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Executive Summary

In the South Polar Region on Mars a number of glaciovolcanic edifices, similar to terrestrial
tuyas have been found (Ghatan and Head, 2002). On Earth, tuyas can be used to derive
palaeo ice sheet parameters such as thickness (Smellie and Edwards, 2016). Research on
Earth suggests that the deglaciation of ice sheets can cause an increase in volcanic activity
as a result of enhanced mantle melting (Jull and McKenzie (1996); Schmidt et al. (2013)).
Since remnants of glaciovolcanic activity are present on Mars, this study aims to find support
for the following research hypothesis: The unloading of the Martian mantle, due to melting
of a former ice sheet, has contributed to forming tuyas, glaciovolcanic edifices, in the South
Polar Region on Mars. This research can advance our knowledge on geophysical processes on
Mars. Furthermore, results from this study can be compared to findings on Earth and further
conclusions can be drawn from similarities and differences.

In this study the relation between tuya height and palaeo ice sheet thickness is applied
on Mars and the first ever regional reconstruction of a palaeo ice sheet thickness in the South
Polar Region on Mars has been done. A circular, perfectly plastic ice sheet is with an optimum
ice divide height of 1754 m and a radius of 600 km is found.

Based on evolution of obliquity, three different deglaciation periods are applied in the
modelling: 1 kyr, 30 kyr and 60 kyr. The shortest deglaciation is comparable to the ice melt
in Iceland during the last glacial maximum.

To analyse the decompression rates (dPdt ) in the mantle, Mars is modelled in Abaqus as an
incompressible, elastic lithosphere overlaying an incompressible Maxwell viscoelastic mantle
(Simulia Abaqus, 2014a). The reconstructed ice sheet is used as surface pressure load and
decays linearly over time.

In general dP
dt decrease with depth and time, which is in good agreement with findings in

Iceland (Jull and McKenzie (1996); Pagli and Sigmundsson (2008)). In addition, sensitivity to
lithosphere thickness is found, with a decrease in dP

dt for a thicker lithosphere.
In the model with a thin lithosphere of 35 km for a deglaciation period of 1 kyr a decom-

pression rate of 1450 Pa/yr is found at a depth of 500 km. This is equal to the maximum
decompression rate under Vatnajökull right below the lithosphere. Decompression rates can
cause a drop in solidus temperature that when shifted equal to or below the mantle temper-
ature results in melt. An initial melt depth of 490 km was estimated by Ding et al. (2020).
These findings support the possibility for a decrease in solidus at 500 km to initiate melt due to
unloading of the surface. However, increase in volcanism is highly dependent on the magma
ascent velocity. For tuyas to form, volcanism must take place while the ice sheet is still present.
Assuming an ascent velocity of 1000 m/yr, generated melt at a depth of 500 km would reach
the surface within 500 yr. This is sufficient for volcanism to take place within a deglaciation
of 1 kyr. In addition, propagation of dykes in the lithosphere could accelerate magma ascent.
This is likely to take place based on estimated driving pressures.

As conclusion, for a warm, wet Martian climate, and conditions mentioned above, mantle
unloading due to ice melt could have contributed to the formation of tuyas in the South Polar
Region. This study proposes that the deglaciation of Vatnajökull today and its effect on mantle
melting is a good analogue study for geophysical processes related to deglaciation on past
Mars, provided that climate and surface conditions were similar to Iceland today.
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1
Introduction

When glaciation and volcanism coincide a process termed glaciovolcanism can take place. By
definition: Glaciovolcanism refers to all types of volcano interaction with ice in all its forms
(including snow and firn) and, by implication, any meltwater derived from that ice by volcanic
heating (Smellie, 2006). During glaciovolcanic processes very distinct edifices are formed
which have helped to understand Earth’s palaeoclimate and the processes involved when ice
and lava interact ( Licciardi et al. (2007); Smellie and Edwards (2016); Tuffen et al. (2010);
Walker (1965); Wilson et al. (2019)). The most prominent edifices are tuyas: circular or
sub-rectangular, flat-topped mountains with steep sides (Mathews, 1947). Tuyas are form by
volcanic eruption under thick ice and have very distinct geomorphological features that can
be used to identify ice sheet parameters, such as thickness and extent. One of these features
are horizontal passage zones (PZ), which mark the transition from subaqueous to subaerial
volcanism in the formation process. A table of terminology used in the research is provided in
Section 1.1.

The formation of tuyas can be described in four general stages by Jones’ classical tuya
model (Jones, 1968) (Figure 1.1). The model assumes a basaltic subglacial eruption.

In the first stage (Figure 1.1 (a)) magma rises to the bedrock-ice interface and causes
an initial effusive eruption. Due to the high confining pressure from the overlaying ice sheet
and generated meltwater, magma fragmentation and volatile release is suppressed. The main
effusive product is pillow lava (small grey pebbles in Figure 1.1) with possibly small volumes
of hyaloclastites (volcanic glass) (Edwards et al., 2015). During the building of pillow lava
and increase in edifice height, melting and sagging of the ice above creates a cauldron on the
surface (circular lines on ice surface right above the pillow lava mound in Figure 1.1 (a)).

Thinner ice and the increased height of the edifices result in less pressure which in turn
supports volatile release and magma fragmentation. In this stage the eruption becomes explo-
sive (phreatomagmatic) and a subaqueous tuff cone is formed including hyaloclastite (brown
cone-shaped layer in Figure 1.1 (b)). Eventually, the ice collapses or is melted through and
an englacial lake surrounds the volcanic edifices (Figure 1.1 (b)).

Stage three (Figure 1.1 (c)) starts once the top of the growing edifice breaches the surface
of the lake or the ice sheet, resulting in a transition to subaerial eruption. Since the vent dries
out, the eruption becomes effusive again and is fully magmatic at this point in time. From this,
a pyroclastic cone may form made of palagonite and accumulation of abundant scoria (ejected
vesicular volcanic rock) (yellow cone on top of the brown tuff-cone in Figure 1.1 (c)). Lava can
also flow away from the vent laterally and into the surrounding lake where it forms lava-fed
deltas that prograde into the water (yellow-brown layers on left and right side with lava feeds
marked in grey in Figure 1.1 (c)). With the progradation of the delta, lava flows resurface
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1. Introduction

at the top of the edifice (black-brown block-like layer on top of the yellow cone in Figure 1.1
(c)). The boundary between the products from subaqueous and subaerial eruptions is called
the passage zone ( Edwards et al. (2015); Russell et al. (2014); Smellie and Edwards (2016);
Smellie (2018)). As mentioned earlier, this feature is one of the critical palaeoclimate proxies
and provides information on the height of the englacial lake or minimum ice sheet thickness
where the edifice emerged. Different types of passage zones exist, most examples published
so far include the horizontal passage zone (Smellie, 2006). Such a passage zone is generally
identifiable as a horizontal line in the edifice structure, clearly separating different lithofacies.
Variations in passage zone elevation give an idea about changes in the lake level and/or ice
thickness controlled by drainage or the glacial hydrology (Edwards et al., 2015). For more
details on passage zones the reader is referred to the resources by Smellie (2006) and Smellie
and Edwards (2016).

The last and final stage of the tuya formation (Figure 1.1 (d)) gives the tuya its charac-
teristic flat top. With the deltas prograding into the lake water, subaerial lava flows distribute
laterally until they reach the ice margin (black layer on top of edifice in Figure 1.1 (d)). This
forms a protective lava cap on top of the edifice that also helps to preserve the tuya from
being removed by future glaciations (Smellie, 2018). Depending on the frequency of eruption
and amount of magma that reaches the top, the lava caps of tuyas can become quite thick.
Observations in Iceland revealed lava caps up to 350 m thick (Jakobsson and Johnson, 2012).

Figure 1.1: ’Classic’ tuya model by Jones (1968), showing four stages of tuya formation obtained from Smellie
and Edwards (2016). Explanation of colours in subfigures: (a) red vertical lines: rising magma; grey pebbles:
pillow lava. (b) brown cone-shaped layer: tephra mound / tuff cone and hyaloclastite. (c) yellow cone: pyroclasitc
cone, dried vent; yellow-brown layer on left and right side: lava-fed tuff-breccia deltas with lava flows as grey
lines inside; black-brown blocky layer on top: subaerial lava flow. (d) black surface layer: lava cap.

The cap rock is not always entirely smooth and flat, but often contains a small cone shaped
that formed during the subaerial eruption. The cone indicates the location of the volcano vent
where lava flows out and pyroclastic material erupts. An example of a tuya with a summit
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cone is the Herðubreið tuya in Iceland (Figure 1.2). One can clearly see the vent location
as summit cone. The thick lava cap rock can be identified and is labelled in Figure 1.2. In
addition, the bird’s foot shaped lava-fed deltas are visible and pillow lavas are marked that
were created during the four-stage formation at the tuya flanks.

lava cap

lava-fed delta

summit cone/vent

pillow lava

Figure 1.2: Google Earth Landsat/Copernicus image of the western face of the Herðubreið tuya in Iceland. Clear
lava cap rock identifiable as the top most layer with a small summit cone where the vent used to be. Image
credits: Maxar Technologies and CNES/Airbus, 2021

By studying and understanding this natural process on Earth we are able to investigate the
shaping of the landscape and recover palaeoenvironmental information (Russell et al. (2014);
Smellie and Edwards (2016)). In addition, we can monitor and possibly mitigate volcanic
hazards (massive flooding by melt-water and tephra production) (Barr et al. (2018); Gud-
mundsson et al. (2008); Huggel et al. (2007); Kelman et al. (2002)) and gain knowledge
on the biological evolution of our planet (Ackiss et al. (2018); Fraser et al. (2014)). Besides
this, we can better understand the impact of volcanism on the stability of our present day
ice sheets (De Vries et al. (2018); Iverson et al. (2017); Seroussi et al. (2017)) and analyse
how ice growth and retreat may influence volcanism in turn (Edwards et al. (2020); Jull and
McKenzie (1996); Sigmundsson et al. (2010)). The effect of ice retreat on volcanic activity
on Earth involves the process of glacial isostatic adjustment (GIA). The response of the solid
Earth to the melting of the ice triggers processes in the mantle and crust that can regionally
affect the generation and supply of magma, leading to and increased volcanic activity.

The terminology used in this research is listed in Section 1.1. After this, a detailed overview
of Glacial Isostatic Adjustment (GIA) and its effect on volcanism on Earth is provided in Sec-
tion 1.2. Section 1.3 describes the process of glaciovolcanism on Mars, including the de-
scription of a set of glaciovolcanic edifices in the South Polar Region. Furthermore, Martian
obliquity cycles and the effect on ice deposition are described in Section 1.3.1, followed by
introduction to the Martian interior structure in Section 1.4. Using the knowledge obtained
from research on Earth and the understanding of volcanic and glacial processes on Mars, the
research objective and questions for this study are presented in Section 1.5.
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1. Introduction

1.1. Terminology
During this research, we found variations in terminology within the research field. To ensure
consistent use of words within this work, we present a list of definitions in Table 1.1 with
references.

Table 1.1: Terminology in the research at hand.

Term Definition Reference
cold-based ice frozen-bed ice, ice that is frozen to its bed and protects

bedrock surfaces
(Smellie and Ed-
wards, 2016)

dyke tabular or sheet-like magma bodies that cut through the
layering of adjacent rocks formed by magma rising into
fractures or creating cracks

U.S. Geological
Survey1

edifices the main portion of a volcano built by eruption of lava,
tephra, pyroclastic flows, lahars, and related volcanic de-
posits

U.S. Geological
Survey2

glaciovolcanism the interaction of magma and ice in all forms (ice, snow,
firn, any melt-water)

(Smellie, 2006)

hyaloclastite volcanic glass fragments formed by quench fragmentation
of magma

(Edwards et al.,
2015)

knick point An abrupt change of gradient in the mountain profile re-
flecting different conditions and processes

-

lava-fed deltas distinctive nearly flat-topped steep-sided volcanic landform
sourced in a subaerial volcano that is formed principally
by mafic lava where it enters standing water. They have
digitate (bird’s foot) or lobate (cat’s paw) terminations.

