by Pavonis Mons as per the age
determined from the caldera. The age determined
from multiple calderas of Olympus Mons shows a
range of age from 295 to 122 Ma, while for
Ascraeus the age range is from 465 to 193 Ma.
The age estimated for single caldera of Arsia
Mons is less than 150 Ma; hence Arisa Mons is the
youngest volcano among all the four.
The chronological and hypsometric analysis
points out a different evolutionary trend for Arsia
Mons as compared to Ascraeus Mons and Pavonis
Mons. Evidence of the extensional tectonic regime
already exists for Arsia Mons. The present study
denotes that the significant evolutionary trend for
Arsia Mons is tectonic rather than erosional.
However, any such extensional or compressional
tectonic forces was not active in moulding the
morphology of Ascraeus and Pavonis. Olympus
Mons is volcanically active for a longer time range
and has a relatively younger age of recent activity
compared to all other shield volcanoes of the present study. The landform evolution is dominantly
erosional for Olympus Mons, and the eAect of tectonic activity is less in shaping the morphology.
The study points out that Mars is tectonically and
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dynamically active during the Late Amazonian
period.
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