Smellie (2014)

lithofacies deposits with a combination of distinct characteristics that
help to understand the depositional environment and pro-
cesses that produce them

Smellie and Ed-
wards (2016)

lithosphere the fully elastic layer of the planet’s internal structure -
palagonite altered product resulting from the interaction of water and

volcanic glass, generally yellow-orange in colour
(Stroncik and
Schmincke,
2002)

passage zone the boundary that marks the transition between subaerial
conditions and subaqueous

(Jones, 1968)

pillow lava elongated lava pillow mounds that formed by repeated
quenching of hot basalt

U.S. Geological
Survey3

subglacial processes under the ice cover without direct exposure to
atmosphere

(Jakobsson and
Gudmundsson,
2008)

tuff general term for all hardened rock that originated from an
explosive volcanic eruption

U.S. Geological
Survey4

tuya a circular or subrectangular, flat-topped volcanic edifices
with steep sides, made up of hyaloclastites and/or pillow
lavas and contain cap lava

(Mathews,
1947)

1U.S. Geological Survey (2013). Dike. In USGS Volcanic Hazards Program Glossary. Retrieved October 25, 2021
from https://volcanoes.usgs.gov/vsc/glossary/dike.html
2U.S. Geological Survey (2013). Edifice. In USGS Volcanic Hazards Program Glossary. Retrieved October 20, 2021
from https://volcanoes.usgs.gov/vsc/glossary/edifice.html
3U.S. Geological Survey (2013). Pillow lava. In USGS Volcanic Hazards Program Glossary. Retrieved October 25,
2021 from https://volcanoes.usgs.gov/vsc/glossary/pillow_lava.html
4U.S. Geological Survey (2013). Tuff. In USGS Volcanic Hazards Program Glossary. Retrieved October 25, 2021
from https://volcanoes.usgs.gov/vsc/glossary/tuff.html
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1.2. GIA as a Trigger for Volcanism

1.2. GIA as a Trigger for Volcanism
Earth has undergone multiple glacial cycles (Earle, 2015) and the Last Glacial Maximum oc-
curred about 21 kyr ago. After this period of cold climate, the Northern Hemisphere ice sheets
collapsed (Whitehouse, 2018) and the variations between cold and warm climate still affect
the planet, causing geophysical processes such as Glacial Isostatic Adjustment (GIA). GIA is
the response of the solid Earth, the gravitational field and the oceans to the melting or grow-
ing of an ice sheet (Whitehouse, 2018). In this process, isostatic assumes that the system
is growing towards a state of equilibrium (isostasy) (Whitehouse et al., 2021). In the study
at hand we define the lithosphere as follows: the fully elastic layer of the planet’s internal
structure. We denote the lithosphere thickness as Te.

During ice growth the underlying lithosphere subsides, leading to compression in the upper
lithosphere layer and tension in the lower lithosphere (right below the ice sheet). Due to the
loading, the viscous mantle material underneath flows away from the location, redistributing
mass over the planet. During ice decay the rebound period can begin, in which the surface
rises and reverses the tensional and compressional states in the lithosphere. Mantle material
can flow back to the region where ice used to be, redistributing mass yet again. A visualisation
of this process is provided in Figure 1.3.

Lithosphere

Mantle

Figure 1.3: The process of GIA on Earth. Dark brown region denotes the lithosphere, light brown region is the
Earth’s viscous mantle. Blue arrows show the tensional or compressional states inside the lithosphere and the flow
of the mantle underneath. Figure modified from Helmholtz Centre Potsdam5.

When investigating deformations and processes in the mantle the thickness of the lithosphere
and the size of the surface load are essential. Their ratio determines the state of isostasy.
Figure 1.4 below shows the different states of isostasy. Thick lithospheres, much greater than
the load, result in no isostasy. This means that the lithosphere does not bend entirely under
the presented load, but only deforms slightly at the top. With decreasing thickness of Te for
the same load size, isostasy increases. This leads to more flexure of the elastic layer up until
local isostasy is reached. For this research the case of regional isostasy takes place, as the
elastic thickness is much smaller than, or approximately equal to the size of the above ice
load.

5Helmholtz Centre Potsdam. Glacial isostatic adjustment (GIA). GFZ German Research Centre for Geosciences.
Retrieved on October 26, 2021 from
https://www.gfz-potsdam.de/en/section/earth-system-modelling/topics/
solid-earth-dynamics/glazial-isostatic-adjustment-gia/

5
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1. Introduction

Figure 1.4: States of isostasy with λ being the wavelength size of the surface load and Te the effective elastic
thickness of the lithosphere. Modified graphic from 6.

On Earth, for loads applied over a time scale of hundreds to thousands of years, the total
deformation of the material contains an elastic and a viscous component. For such cases the
rheology is often modelled with a linear Maxwell model which is the simplest model that can
describe short term elastic and long term viscoelastic behaviour (Maxwell, 1867). Maxwell
rheology is represented by a spring-damper system, where the spring models the elastic
behaviour of the lithosphere and the damper the viscous fluid of the mantle. For mantle
viscosities of 1021 Pa · s and a Shear modulus of 1011 Pa, the Maxwell time is in the order
of 1 kyr (Whitehouse et al., 2021). This approximation has been found applicable for other
planets, in particular for Mars (Broquet et al. (2020); Johnson et al. (2000)) as used in this
study.

However, GIA not only results in surface deformations, but also in decompression of the
upper mantle. This change in decompression in the Earth’s mantle can lead to an increase
in magma generation (Jull and McKenzie (1996); Pagli and Sigmundsson (2008); Schmidt
et al. (2013); Sigmundsson et al. (2010)). In addition, magma chambers in the crust may
be affected by the changing stress states in the lithosphere. It has been shown that glacial
loading causes magma trapping due to compressive stresses in the crust, whereas unloading
of the surface results in stress relaxation and the release of accumulated magma (Wilson and
Russell, 2020). In addition, these stress changes can lead to fracture and eventual failure
of magma chambers (Sigmundsson et al. (2010)). Furthermore, induced horizontal stresses
during unloading may alter the storage conditions and dyke dynamics inside the crust (Jellinek
et al. (2004); Mora and Tassara (2019)). Dykes form when magma rises into an existing
fracture or forces its way through rock and then solidifies. They are sheet-like or tabular
magma bodies that cut through or across older rocks and are generally directed vertically.
Wilson and Russell (2020) indicated that it might be possible that both, increased mantle
melting rate and modulation of magma transport by dyke propagation are a response to glacial
loading and unloading in Iceland. The formation of dykes is more favourable at a spreading
ridge, such as in Iceland. However, heavily cratered surfaces might also be favourable for
dyke propagation in the crust. Such surfaces can be found in the southern highlands on Mars,
but it is still to be proven whether they benefit dyke formation.

6Wikipedia (2015). Isostasy. Accessed on October 26, 2021 at https://en.wikipedia.org/wiki/
Isostasy. Graphic licensed under Creative Commons Attribution-share Alike 4.0 International.
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1.3. Glaciovolcanism on Mars

The focus of this study is the effect of deglaciation on mantle melting on Mars, where the
detailed research done in Iceland serves to draw comparative conclusions. For understanding
the influence of deglaciation on mantle melting, Iceland is a favourable study area, as it lies
above a spreading ridge. It is important to note that for mantle melting to take place the
in situ pressure needs to decrease. This pressure decrease can cause a drop in the melting
temperature of the mantle material. However, if and only if the melting temperature drops
below the actual mantle temperature does the material start to melt (P. Schmidt, personal
communication, October 5, 2021).

Modelling of the glacially induces pressure changes in the Icelandic mantle by Jull and
McKenzie (1996) has shown that a 2 km thick ice sheet that decayed over 1 kyr can lead to an
increase in magma generation of up to 3.4 km3/yr. This is about 30 times higher than during
glacial periods. The associated maximum pressure change was 19 kPa/yr.

Further studies found that recent deglaciation (120 yr) of Vatnajökull, the largest ice sheet
in Iceland, could cause an increase in melt production of 0.21-0.23 km3/yr. Pressure changes
associated with this melt generation had a maximum of 1450 Pa/yr right below the lithosphere
(Schmidt et al., 2013). In conclusion, these two studies show that magma generation is related
to pressure changes in the mantle, which is affected by the ice sheet thickness and extent, as
well as the deglaciation period.

1.3. Glaciovolcanism on Mars
Besides Earth, also Mars has potential for hosting glaciovolcanic processes in the past and
maybe even in the present. In the following section an overview of glaciovolcanic edifices in
the Southern Polar Region on Mars is provided with an explanation on how to identify such
landforms. Section 2.2.2 elaborates on Martian obliquity cycles and its influence on ice covers
on the red planet.

For glaciovolcanism to take place, periods of glaciation and volcanism need to coincide.
Same as on Earth also Mars experiences variations in climate and it has been shown that
periods of glaciation and volcanism have occurred simultaneously ( Cousins and Crawford
(2011); de Vet (2013); Neukum et al. (2010)), which makes glaciovolcanic eruptions a likely
process on the red planet. A timeline overview of such periods is provided in Figure 1.5.

AmazonianNoachian Hesperian

Southern Polar Region

Acidalia Planitiae

Juventae Chasma

Galaxias Mons, Utopia Planitia

Ascraeus Mons (Tharsis)

4.5 Gyr 3 Gyr3.5 Gyr 2.5 Gyr4 Gyr 2 Gyr 1.5 Gyr 1 Gyr 0 Gyr0.5 Gyr

Figure 1.5: Periods of glaciovolcanism on Mars over time, showing the Martian epochs and timeline in Gyr ago.
Gray vertical bars represent peak periods of simultaneous volcanism and glaciation (3.8-3.3 Gyr, 2.5-2.2 Gyr, 2.0-
1.8 Gyr, 1.6-1.2 Gyr, 800-300 Myr and 200-100 Myr ago). Black horizontal bars indicate estimated formation
periods of glaciovolcanic features at specific eruption locations (Cousins and Crawford, 2011).

In multiple regions on Mars remnants similar to terrestrial glaciovolcanic edifices have been
identified using spacecraft images (Allen (1979); Fagan et al. (2010); Ghatan and Head
(2002)). Comparative studies to Icelandic glaciovolcanoes shed light on a number of dif-
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ferences between the features on Earth and Mars (Fagan et al., 2010). Most evident is the
difference in size, with Martian features being larger and more massive than terrestrial ones.
A possible explanation for the larger Martian remnants is their formation in cold-based ice
which does not restrict the tuya height, as meltwater can only escape by overflow (Smellie,
2013).

In the South Polar Region, specifically in the Dorsa Argentea Formation (DAF), a group of
mountains has been identified by Ghatan and Head (2002) to be of glaciovolcanic origin. In
this region glaciation and volcanism is thought to have taken place during the late Noachian
to late Hesperian period, about 3.8 to 3.2 billion years ago (Cousins and Crawford (2011);
de Vet (2013); Neukum et al. (2010)). Evidence for volcanism has been found by geological
mapping the surface of the mountainous area by Tanaka and Scott (1987) and Ackiss et al.
(2018), who found that most surface materials are gypsum, smectite-zeolite-iron-oxide which
could be palagonite and polyhydrated sulfate, associated with volcanic activity (Ackiss et al.,
2018). Palagonite is a product of volcanic glass alteration that forms during interaction with
water. It has a similar chemical composition to basalt and is generally yellow-orange to yellow-
brown in colour (Stroncik and Schmincke, 2002). This specific type of material provides further
evidence that the mountains are of subglacial origin due to its interaction with water during
formation.

The location of the region on Mars is marked on the map in Figure 1.6, made with a Natural
Earth projection. A detailed view, where fourteen of the identified edifices are labelled, can
be found in Figure 1.7. Both maps were made in ArcGIS Pro using the Mars2000 geographic
coordinate system. An Albers Equal Area projection is best suited for regions in the mid-
latitudes and uses two standard parallels to reduce distortions in shape, distant and angle. As
the name already indicates, this map projection preserves areas. A Natural Earth projection is
used for world maps and was specifically designed to display physical data7. More details on
using ArcGIS Pro on Mars can be found in Appendix A. The mountains are hereafter referred
to as the Sisyphi Montes (Ackiss et al., 2018).

7Šavrič, B. & Kennedy, M. (2020). Map Projections in ArcGIS. Retrieved on October 26, 2021 from https:
//storymaps.arcgis.com/stories/ea0519db9c184d7e84387924c84b703f
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Figure 1.6: Global Mars Orbiter Laser Altimeter (MOLA) topography map over hillshade in a Natural Earth projection.
High elevations in red and low elevations in blue colour. The Sisyphi Montes region is marked with the red rectangle.
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Figure 1.7: MOLA Shaded Relief of Sisyphi Montes in Albers Equal Area map projection. Fourteen edifices labelled,
previously identified as of glaciovolcanic origin by Ghatan and Head (2002).
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Figure 1.8: 3D rendering of some of the Sisyphi Montes in the Dorsa Argentea Formation on the Martian
South Pole. MOLA topography overlain hillshade. Vertical exaggeration of 10. Visible swaths are CTX
images with 6 m/pixel resolution over a swath of ≈ 30 km. Image IDs: P12_005845_1200_XI_60S358W,
B09_013321_1175_XN_62S356W, P10_005067_1167_XI_63S356W, B06_011910_1156_XN_64S353W,
B09_013255_1156_XI_64S352W, B06_011831_1132_XN_66S356W, B10_013532_1116_XN_68S354W,
G11_022525_1113_XI_68S355W

As previously said, glaciovolcanic edifices can be used to reconstruct past ice sheets. On
Earth, the passage zone is a clear identifier for the minimum palaeo ice thickness derived
from tuyas (Smellie and Edwards, 2016). On Mars, however, this distinct feature is not yet
accurately identifiable, due to the lack of high resolution images and in situ observations.
However, an analysis of slope and curvature can be done to identify a knick point, where the
steep slope of the mountain side transitions into a flat top. Curvatures at the transition points
need to be convex (curved outwards) for a knick point to be present. The definition of a knick
point used throughout this report is: A abrupt change of gradient in the mountain profile
reflecting different conditions and processes above and below the knick point. With this, an
approximate passage zone can be identified to be used in the reconstruction of a palaeo ice
sheet that overlaid the edifices. It should be noted that the actual passage zone is probably
lower than the knick point analysis predicts, since the lava cap is included in the knick point
region, although it reaches above the passage zone.

Any mountain for which a clear knick point can be identified is referred to as tuya in this
study, because a distinct flat top is present. As an example, the elevation profile of mountain
10 is shown in Figure 1.9a together with an image from the Mars Orbiter Camera (MOC) in
Figure 1.9b, indicating how the elevation profile was drawn. From this profile a clear transition
point from a steep slope to a flat top can be identified at both edges of the mountain. This
specific mountain has been labelled as a tuya by Ghatan and Head (2002) previously and is
also included in this study as tuya. Figure 1.10 shows the knick point region of the Herðubreið
tuya in Iceland.
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Figure 1.9: (a) Elevation profile of mountain 10 over a horizontal distance of 25 km. Red circles indicate the knick
point at each edge. (b) MOC image M0307607. Red line indicates direction of elevation profile in (a). A at 0 km,
point A’ at 25 km.

Figure 1.10: Google Earth Landsat/Copernicus image of the western face of the Herðubreið tuya in Iceland. Red
line indicates the knick point location around the tuya edge. Image credits: Maxar Technologies and CNES/Airbus,
2021

1.3.1. Mars Obliquity Cycles
On current Mars, both poles are covered in ice with seasonal variations. Over one Martian
year the ice extent changes due to the atmospheric deposition of the CO2 ice on the north and
south poles. The Martian climate is ultimately controlled by the solar energy distribution over
the surface, comparable to Earth’s Milankovitch cycles. Apart from the distance to the sun,
three orbital parameters regulate this distribution: obliquity, eccentricity and the argument of
perihelion (Mischna, 2018).

Obliquity, the angle between the orbital and equatorial plane, has the largest influence on
the Martian climate (Mischna et al., 2003) and is the only parameter taken into account in this
research. It is agreed that during periods of high obliquity (>35◦) the CO2 ice from the polar
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caps would sublimate and redistribute to higher latitudes (Laskar et al. (2004a); Madeleine
et al. (2014); Mansfield et al. (2018); Mischna (2018); Ward (1974)). A present day value of
obliquity equal to 25.19◦, comparable to Earth’s spin axis orientation, is the reason that only
Mars’s poles are currently covered in ice. Over the course of Martian history, the resonance
between orbital and spin axis lead to large variations in obliquity, much larger than on Earth
(Mischna, 2018). We are able to derive the obliquity in the past by modelling the spin of Mars
and how the torques on that spin have changed over time by interaction with other planets.
Although there are no observations to verify these models on Mars, there is good agreement
with estimates of past obliquities on Earth that are confirmed by observations8.

Predictions of the obliquity are only accurate for the past 20 Myr on Mars, due to the
chaotic behaviour of the solar system, Laskar et al. (2004a) derived a precise description of
the parameter evolution beyond 500 Myr ago (Equation (25) from Laskar et al. (2004a)).

ϵm̂ = 54.515 + 3.726 ln(t)− 0.583 ln2(t) (1.1)

Using the expression in Equation (1.1), the obliquity at t = 3.2 Gyr is 58.06◦: large enough to
host ice in mid-latitudes and covering even parts of the planets equator in snow and ice.

From simulations by Laskar et al. (2004a) a drop in obliquity could be detected about 4
Myr ago (Figure 1.11). Obliquity quickly changed from 35 to 25◦ (Laskar et al., 2004a) which,
according to Bramson et al. (2017) caused most of the mid-latitude ice to retreat.

 

Figure 1.11: Obliquity evolution of Mars (black) and Earth (red) over the past 21 Myr. Data from Laskar et al.
(2004a) and Laskar et al. (2004b). Figure taken from Mischna (2018).

Melting periods of past ice on Mars are highly uncertain, as Martian climate models are not able
to accurately predict the conditions of 3.2 Gyr ago. There is agreement between researchers
that one obliquity cycle from peak to peak takes about 120 kyr (Bramson et al. (2017); Laskar
et al. (2004a); Madeleine et al. (2009)). During this period ice could melt and grow again in
the mid-latitudes while obliquity is generally above 35◦. The rate at which ice would melt on
Mars is unknown at this point and assumptions need to be made for the ice history in models.
Testing different deglaciation periods for ice at higher latitudes could also help to provide more

8SETI Institute. (2016). The History of the Martian South Polar Cap - Carver Bierson. Retrieved on October 16,
2021 from https://www.youtube.com/watch?v=SSQ_exfk7GA
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insight into Mars’ climate history and evolution. It must be noted that dust, porosity and water
content also have an influence on melting. Furthermore, surface temperature, topography,
thermal inertia, solar brightening, atmospheric pressure and radiative active clouds play a
factor in the stability of ice in higher latitudes (Madeleine et al. (2014); Mischna et al. (2003);
Mischna (2018); Mischna and Piqueux (2020)).

1.4. Martian Interior Structure
Mars’ interior consists of a core, mantle and a crust as shown in Figure 1.12. Knowing the
interior structure and composition provides insight into the planet’s origin, as well as thermal
and dynamic evolution (Cottaar and Koelemeijer, 2021). Seismic data from NASA’s InSight
mission have recently revealed that the Martian structure is different than previously estimated
from gravity and topography. The new results provide us with essential information for future
scientific research on composition and processes on the red planet (Khan et al. (2021); Stähler
et al. (2021) and Knapmeyer-Endrun et al. (2021)).

Figure 1.12: Artist impression of Mars’ interior structure. Image credit: David Ducros/IPGP9.

From local values of gravity and topography average crustal thicknesses between 30 and
80 km have been estimated (Wieczorek and Zuber (2004) and Neumann et al. (2004)). In
recent studies, thicknesses of 45 to 57 km were reported for the southern Martian highlands
(Bouley et al. (2020) and (Jiménez-Díaz et al. (2021)), making it thicker and stronger than the
Northern Plain which is in agreement with the older age of the southern terrain. The boundary
separating the Northern and Southern hemispheres is commonly known as Martian dichotomy
(Robinson, 1995). More precise estimates of average crustal thickness between 24 and 72 km
and densities < 3100 kg/m3 were made with the new seismic data from InSight. It should be
noted, that the seismometer is located in Elysium Planitia, just north of the Martian dichotomy
and the data is most valid for this region of the planet. Furthermore, from signals bouncing
off the core-mantle boundary it was shown that the core is larger than earlier thought. This
implied that, given the known moment of inertia and mass of the planet, that the core’s density
is lower than previous values and in a liquid state. From the SEIS data a radius of 18830 ±
40 km and a density between 5700 to 6300 kg/m3 were determined (Stähler et al., 2021).

Besides new insights into the crust and core, also the Martian mantle can be more clearly
constrained. Studies revealed that the lower part of the Martian mantle is comparable to
Earth’s upper mantle. This observation makes Mars lack a dense insulating layer just above

9Sci-News. (2021). NASA’s InSight Lander Provides New Information about Crust, Mantle and Core of Mars.
Retrieved on September 25, 2021 from
http://www.sci-news.com/space/insight-crust-mantle-core-mars-09897.html
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the core (Cottaar and Koelemeijer, 2021). Analysis by Khan et al. (2021) showed that a
lithosphere of about 500 km best matched the data.

As mentioned in Section 1.2, the lithosphere is defined as the fully elastic layer in the
planet’s internal structure, equivalent to that of an elastic plate and denoted at Te. The litho-
sphere on Mars has been estimated using gravity and topography (Grott and Breuer (2008);
Grott and Breuer (2010) and Steinberger et al. (2010)). Although lateral variations take place
across the planet (Audet (2014) and Thor (2016)), it can be assumed that in a small area, such
as the region of the Sisyphi Montes the lithosphere thickness is homogeneous, simplifying the
modelling approach used.

Modelling the evolution of the lithosphere on Mars showed that during the Noachian and
Hesperian epoch (3 Gyr ago), Mars had a thin lithosphere of 20-40 km and a strong thick layer
between 70 and 900 km during the Hesperian-Amazonian epoch (Grott and Breuer (2008)
and Grott and Breuer (2010)). Cooling of the planet is generally the reason for this change in
lithosphere thickness.

Besides the change in thickness over time, estimates of lithosphere thickness depend on
the time frame of the surface load. Phillips et al. (2008) predicted a lithosphere thickness un-
derneath the Martian North Polar cap of more than 300 km based on Shallow Radar (SHARAD)
images of the internal stratigraphy. Later, a new model by Grott and Breuer (2010), taking
into account locally varying crustal thicknesses and the concentration of heat-producing ele-
ments estimated a Te of 196 km at the North Pole at that time. The large variations in elastic
thickness between the models show that variations in crustal thickness and the concentration
of heat-producing elements have an influence on the elastic layer.

From the research conducted previously it can be concluded that taking into account two
different lithosphere thickness is necessary to draw adequate conclusions on what influences
geophysical processes inside Mars. Therefore, in this study a thick lithosphere layer, repre-
sentative for Mars today and a thin layer, for modelling Mars 3.2 Gyr ago, are used.

1.5. Research Question, Aims and Objective
As explained in Section 1.2 the effect of deglaciation on the formation of glaciovolcanic edifices
has thus far only been studied on Earth. The vast amount of in situ data and the accessibility
of research sites make it much easier to model processes under the ice and in the deeper
layers of the planet as compared to Mars.

Ongoing research on Mars has shown that glaciovolcanic edifices, similar to terrestrial
tuyas, exist in the South Polar Region. Section 1.3 outlined that these edifices can be used
to reconstruct the minimum thickness of a palaeo ice sheet by means of identifying a knick
point region. Furthermore, since ice history models do not yet exist for Mars, estimates of the
Martian obliquity can be used to approximated the ice history as explained in Section 1.3.1.
This can be done more accurately using the knowledge about the interior structure of the
red planet discussed in Section 1.4. With the enhanced knowledge about past, as well as
present Mars, modelling of the deglaciation effects on volcanism is possible to certain extent
and results can be compared to findings from research on Earth, specifically Iceland.

The objective of this study is to determine whether there exists a relationship between
deglaciation and the eruption of subglacial volcanoes to form tuyas in the South Polar Region
on Mars by reconstructing a former ice sheet analysing pressure changes in the mantle using
a Finite Element Model.

To close the research gap, the following research hypothesis has been established:

The unloading of the Martian mantle, due to melting of a former ice sheet, has
contributed to forming tuyas, glaciovolcanic edifices, in the South Polar Region on
Mars.
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To explore the hypothesis and guide the research the following sub-questions are posed:

a) How can the elevation and spatial distribution of tuyas in the Dorsa Argentea Formation
be used to constrain the minimum palaeo ice sheet thickness and minimum ice extent?

b) In what way can the ice sheet retreat period be derived from the spatial distribution of
tuyas in the Dorsa Argentea Formation?

c) How does induced change in mantle decompression affect the mantle melt rate under-
neath the degrading ice sheet?

Answering whether deglaciation has had an effect on the formation of tuyas on the Martian
South Pole can advance our knowledge on geophysical processes on Mars. Furthermore,
results from this study can be compared to findings on Earth and investigating the similarities
and differences to draw further conclusions.

1.6. Thesis Outline
In the first Chapter of this dissertation an introduction to the topic was provided. Chapter 2
covers the main part of the research and is written in the form of a draft journal article to be
submitted to the Journal of Geophysical Research Planets. Section 2.1 includes an introduction
and defines the research aim. After this, Section 2.2 the methodology and use of data is
explained which gives a detailed overview of the Finite Element Model created. Results of
this research are presented in Section 2.3 following a discussion of the findings and including
model limitations in Section 2.4. The article is concluded in Section 2.5. To provide more
details on the work done, Chapter 3 contains supplementary material that are used to support
the main article. The dissertation ends with a conclusion in Section 4.1 and recommendations
for future work in Section 4.2.
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Deglaciation as a potential trigger for glaciovolcanism in the
Martian South Polar Region

J.L. Wiese1 et al.
1 Faculty of Aerospace Engineering, Delft University of Technology, Delft, the Netherlands

(Corresponding author: J.L. Wiese, wiese.joanalisa@gmail.com)

Abstract: Several mountains in the Martian South Polar Region qualify as tuyas. From
the height and spatial distribution of these tuyas we reconstruct a palaeo ice sheet
for this region. We find an optimum ice sheet radius of 600 km and an optimum ice
divide height of 1754 m. The reconstructed ice sheet constrains the surface pressure
load applied in the finite element model used to study glacially induced decompression
rates within the Martian mantle. Our models show a decrease in decompression rates
over depth and time for three linear deglaciation periods: 1 kyr, 30 kyr and 60 kyr. At
465 km below a thin lithosphere we find a decompression rate of 1450 Pa/yr induced
by ice melt over 1 kyr. This decompression rate is equal to the maximum values under
present-day Vatnajökull. Decompression rates can initiate mantle melting at a depth
where the mantle temperature is close to the solidus, which is likely to occur at 465 km.
For melt to reach the surface within the deglaciation period, magma ascent velocity
needs to be sufficiently high. Assuming a velocity of 1000 m/yr, melt reaches the
surfacewithin 500 yr: faster than our deglaciation periods. Under these conditions and
a warm, wet Martian climate, mantle unloading due to ice melt could have contributed
to the formation of tuyas in the South Polar Region. In addition, our study proposes
present-day deglaciation of Vatnajökull as a potential analogue for processes related
to deglaciation on Mars.

ey or s: decompression rate, glaciovolcanism, mantle melt, Mars, tuya

2.1. Introduction
The Sisyphi Montes (55◦S - 75◦S, 335◦E - 40 ◦E) (Ackiss et al., 2019) lie within the Noachis
Terra and Mare Australe quadrangles in the Southern hemisphere on Mars. Mapped by Tanaka
and Scott (1987) and re-examined by Ghatan and Head (2002) a number of these moun-
tains have been identified to potentially be of subglacial origin. Tanaka and Scott (1987) and
Tanaka and Kolb (2001) have discussed possible interpretations of features and landforms in
the Dorsa Argentea Formation and identified various features as lava flows or remnants of
magma/volatile interactions. Furthermore, mineralogical evidence was found by Ackiss et al.
(2018) (see also Campbell et al. (2016) and Ackiss (2019)) that the Sisyphi Montes are of
glaciovolcanic origin. These studies provide additional evidence for magma-ice interactions
on the red planet. Excellent preservation of morphologies and availability of high resolution
MRO CTX images of single edifices make this region an interesting study area.

Furthermore, detailed mapping suggests that the Sisyphi Montes could have been covered
by a large ice sheet, possibly an extent of the south polar ice cap (Head et al. (2007) and
Head and Pratt (2001)). The surface age in the region has been estimated to be from the
Hesperian epoch based on observed deposits (Head and Pratt, 2001).

Studies performed in Iceland and other regions on Earth have shown that the deglacia-
tion of a former ice sheet causes an increase in volcanic activity (Jellinek et al. (2004); Jull
and McKenzie (1996); Maclennan et al. (2002); Schmidt et al. (2013); Sigmundsson et al.
(2010)). During deglaciation, additional magma generation can occur if the in situ pressure
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in the mantle decreases. This pressure decrease shifts the solidus temperature of the mantle
material closer to (or below) the actual mantle temperature, causing it to melt (Schmidt et al.,
2013). Under Vatnajökull during recent deglaciation a decompression rate of 1450 Pa/yr was
found, causing an increase of up to 0.23 km3/yr of magma (Schmidt et al., 2013). Further-
more, stress states changing in the crust due to the unloading can cause magma chamber
instability and dyke propagation (Jellinek et al. (2004); Sigmundsson et al. (2010)) favouring
subglacial eruptions. It is still unknown whether on Mars the same geophysical processes have
contributed to subglacial eruptions, forming the tuyas in the South Polar Region.

In this study we therefore investigate the decompression rates induced by deglaciation
inside the Martian mantle. We apply an ice sheet reconstructed from tuya heights in the
Dorsa Argentea formation as a surface load and aim to find support for the following research
hypothesis:

The unloading of the Martian mantle, due to melting of a former ice sheet, has
contributed to forming tuyas, glaciovolcanic edifices, in the South Polar Region on
Mars.

Finding support for the research hypothesis can advance our knowledge on geophysical pro-
cesses on Mars. Furthermore, we can compare results from this research to findings on Earth
and investigating the similarities and differences to draw further conclusions.

First, we provide a more detailed introduction to deglaciation induced mantle melting on
Earth from previous studies and briefly present their findings. In Section 2.2 an overview of
the data used is given, followed by the method used to reconstruct the ice sheet from tuya
heights and the final result of the reconstruction (Section 2.2.3). After this, we explain the
finite element(FE) model setup and the model geometry in Section 2.2.4. Presentation and
evaluation of the resulting decompression rates is done in Section 2.3 and Section 2.4, respec-
tively. Finally, conclude our research and provide future research directions in Section 2.5.

2.1.1. The Effect of Deglaciation on Magma Production on Earth
Mantle melting due to glacially induced decompression rates can only occur when the solidus
temperature of the material is equal to or below the actual mantle temperature. Iceland makes
a great study case for this process, as it lies above a spreading ridge where temperatures are
already high due to the presence of hot mantle plumes.

Jull and McKenzie (1996) modelled an ice sheet with a radius of 180 km to estimate the
decompression rates in the Icelandic mantle over a deglaciation period of 1 kyr. They found a
maximum dP

dt of 19 kPa/yr right below the lithosphere at the loading centre. We note, that this
deglaciation took place during the Pleistocene-Holocene boundary when the ice sheet covered
the entire country. Jull and McKenzie (1996) found that these induced decompression rates
can cause an increase in melt production in the mantle of 3.5 km3/yr, which is 30 times more
than during glacial or postglacial periods. However, the enhancement in volcanism is largely
dependent on magma ascent velocity. For their study they propose that melt would reach the
surface within 1 kyr.

In the study by Schmidt et al. (2013), they estimated a maximum decompression rate of
1450 Pa/yr underneath Vatnajökull ice sheet in Iceland during the recent deglaciation between
1890 and 2010 (120 yr). They found additional generation of magma of 0.21-0.23 km3/yr,
comparable with previous estimates by Pagli and Sigmundsson (2008) of 1700 Pa/yr.

The resulting pressure changes in Iceland were small and led to small changes in melting
temperature (less than 1

10 of a
◦C) (P. Schmidt, personal communication, October 5, 2021).

For melting to take place, it is therefore necessary for the temperature of the mantle and
the melting temperature to be close to each other, before the decrease in pressure starts.
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The mentioned studies in Iceland take a potential temperature of the mantle (Tpot) equal to
1500◦ C and observed that higher potential temperatures in the mantle, shift the initiation of
melting to a lower depth (Schmidt et al., 2013). Furthermore, the bulk water content also
has an influence on the generation of melt: the melting occurs at a lower depth for dryer,
colder models than for hotter, wetter models. We note that the temperature and composition
of the mantle are a large factor for deglaciation induced mantle melting, but due to Mars’
lower gravity melt production will potentially occur over a larger depth than on Earth and even
material deep inside the mantle could start to melt (D. McKenzie, personal communication,
May 30, 2021).

An alternative process that could favour the eruptions under thick ice and formation of
tuyas on Mars is related to magma chamber instability and dyke formation. It has been found
that glacial loading may suppress volcanism by trapping magma in the upper crustal layer
of the lithosphere. During unloading of the surface the stresses relax and the accumulated
magma is released (Wilson and Russell, 2020). Furthermore, studies showed that glacially
induced crustal stresses can cause instabilities in magma chambers in the lithosphere. In
addition, these induced stresses restrict or enhance dyke formation, influencing the magma
transport to the surface (Jellinek et al. (2004); Mora and Tassara (2019)).

These findings can help draw a conclusion on the processes taking place on Mars, as
discussed hereafter.

2.2. Method and Data
2.2.1. Topography Data and Surface Images
To investigate the glaciovolcanic edifices in the region of interest we use data from the Mars
Global Surveyor spacecraft that operated from 1996 till 20061 and provided laser altimetry data
from the Mars Orbiter Laser Altimeter (MOLA) which was used to generate a global topography
map of the planet. For the research at hand, MOLA Mission Experiment Gridded Data Records
(MOLA MEGDR) with a map resolution of 128 pixels/deg are used. The vertical resolution of
the altimetry data is 40 cm and 300 m along-track. The products use an areocentric coordinate
system which is based on the IAU2000 cartographic standard (Smith et al., 2003). For analysis,
the topography raster datasets are processed in the geo-processing software ArcGIS Pro. An
Albers Equal Area map projection is applied which has been newly created from the Mars2000
geographic coordinate system available in ArcGIS Pro.

In addition to the MOLA topography data, Mars Reconnaissance Orbiter (MRO) Context
Camera (CTX) images are used for 3D high resolution rendering and visual inspection of the
edifices to help identify the knick points and with this the possible passage zone (PZ) elevation.
CTX provides images of the planet at 6 m/pixel scale over a swath of approximately 30 km
wide.

2.2.2. Ice Load History from Obliquity
The Martian climate is predominantly controlled by solar insolation of the surface, compara-
ble to Earth’s Milankovitch cycles. the distribution of solar energy is regulated by three of the
planets orbital parameters: obliquity, eccentricity and argument of perihelion. On Mars, obliq-
uity has the largest influence on the climate (Mischna et al., 2003). Simulations over the past
twenty five million years have shown that periods of high obliquity were present between 20
Myr to 4 Myr ago (Laskar et al., 2004a). Research agrees that due to the change in Mars’ spin
axis over time the ice from the poles travels to mid-latitudes when obliquity exceeds the 35◦

1NASA Science (n.d.). Mars Global Surveyor. Retrieved on May 20, 2021 from https://mars.nasa.gov/
mars-exploration/missions/mars-global-surveyor/
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mark and returns to the poles once obliquity decreases again (Mischna et al. (2003); Mischna
(2018) and Madeleine et al. (2014)).

Analytical solutions of obliquity for more than 20 Myr ago do not exist, due to the chaotic
behaviour of the solar system. Nevertheless, Laskar et al. (2004a) have performed an exten-
sive statistical analysis of the Martian orbital and rotational evolution. They found an average
obliquity of 37.62◦ over 5 Gyr with a maximum of 82.035◦. This study therefore assumes that
during the eruption period of the Sisyphi Montes, about 3 Gyr ago, obliquity was high (>35◦).
This assumption favours the accumulation of ice in higher latitudes on early Mars, and covers
the region of interest under an ice sheet.

We further assume that the obliquity behaviour in the past was similar to precise solutions
over the past 20 Myr by Laskar et al. (2004a). An obliquity drop from 35◦ to 25◦ has been
observed at about four million years ago, which according to research by Bramson et al. (2017)
caused most of the ice retreat in mid-latitudes. Although this drop caused the largest ice loss,
smaller oscillations in obliquity also affect ice retreat and growth (Bramson et al., 2017). One
obliquity oscillation from peak to peak has been estimated to be 120 kyr (Bramson et al.
(2017); Laskar et al. (2004a); Madeleine et al. (2009); Schorghofer (2007)). Based on this,
the period of ice retreat is about 60 kyr (peak to trough).

Since climate variations are still very difficult to predict on Mars, we take three different time
periods during which the reconstructed ice sheet melts linearly over time: 60 kyr, 30 kyr and 1
kyr. The longest retreat period is based on the peak to trough period of the obliquity oscillation
as mentioned earlier. We expect shorter retreat periods to result in larger decompression rates
in the mantle, which is favourable for mantle melting. We therefore halve the melting period
and also investigate an extreme case of 1 kyr, that could have occurred in a warmer, wetter
Martian climate in the past. In addition, deglaciation in Iceland during the last glacial maximum
has been modelled as 1 kyr and can be used as a comparison study Jull and McKenzie (1996).
To reduce simulation times, a period of 2 Myr is taken during which the ice is stable on the
surface, which is about 1

8 of the 16 Myr of high obliquity estimated by Laskar et al. (2004a).We
do not take into account any possible seasonal variations in ice thickness or increased melt
due to volcanic activity underneath the ice sheet.

The Sisyphi Montes are clustered in a small area close to the south polar ice cap and it
can be assumed that during the periods of high obliquity the entire area was covered in ice,
instead of just high topography locations. We do note that factors such as surface temperature,
topography, atmospheric pressure and even radiative active clouds influence the distribution
of ice across the Martian surface (Madeleine et al. (2014); Mansfield et al. (2018); Mischna
et al. (2003)). With more accurate climate models and better knowledge about the surface
composition of early Mars, predictions about the ice history can be improved in future studies.

2.2.3. Ice Sheet Reconstruction from Tuya Heights
The ice sheet reconstruction is done using a fitting approach with the goal of the optimisation
is to find the optimum ice (divide) height (H0) above the base elevation and optimum location
(∆x) of the ice sheet with respect to the tuyas, such that for all tuyas the distance between
the maximum possible passage zone elevation and the ice height is minimised. With this,
we can determine the thickest ice sheet possible that can be derived from the passage zone
elevations of the tuyas.

In this study we use nine of the twenty one mountains analysed by Ghatan and Head (2002)
to reconstruct a former ice sheet that overlaid the volcanoes. Making use of slope and profile
curvature analysis of the individual mountains we determine a knick point area at which the
steep slope transitions into a flat top. From this, we are able to infer a maximum elevation for a
possible passage zone (PZ), the transition zone between subaqueous and subaerial lithofacies.
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On Earth, this transition zone provides an indication for the minimum ice sheet thickness
before eruption (Smellie and Edwards, 2016) and we therefore apply this relation between PZ
elevation and ice sheet thickness in our study on Mars, as well.

The edifices used in the reconstruction are chosen based on whether they would lie close
to a straight line in North-South (NS) (Figure 2.1b) or West-East (WE) (Figure 2.1a) direction
(hereafter referred to as NS line and WE line). We have used these lines to pragmatically
constrain the axes of the ice sheet architecture, which in turn determined the shape of it. For
the NS line, mountains 1, 4, 6, 7 and 11, were used, whereas the WE line included mountains
7, 8, 10, 12 and 14 (Figure 2.2b). Mountain 3 and 5 on the NS line, labelled in Figure 2.2a with
a red cross, have been identified as outliers due to their relatively low height. This difference
could be indication for different eruption periods, i.e. that mountains 3 and 5 would be younger
than the rest and erupt after the ice had already decayed a certain amount. We assume that
all other mountains have formed in the same period and are of similar age. By superimposing
the mountains onto the NS and EW lines, their elevations are used to fit the ice profile height.
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Figure 2.1: MOLA colour topography overlain hillshade of Sisyphi Montes on the South Polar Region on Mars.
(a) Line in West-East direction (B-B’) on which mountains 7, 8, 10, 12 and 14 are superimposed. (b) Line in
North-South direction (A-A’) onto which mountains 1, 4, 6, 7 and 11 are superimposed.
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Figure 2.2: MOLA colour topography overlain hillshade of Sisyphi Montes on the South Polar Region on Mars.
Spatial reference given in the figure. (a) Includes mountains 3 and 5 that are marked with red crosses as outliers.
(b) Mountains are included in the ice sheet reconstruction.

For each of these remnants a base elevation of 1200 m has been assumed above which
slope and curvature are analysed to determine the knick point region and extract the possible
passage zone elevation. In addition, we compute the ice height with respect to this base
elevation and assume a flat ice sheet base at 1200 m, neglecting topography variations. This
assumption is supported by the fact that the surrounding topography is fairly even, without
significant topographic extremes as observed in Figure 2.3.
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Figure 2.3: 3D rendering of six of the Sisyphi Montes in the Dorsa Argentea Formation used in this study. MOLA
topography overlain a hillshade layer. Vertical exaggeration of 10. Visible swaths are high resolution CTX images:
P12_005845_1200_XI_60S358W, B09_013321_1175_XN_62S356W, P10_005067_1167_XI_63S356W,
B06_011910_1156_XN_64S353W, B09_013255_1156_XI_64S352W, B06_011831_1132_XN_66S356W
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For each mountain, the average flank slope is taken as the mean of mountain slopes from two
previous studies (Ghatan and Head (2002); Fagan et al. (2010)), see Table 2.1. Any cell of
the raster data set with a higher slope value than the average flank slope (per mountain) is
included in the knick point inspection.

Table 2.1: Average flank slope of selected mountains in the Dorsa Argentea formation on Mars.

Mountain Ghatan and Head (2002) Fagan et al. (2010) Mean both studies
1 5.4◦ 5.72◦ 5.56◦

4 7.76◦ 8.32◦ 8.04◦

6 9.14◦ 11.21◦ 10.18◦

7 8.34◦ 8.58◦ 8.46◦

8 11.29◦ 15.22◦ 13.26◦

10 10.4◦ 10.66◦ 10.53◦

11 7.46◦ 7.93◦ 7.695◦

12 8.36◦ 10.54◦ 9.45◦

14 6.45◦ 3.67◦ 5.06◦

Profile curvature measures the geometric normal curvature along the mountain’s slope line.
For our analysis we only use positive profile curvatures which indicate a convex surface in the
direction of the slope. Cells that exhibit positive profile curvatures form a region around the
mountain top where the slope transitions from steep to flat. This transition zone is called a
knick point zone hereafter. When the surface is flat a value of zero is found for the profile
curvature which we expect to be mostly in the centre of the summits 2.

For each of the remnants in this study we combine the slope and profile curvature and
visually identify the knick point zone where cells of highest slope and curvature values meet.
(Figure 2.5a). Firstly, Figure 2.4a shows the slope of mountain 6 in a 3D render. Values below
10.18◦ are coloured in grey and are therefore not visible. Steepest slopes (dark green) can
be identified at the top edge of the mountain. Secondly, the profile curvature for the same
mountain is displayed in Figure 2.4b with a maximum curvature of 2.9x10−4m−1 in dark blue.

In Figure 2.5a both, slope and profile curvature are displayed together and we observe
that highest slope and highest curvature meet at the edge of the mountain top (dark green
and dark blue are neighbouring cells). From this, a ring-shaped area for the kick point zone is
determined (pink area in Figure 2.5b). We extract the elevation values of all cells within this
area, which gives us a maximum and minimum elevation. In the supplementary material in
Section 3.1 we provide a flow chart showing the steps to obtain slope and curvature profile
values in ArcGIS Pro and how to apply a feature class to draw the ring-shaped kick point zone
and extract elevations.

2Esri (n.d.). Surface Parameters (Spatial Analyst). Retrieved on October 31, 2021 from https://pro.arcgis.
com/en/pro-app/2.7/tool-reference/spatial-analyst/surface-parameters.htm
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Figure 2.4: MOLA topography derived hillshade overlaid by CTX image B09_013321_1175_XN_62S356W rendered
in 3D of mountain 6. (a) Slope in degree. Values below 10.18◦are coloured grey and not visible. (b) Profile
curvature in 1/m. Negative curvatures indicate concave profiles and are coloured grey (not visible in the render).
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Figure 2.5: MOLA topography derived hillshade overlaid by CTX image B09_013321_1175_XN_62S356W rendered
in 3D of mountain 6. (a) Slope and profile curvature combined. (b) Combination of slope and profile curvature
with the pink area indicating the possible passage zone region.

We identify a clear knick point zone for all mountains listed in Table 2.1, therefore all mountains
fit our definition of a tuya. We may use the terms mountain and tuya interchangeably. From
the ring-shaped areas for the kick point zone, the elevation values have been extracted and
we call the range between minimum to maximum elevation the passage zone range. This is
the potential range of elevation in which the tuya passage zone could lie. Using the knick
point region as indication for the PZ elevation introduces a small overestimation. This is, that
the lava cap on the top of the tuya is included in our approximation of the passage zone
elevation. During the tuya formation the cap lava always forms above the passage zone.
However, passage zone elevation provides an indication for the minimum palaeo ice sheet
thickness (Smellie and Edwards, 2016). As we aim to derive the thickest ice sheet possible
from the tuya heights, this slight overestimation does not affect our results and conclusions,
as the ice could have always been thicker than the passage zone indicates.

We further note a minimum value of 2.94x10−4 m−1 for the profile curvature for tuyas
14 and 6. Denoting them as tuyas in our study is in line with their previous identification
as flat-topped by Ghatan and Head (2002). We propose that this minimum profile curvature
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value could be used in future studies to help identify tuyas on Mars.
We then compare these passage zone ranges between the individual tuyas in NS and WE

direction by means of notched box-plots (Figure 2.6 and Figure 2.7). We observe that in the
NS direction tuyas 1 and 11 have a similar passage zone elevation range. Their mean and
even the maximum PZ elevation is lower than for tuyas 4, 6 and 7, which indicates that edifice
1 and 11 have formed at the edges of the ice sheet, where ice sheet thickness is smaller.
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Figure 2.6: Notched boxplots of identified passage zone elevation ranges for mountains 1, 4, 6, 7 and 11 along
the NS line. Red diamond indicates the mean elevation and the notch marks the 95% confidence interval of the
median. Whiskers mark the minimum and maximum data points.
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Figure 2.7: Notched boxplots of identified passage zone elevation ranges for mountains 7, 8, 10, 12 and 14 along
the WE line. Red diamond indicated the mean elevation and the notch marks the 95% confidence interval of the
median. Whiskers mark the minimum and maximum data points.
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The PZ elevation ranges for the remnants on the WE line are on average higher than along
the NS line. Again, we observe that two of the tuyas (10 and 14) have similar PZ elevation
ranges with mean elevations between 2100 to 2300 m. Both tuyas lie on the most east edge
of the WE line which again is good indication that they breached the ice at its edge. We note
that tuya 7 has a much lower average passage zone elevation than its neighbouring tuyas 12
and 8. Nevertheless, its maximum PZ elevation lies above the minimum PZ elevations of the
neighbouring tuyas which makes it less likely to have formed at the ice sheet edge like tuya
10 and 14. In addition, the PZ elevation range of tuya 7 fits well within the elevation ranges of
its neighbouring tuyas on the NS line (Figure 2.6) and is therefore not considered an outlier.
We have successfully obtained minimum and maximum passage zone elevation per tuya and
added a 120 m margin to the maximum value to take into account any fractured ice that could
have been present during eruption time and/or surface sagging during melting (Smellie and
Edwards (2016); Smellie et al. (2011) and Smellie (2018)). The final passage zone elevation
ranges per tuya plus the margin can be found in Figure 2.8 and Figure 2.9 for the NS and WE
line, respectively.
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Figure 2.8: Passage zone elevation range for mountains 1, 4, 6, 7 and 11. The red dot indicates the 120 m margin
above the maximum passage zone elevation. Horizontal distance is measured with respect to the most northern
mountain, mountain 1.
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Figure 2.9: Passage zone elevation range for mountains 7, 8, 10, 12 and 14. The red dot indicates the 120 m
margin above the maximum passage zone elevation. Horizontal distance is measured with respect to the most
western mountain, mountain number 12.

We approximate the ice sheet as a perfectly plastic glacier. This approximation is often used
in modelling, especially when the modelled ice sheets are large (van der Veen, 1999). As
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mentioned earlier, we assume a flat ice base which is warranted by the fairly even surrounding
topography (Figure 2.3).

With the perfectly plastic glacier approximation it possible to estimate the profile of the ice
sheet as a square root function (Equation (2.1)) (van der Veen, 1999). L is the radius of the
ice sheet and H0 the ice divide height.

H = H0

(
1− x

L

) 1
2

(2.1)

The ice sheet is assumed to be circular with a fixed radius of L = 600 km for the fitting process.
The fixed radius is based on the spatial distribution of the tuyas in the region of interest. In
addition, it is sufficiently large to also cover other edifices in the region that might be of
glaciovolcanic origin (Ghatan and Head (2002) Fagan et al. (2010)), but were not included in
this study. For the tuyas in our study we have found a distance of 636 km between the most
northern and most southern tuya and a distance of 524 km between the most western and
most eastern tuya. The ice sheet radius of 600 km makes sure that the entire ice extent is
always larger than the largest distance between the tuyas on the NS and WE line.

A schematic drawing of the ice profile of Equation (2.1) is given in Figure 2.10.

H

x

L-L

Ice profile

0

H0

Figure 2.10: Schematic drawing of the perfectly plastic ice profile. H0 marks the ice divide height. L is the ice
sheet radius.

We assess five different values of ice divide height (H0) and ten different ∆x values along
both, the NS and WE line. This leaves us with fifty different combinations along each line
to determine the optimum ice divide height and ice sheet location. We assume that H0 is
determined by the passage zone elevation range of the tallest tuya on the NS or WE line. This
assumption guarantees to find the thickest ice sheet possible which is the goal of the optimi-
sation. ∆x is taken as the x-location of the north most (M1) or west most (M12) mountain
underneath the ice sheet. Following constraints have been set for the optimisation:

1. L is fixed to 600 km: L = 600
2. ∆x must be between −L and L−Lm (length of NS or WE line): −L <= ∆x <= L−Lm

3. H0 must be between the minimum and maximum passage zone elevation of the tallest
mountain on the NS or WE line.

Based on these constraints the ice heights tested in NS and WE direction are slightly different,
as the maximum and minimum passage zone elevation of the tallest mountain on the NS line
are different compared to the ones on the WE line (Figure 2.8 and Figure 2.9). An overview
of the five ice divide heights used for testing along each line is provided in Table 2.2.
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Table 2.2: Testing ice divide heights for ice sheet profile over NS and EW mountain ranges.

H0 NS [m] H0 WE [m]
1111 1203
1272 1357
1432 1512
1593 1666
1754 1821

We exclude scenarios instantly that do not meet the minimum constraints set for finding the
optimum ice height from tuyas. This means, when the ice height at a certain tuya lies below
the minimum passage zone elevation of this tuya the scenario is discarded. An example of
such can be found in Figure 2.11. By doing so, we are left with 13 possible combinations of
ice divide height and ice location from the fitting in WE direction and 33 possible combinations
from the fitting in NS direction.
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Figure 2.11: Suboptimum scenario of ice profile over mountain range in WE direction. Ice height at mountains
10, 12 and 14 lies below the minimum passage zone elevation.

Statistical evaluation using the Mean Absolute Error (MAE) of the test scenarios leads to an op-
timum choice for the ice divide height and location. We calculate the MAE with Equation (2.2).
n is the number of mountains along the WE or NS line (Figure 2.9 and Figure 2.8), hm is the
height of the ice sheet at mountain i and zm is the elevation of the margin point of mountain i.
We only consider the MAE of the difference between the ice height and the margin elevation of
120 m above the maximum possible passage zone elevation to achieve the thickest ice sheet
possible.

MAE =

∑n
i=1 |(hm)i − (zm)i|

n
(2.2)

Looking at the initial fitting of the ice sheet over the mountains in NS and WE, we observe
that the largest ice height in both directions provides us the smallest mean absolute error
(Figure 2.12 and Figure 2.13). Specifically, scenario 4 and 5 for the NS line and scenario 4 for
the WE line.
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Figure 2.12: Mean absolute error of possible ice sheet heights over mountains on the NS line The scenario number
describe the location of the ice sheet over the mountains.
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Figure 2.13: Mean absolute error of possible ice sheet heights over mountains on the WE line. The scenario
number describe the location of the ice sheet over the mountains. Scenarios 6 to 9 were suboptimum and thus
excluded.

From this first analysis, two optimum scenarios for the ice height have been selected for
further optimisation: H0 = 1754 m from the NS line and H0 = 1821 m from the WE analysis.
In a second optimisation run, these two ice heights are fitted over the NS and WE tuyas to
determine an optimum location of the ice sheet and select a final divide height and location.
To recall, the goal of the optimisation is to find the optimum ice divide height (H0) above the
base elevation and optimum location (∆x) of the ice sheet with respect to the tuyas, such that
for all tuyas the distance between the maximum possible passage zone elevation and the ice
height is minimised. Base on the mean absolute error between ice height and passage zone
elevation, the new scenario 4 from the second optimisation run achieves the best fit for both
ice divide heights (Figure 2.14 below). Overall, we achieve a slightly better fit for the ice sheet
profile over the tuyas on the WE line. As the difference between the MAE of EW and NS fit for
H0 = 1754 m is smaller than for H0 = 1821 m, the optimum ice divide height that gives the
thickest possible ice sheet is taken to be 1754 m and the ice midpoint is located just above
tuya 8 at 7◦E, 63.8◦S on the WE line (Figure 2.15).
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Figure 2.14: Mean absolute error for two ice divide heights (left) H0 = 1754m and (right) H0 = 1821 m over the
tuyas on the NS and WE line.
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Figure 2.15: Optimum ice sheet profile over passage zone elevation ranges of mountains 7, 8, 10, 12 and 14
including a 120 m margin for fractured ice and snow layers.

The radius of the circular ice sheet is 600 km, which is sufficient to also cover other edifices
in the region that might be of glaciovolcanic origin, but were not included in this study. The
total area of the ice sheet is 1.13x106 km2. The optimum circular ice sheet over the Sisyphi
Montes is shown in Figure 2.16 and Figure 2.17 in an Albers Equal Area projection, which
slightly elongates the circular shape in east-west direction towards an elliptical shape.
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Figure 2.16: MOLA topography overlain hillshade with reconstructed ice sheet over Sisyphi Montes in the South
Polar Region in an Albers Equal Area projection between 80◦W to 90◦E and 50◦S to 80◦S. Symbology of elevation
uses a minimum maximum stretch type and a gamma value of 0.8.
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Figure 2.17: MOLA topography overlain hillshade with reconstructed ice sheet over Sisyphi Montes in the South
Polar Region in an Albers Equal Area projection between 10◦W to 20◦E and 55◦S to 75◦S. Tuyas used in the ice
sheet reconstruction are numbered. The ice midpoint location is above tuya 8 at 7◦E, 63.8◦S.

2.2.4. Mars Finite Element Model
We use a flat, symmetric finite element (FE) model to study decompression rates in the Martian
mantle. We focus on the maximum decompression rates observed and compare the order of
magnitude with results from a study in Iceland as outlined in Section 2.1.1.

Mars is modelled as an incompressible elastic lithosphere that overlies an incompressible
Maxwell viscoelastic mantle. Self-gravity is neglected, which implies that the deformation due
to changes in the gravity field are not taken into account, and so is self-gravity of the ice sheet.
On Earth, the latter has an effect on sea level change, however, for modelling Mars, sea-level
is not relevant and a non-self-gravitating FE model is appropriate. The ice sheet is modelled
as perfectly plastic circular cap as explained in Section 2.2.3. The modelling software Abaqus
is used (Simulia Abaqus, 2014a).

We test two cases of Martian internal structure in the finite element model displayed in
Figure 2.18. We define lithosphere as follows: The lithosphere is a fully elastic layer in the
Martian internal structure, denoted at Te. Case I has a thin lithosphere of 35 km and large
mantle of 1524.5 km. The use of a thin elastic layer in this study is based on results from
Grott and Breuer (2008) who estimated Te for the Hesperian epoch on Mars and found an
average of 30±7 km. For Case II a thick lithosphere of 500 km is chosen, in line with the new
discoveries from the InSight mission (Khan et al., 2021). Both model cases have a mantle
viscosity of 1021 Pa · s (Plesa et al. (2018) and Khan et al. (2021)) and the core radius is kept
at 1830 km as proposed by Stähler et al. (2021). As GIA is less sensitive to deeper viscosities
due to the short wavelength of the ice load on the surface, pressure changes are expected to
be predominantly noticeable in the first mantle layer (M1).
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Figure 2.18: Martian internal structure cases with an elastic lithosphere layer of (a) 35 km and (b) 500 km and a
mantle viscosity of 1021 Pa·s. Density in kg/m3 per layer is shown in the figures.

Although, lateral variations in the elastic lithosphere thickness have been mapped globally by
Audet (2014) and Thor (2016), the region analysed in this study is small compared to the
whole of the planet and the resolution from previous studies is not high enough to provide
accurate variations for the Sisyphi Montes area. Therefore, a homogeneous lithosphere is a
valid assumption for this research.

Shear moduli for lithosphere and mantle layers are set to the following values for Litho 1,
Litho 2, Mantle 1 and Mantle 2, respectively: 5x1012 Pa, 8x1012 Pa, 1.05x1011 Pa, 2.17x1011

Pa. As Abaqus requires the Young’s modulus as input it is first computed with Equation (2.3),
where ν is the Poisson’s ratio, equal to 0.5 for the case of incompressibility and S that shear
modulus per layer.

E = 2S(1 + ν) (2.3)

We determine the densities per layer based on computation of gravity at the surface of each
layer with Equation (2.7) derived from Newton’s law. For a homogeneous sphere it holds:

g =
GM

R2
(2.4) M =

4

3
πR3ρ (2.5)

G is the gravitational constant, equal to 6.67408e−11 m3/kgs2, M is the mass of the sphere,
R the radius of the sphere, ρ the density of the sphere and g the gravitational acceleration. To
obtain the gravity at a certain layer inside the sphere we need to take the difference in cubed
radii between the layer of interest and the core which leads to the total mass of the core and
the added layer.

Mtotal = Mcore +
4

3
π(R3

layer −R3
core) (2.6)

Combining Equation (2.4), Equation (2.5) and Equation (2.6) the gravity at the surface of each
layer is computed with:

gi =
4
3Gπ(R3

0ρ0 +
∑i−1

j=0(R
3
j+1 −R3

j )ρj+1)

R2
i

(2.7)
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By varying the density of the lithosphere and mantle layers (Litho 1, Litho 2, Mantle 1 and
Mantle 2) a surface gravity of 3.7119 m/s2 for Case I and 3.7116 m/s2 for Case II is achieved,
resulting in the densities for the separate layers shown in Figure 2.18.

To analyse the rebound effect from the palaeo ice sheet in the region of interest we model
Mars using a linear Maxwell rheology. The rheology of the planet behaves like a spring-damper
system (spring = elasticity, damper = viscosity). Each layer in our two cases of the Martian
structure is modelled as a spring-damper system, resulting in a series of smaller systems for
the whole planet (Whitehouse et al., 2021).

The Finite Element model geometry is set based on the size of the ice load applied on top.
The total model width is set to 3000 km. We apply a set of boundary conditions that limit
the sides of the model to vertical motion only and fix the bottom, restraining any horizontal
or vertical motion. Fixed boundaries may impact the magnitude, as well as the direction of
the stresses in the elements at the model edges. This, in turn, may cause faulty estimations
of the pressure changes as they are stress dependent (Section 2.2.6). Analysis by Qin (2021)
showed that with a FE model size of 1.25 times the region of interest (ROI) boundary effects
due to a finite model can be avoided.

With a circular load size of 1200 km in diameter a model width of 1500 km would be
sufficient according to Qin (2021). Since we apply a fine and a coarse region in our model,
we need to be sure that the fine region is not affected by boundary effects. Hence, we set
the width of the fine region to 1500 km and increase the model width to twice this value.
For the fine region a resolution of 30 km is set. The vertical resolution of each layer is set to
16, proving sufficient to investigate the pressure stress in the mantle. Figure 2.19 shows the
model geometry and resolutions on the surface.
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Figure 2.19: FE model geometry and resolution.

Besides the boundary conditions mentioned above, we also need constraints at layer bound-
aries. Density gradients in the planet’s stratigraphy cause buoyancy forces to act which drive
the process of isostasy. We model these restoring forces as Winkler foundations (Wu, 2004)
that are applied at all internal boundaries where a density change occurs.

The element type selected is C3D8H which is a continuum, 3D, 8 node hybrid hexahedron
element. As incompressibility is applied, the hybrid mesh element is a must. Advantage of
using hexahedron elements in the incompressible model is that volumetric locking is avoided.
If locking occurs the element would act stiffer than it actually is, leading to an underestimation
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of the stresses (Simulia Abaqus, 2014a). We tested the option of reduced integration to
decrease simulation time. However, no major improvements could be achieved. Therefore,
reduced integration was omitted.

2.2.5. Ice Load Application
For the loading scenario, the ice load is applied instantaneous as a step function (Figure 2.20a)
and stays constant over the course of 2 Myr. Unloading is done with a ramp function, where
the load decreases linearly over time (Figure 2.20b). We test three different unloading periods:
60 kyr, 30 kyr and 1 kyr (Section 2.2.2). It is expected that an ice melt of 1 kyr shows the
largest decompression rate inside the mantle.
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Figure 2.20: Schematic drawings of (a) the instant load application at time step ti that stays constant over time
and (b) a linearly decreasing load starting at time step ti by means of a ramp function.

We apply the ice load as a pressure load to the FE model surface. A MappedField object
(Simulia Abaqus, 2014b) is created which uses the ice heights and maps them onto an xy-grid
of the model surface as a cloud of points. This rectangular grid is then applied to the FE
model surface as a pressure load where the ice height per grid cell is converted to pressure
with Equation (2.8) and Equation (2.9), where ρi is the density of ice equal to 931 kg/m4, hg
is the ice thickness at each cell, A is the area of a grid cell and g the gravity at the surface.

mg = ρiAhg (2.8) P =
mgg

A
(2.9)

2.2.6. Estimation of Pressure Changes
To say anything about the induced mantle melting by deglaciation, the decompression rate in
the Martian mantle needs to be known. We use the previously described flat finite element
model (Section 2.2.4) loaded by the reconstructed ice sheet (Section 2.2.3) to receive the
pressure stresses in the mantle layer during unloading.

For engineering applications commercial FE-packages are designed to solve the stiffness
equation, equivalent to the equation of motion, and given in Equation (2.10)

∇⃗τ̄ = 0 (2.10)

However, this relation only holds for geophysical problems where the elastic deformations
have short wavelength , since self-gravitation and restoring force of isostasy are neglected
(Wu, 2004). Therefore, analysis of long wavelength deformations requires modifications.
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For an incompressible, non-self-gravitating flat Earth model the equations of motion are
defined by Wu (2004) as:

∇⃗τ̄ − ρ0g0∇⃗ω = 0 (2.11)

where ω = u⃗ẑ is the vertical component of the displacement vector (defined positive upwards),
ρ0 is the density of the layer and g0 the gravitational acceleration in the layer.

By defining a new stress tensor (Wu and Peltier, 1982):

t̄ = τ̄ − ρ0g0ωĪ, (2.12)

Equation (2.11) can be recast into the same form as Equation (2.10).

For the analysis of results from Abaqus, the stress tensor needs to be transformed back to
the elastic stress with Equation (2.13)

τ̄ = t̄+ ρ0g0uz, (2.13)

with

t̄ =

σx τxy τxz
τyx σy τyz
τzx τzy σz

 (2.14)

The equivalent pressure relates to stress as in Equation (2.15) (Simulia Abaqus, 2014a), where
σii is the sum of the normal stresses, the elements on the main diagonal of the stress tensor t̄
(Irgens, 2008). Applying the stress transformation explained by Wu (2004) the final pressure
in the mantle is computed with Equation (2.16).

p = −1

3
σii (2.15) P = −1

3
(σii + ρ0g0uz) (2.16)

By definition, compressional stresses are negative and tensional stresses are positive. In the
case σii is in compression the resulting pressure is positive. This is what we expect in the
upper lithosphere during the loading scenario right below the loading centre. In the lower
lithosphere, we expect tensional stresses to occur right below the loading centre and negative
pressure to be present. Figure 2.21a and Figure 2.21b show an example of pressure in the
upper and lower lithosphere for the loading of the Martian surface with an elastic lithosphere
of 35 km and 500 km, respectively. These results confirm the expectations of compressional
stress state in the upper lithosphere and expansion state in the lower lithosphere right below
the loading centre.
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Figure 2.21: Pressure (MPa) over depth and radius in the upper (L1) and lower lithosphere (L2) at t = 2 Myr of
loading. Pressure is shown for the two FE model cases with an elastic lithosphere thickness of (a) 35 km and (b)
500 km. Cross-section taken at Y = 1500 km. The black horizontal line shows the region of the ice sheet on the
surface with the ice divide at (1500, 1500) km in the coordinate system of the FE model.

We expect the Martian mantle to show positive pressure values at the end of the loading
period, as material is flowing away from the loading centre and the region is in a compressional
state. This expectation is confirmed by the pressure values in the two mantle layers as seen
inFigure 2.22a and Figure 2.22b.
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Figure 2.22: Pressure (MPa) over depth and radius in the first (M1) and second mantle layer (M2) at t = 2 Myr of
loading. Pressure is shown for the two FE model cases with an elastic lithosphere thickness of (a) 35 km and (b)
500 km.Cross-section taken at Y = 1500 km. The black horizontal line shows the region of the ice sheet on the
surface with the ice divide at (1500, 1500) km in the coordinate system of the FE model.
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In the unloading period, the ice sheet gradually decays with a linear melt. It is expected
that pressure in the upper lithosphere is decreasing and becomes less positive (less com-
pression), whereas in the lower lithosphere it is also decreasing, but becomes less negative
(less tensional). Our predictions are confirmed by the model results for the lithosphere layers
(Figure 2.23a and Figure 2.23b for Te = 35 km). We find the same behaviour for the model
with a thick lithosphere of 500 km (Figure 3.9 in Section 3.4.2 of the supplementary material).
However, the temporal variation in P in the lower lithosphere (L2) is slightly larger than for
the thin model. This implies that the tensional state in the lower lithosphere reduces quicker
for a thick lithosphere.
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Figure 2.23: Normalised pressure over time at different depths below the surface in the (a) first lithosphere layer
(L1) and (b) second lithosphere layer (L2) over an unloading period of 60 kyr. Lithosphere thickness is set to Te

= 35 km. Pressure is normalised against the absolute maximum pressure at each depth. Results are obtained at
X = Y = 1500 km in the coordinate system of the FE model.
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Figure 2.24: Normalised pressure over time in (a) the first mantle layer (M1) and (b) the second mantle layer (M2)
at different depths below the lithosphere over an unloading period of 60 kyr. Lithosphere thickness is set to Te =
35 km. Pressure is normalised against the absolute maximum pressure at each depth. Results are obtained at X
= Y = 1500 km in the coordinate system of the FE model..

In the mantle, gradual decrease of pressure is expected, letting the mantle go towards a state
of expansion. Over an unloading period of 60 kyr normalised pressure over time is presented
in Figure 2.24 above for a thin lithosphere. We observe almost linear decreasing pressure at
all depths in the first and second mantle layer and can conclude that the FE models behave
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appropriately during the unloading period. For the thick lithosphere the same behaviour is
observed and is shown in the supplementary material (Figure 3.10 in Section 3.4.3). We
find that the change in pressure over time in both lithosphere layers varies less between the
individual depths values for a thick lithosphere.

We convert these pressure values into decompression rates (dPdt ) using the (explicit) for-
ward Euler method (Equation (2.17)). ∆t is non constant, as results were extracted at selected
integration time steps from Abaqus. This simplifications introduces some uncertainty in the
decompression rates, but is a good approximation to estimate the order of magnitude, as we
aim to find the maximum induced decompression rate (Section 2.2.6).

dP

dt
(t) =

P (t+∆t)− P (t)

∆t
(2.17)

We use these obtained decompression rates to identify magnitude and location of the maxi-
mum decompression rate possible for two different lithosphere thicknesses (35 km and 500
km) and three different unloading periods (60 kyr, 30 kyr and 1 kyr) as explained before (Sec-
tion 2.2.6). The three time vectors which have been used to compute dP

dt in the mantle over
the three different unloading periods are listed in Table 2.3.

Table 2.3: Time steps at which pressure results have been extracted from Abaqus for three periods of linear
unloading of the surface.

time step 60 kyr 30 kyr 1 kyr
t0 55.5 yr 55.52 yr 50 yr
ti 111.04 yr 111.04 yr 100 yr
ti+1 166.57 yr 166.57 yr 150 yr
ti+2 277.61 yr 277.61 yr 250 yr
ti+3 610.75 yr 610.75 yr 500 yr
ti+4 4.9 kyr 4.9 kyr 750 yr
ti+5 9.9 kyr 9.9 kyr 1 kyr
ti+6 14.9 kyr 14.9 kyr -
ti+7 19.9 kyr 19.9 kyr -
ti+8 24.9 kyr 24.9 kyr -
ti+9 29.9 kyr 29.99 kyr -
ti+10 34.9 kyr - -
ti+11 39.9 kyr - -
ti+12 44.9 kyr - -
ti+13 49.9 kyr - -
ti+15 54.9 kyr - -
ti+17 59.99 kyr - -
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2.3. Results

2.3. Results
We are looking to find the maximum decompression rate in the shallow Martian mantle induced
by unloading of a former ice sheet. From elevation of tuyas and their spatial distribution in the
Dorsa Argentea Formation we have reconstructed a circular ice sheet with maximum thickness
at the ice divide of 1754 m. We have use this as surface load in our incompressible, flat Mars
finite element model to investigate the deglaciation effects. We have tested two different
cases of internal Martian structure, one with a thin lithosphere of 35 km and one with a thick
lithosphere of 500 km. Deglaciation periods have been set to 60 kyr, 30 kyr or 1 kyr and the
ice linearly decays over time. We observe effects on decompression rate due to deglaciation
period, as well as lithosphere thickness and compare findings to the study in Iceland.

2.3.1. Decompression Rates in the Martian Mantle
We have tested two different cases for the Martian internal structure, one with a thin litho-
sphere of 35 km (Figure 2.18a) and one with a thick lithosphere of 500 km (Figure 2.18b) and
we have used three different deglaciation periods: 60 kyr, 30 kyr and 1 kyr. We note that
largest decompression rates occur in the first layer of the mantle, therefore we do not further
analyse the results in the lower mantle in detail.

We find a maximum decompression rate of 4474 Pa/yr for an unloading period of 1 kyr and
a lithosphere thickness of 35 km. This maximum is present after 500 yr of ice decay and occurs
directly below the lithosphere (Figure 2.25). Our results are comparable to pressure changes
found in the Icelandic mantle underneath the Vatnajökull ice cap during current deglaciation
(120 yr). For this region a maximum decompression rate of 1450 Pa/yr was found right below
the lithosphere at 35 km (Schmidt et al., 2013).
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Figure 2.25: Decompression rate (Pa/yr) in the mantle layers for an unloading period of 1 kyr at t = 500 yr with
Te = 35 km Similar cross-section as in Figure 2.21.

We further find that our maximum dP
dt is about three times larger than the one under

Vatnajökull. Due to the larger surface load applied decompression rates at certain depths
in the mantle are generally slightly larger on Mars than in Iceland, but as mentioned earlier
comparable in magnitude. We find that the maximum decompression rate under Vatnajökull
(1450 km) can be found at lower depth inside the Martian mantle as compared to right below
the lithosphere in Iceland. The depth at which dP

dt = 1450Pa/yr is about 500 km. This is
an effect of viscosity being higher on Mars and more ice loss per year on Mars for the same
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lithosphere thickness.
Our results show that the decompression rate decreases with increasing depth underneath
the decaying ice sheet (Figure 2.26). This general decrease in dP

dt with depth is in good
agreement with what is found for Iceland (Schmidt et al. (2013); Sigmundsson et al. (2010);
Pagli and Sigmundsson (2008) and Jull and McKenzie (1996)). For a thin lithosphere (35 km)
the maximum dP

dt decreases by a factor of two over a depth of 295 km. While on Mars the
decompression rate halves over 295 km, under Vatnajökull it reduces to 1

8 of the maximum.
Relatively speaking, we see a larger reduction in decompression rate for Iceland over the
same depth range compared to Mars. This means, that if the maximum dP

dt right below the
lithosphere would be equal to 1450 Pa/yr, at a depth of 295 km we would find a dP

dt of 175
Pa/yr in Iceland and a dP

dt of 725 Pa/yr on Mars. The observation is consistent with the higher
viscosity in the Martian mantle, which leads to pressure from the surface load to reach lower
depth. In addition, the larger ice loss per year on Mars, results in higher values of dP

dt at the
same depth inside the mantle and the pull from the elastic lithosphere on the shallow mantle
is stronger, causing decompression values right below the lithosphere to higher than at lower
depths.
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Figure 2.26: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of depth

and time for Te = 35 km. Pressure changes are shown right below the loading centre (X = Y = 1500 m).

42



2.3. Results

Comparing the different deglaciation periods we see that maximum decompression rates for
the deglaciation periods of 30 kyr and 60 kyr are 149 Pa/yr and 74.5 Pa/yr, respectively
(Figure 3.7a and Figure 3.7b in Section 3.4). These maxima occur right below the lithosphere.
We find a hyperbolic relationship between deglaciation period and decompression rate, where
for shortest deglaciation, largest decompression rates take place.

We further observe that longer deglaciation of the same ice sheet results in a smaller
reduction in dP

dt w.r.t. the maximum decompression rate over the same depths interval. An
almost linear relationship between deglaciation time and relative decrease in decompression
rate w.r.t. the maximum can be inferred, if ice size and mantle viscosity are kept the same
(Figure 3.4b and Figure 3.4c in the supplementary material in Section 3.3). With slower
ice decay, less surface load is removed per year and the GIA process is overall slower. In the
shallow mantle layers, the elastic lithosphere exerts a pulling force during the unloading period,
which is also reason for the decompression rates to be larger right below the lithosphere. With
a slower unloading this pull from the lithosphere is less strong. Since deeper layers of the
mantle are not really affected by the lithosphere pull, the difference in dP

dt between shallow
mantle and deeper mantle is smaller for longer deglaciation.

In general we find dP
dt to be sensitive to the lithosphere thickness. Increasing the litho-

sphere thickness from 35 to 500 km leads to a decrease in maximum decompression rate of
78% right below the lithosphere. However, sensitivity decreases with increasing depth (Fig-
ure 3.2 in the supplementary material in Section 3.2). The overall smaller dP

dt with a thick
lithosphere are due to the fact that the thick layer acts as a low-pass filter, only transmitting
longest wavelengths of the load. And increase in lithosphere thickness for the same load size
eventually results in he state of no isostasy, where only bending of the upper lithosphere takes
place.

Furthermore, for 1 kyr and 30 kyr of deglaciation and a thick lithosphere the decrease in dP
dt

w.r.t. the maximum decompression rate over depth is smaller compared to the thin lithosphere
case (Figure 3.5 in Section 3.3 in the supplementary material). We do find, that this decrease
in dP

dt w.r.t. the maximum decompression rate over depth is however the same for all three
deglaciation periods for a thick lithosphere model. The pull on the upper mantle from the
lithosphere during unloading does have a much smaller effect on the decompression rates.
Therefore, the difference between the decompression rates in shallow and deeper mantle do
not vary between the different deglaciation periods.

In the research by Schmidt et al. (2013) they found temporal variations in dP
dt to be most

apparent right below the lithosphere and decrease with increasing depth. We make the same
observations in our results for deglaciation periods of 30 kyr and 60 kyr ((Figure 2.27b and
Figure 2.27c). Decompression rate varies by up to 48% over 60 kyr and by up to 40% over
30 kyr in the model with a thin lithosphere. We have normalised decompression rates against
the absolute maximum dP

dt at each depth shown in Figure 2.27. However, over a deglaciation
period of 1 kyr we see that the variation in dP

dt over time is larger in the deeper parts of the first
mantle layer (up to 35% over 1 kyr at 929.5 km below the lithosphere). This observation is
not directly in line with findings by Schmidt et al. (2013) under Vatnajökull, but could possibly
be an effect of the higher viscosity in the Martian mantle, since we find the same observations
in the model with a thick lithosphere (Figure 3.3b in Section 3.2).
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Figure 2.27: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of

time for Te = 35 km. Values are normalised against the absolute maximum at each depth. Results are shown
for deglaciation periods of (a) 1 kyr and (b) 30 kyr and (c) 60 kyr. Pressure changes are shown right below the
loading centre (X = Y = 1500 m).

We point out that for a thin lithosphere a very small increase in decompression rate at 62.8 km
below the lithosphere over the first 500 yr takes place (Figure 3.8 in Section 3.4). However,
this increase is small compared to the magnitude of the decompression rate itself. It means,
that the decrease in pressure over time becomes slightly faster in the first 500 yr. Since we only
observe this pattern for a lithosphere of 35 km, it is probably related to the thin lithosphere
on top of the mantle and could possibly be an effect of hysteresis where the pressure in the
mantle lags behind changes in ice loading on the surface and the upper mantle does not react
immediately.

We see that in general the evolution of the decompression rates reflect the transition from
an immediate elastic response at the beginning of deglaciation to a viscous response during
ice melt. The immediate jump from a large decompression rate to a smaller decompression
rate at the onset of deglaciation reflects the elastic response of the mantle, clearly observable
for the deglaciation periods of 30 kyr and 60 kyr (Figure 2.27b and Figure 2.27c) for the model
with a thin lithosphere. In GIA the elastic response of the mantle is almost immediate and we
would expect this pattern to be visible for all three deglaciation periods. However, for a short
deglaciation period of 1 kyr, the elastic behaviour is less apparent and could be related back
to the hysteresis effect, that the mantle does not have enough time to react to the fast ice
removal above a thin lithosphere.

We make similar observations for the model with a lithosphere of 500 km for all three
deglaciation periods (Figure 3.6 in the supplementary material in Section 3.3). We see again
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that the elastic and viscous response is clearly reflected for 30 kyr and 60 kyr of ice decay
(Figure 3.6b and Figure 3.6c in the supplementary material in Section 3.3). For these two
deglaciation periods, the largest temporal variations in dP

dt occur right below the lithosphere.
We also find over a deglaciation of 1 kyr that the larger temporal variation in dP

dt occurs at
lower depth (Figure 3.6a in the supplementary material in Section 3.3), which could again be
related to the higher viscosity on Mars. Compared to the model with a thin lithosphere this
temporal variation of dP

dt at lower depth is very similar (35% for the thin model vs. 32% for
the thick model).

However, we note that the variations in decompression rate over longer deglaciation times
are stronger with a thick lithosphere. Largest temporal variation of 65% is found right below
the lithosphere over a deglaciation period of 30 kyr. This is about 25% more variation than
for the model with a thin lithosphere. Our results give the impression that for deglaciation of
30 kyr and 60 kyr, a new equilibrium state has been reached again in the the entire mantle,
whereas underneath the thin lithosphere the upper parts of the mantle still show a decrease
in decompression rate over time and have not reached equilibrium yet. From this, the effect
of the lithosphere thickness can be seen again which results in less unloading effects in the
mantle and equilibrium can be reached faster.

2.4. Discussion and Model Limitations
Using the geological and geomorphological evidence, high resolution images and a global
topography map it was possible to complete the first ever regional reconstruction of a palaeo
ice sheet thickness in the South Polar Region on Mars. We have used elevation and distribution
of tuyas in the Dorsa Argentea Formation to reconstruct the ice sheet with an optimised fitting
approach, assuming a perfectly plastic ice sheet. We make a simplification by superimposing
the tuyas onto two straight lines, one from North to South and one from East to West. This
makes our ice sheet reconstruction a 2D approach, leading to some uncertainty in the surface
pressure load applied to the FE model. However, since in this study we aimed to find the
maximum decompression rate induced by the decaying ice sheet a 3D reconstruction would
not change the decompression results, but only have a possible influence on the location of
maximum decompression rate laterally.

Research by Head and Pratt (2001) and Head et al. (2007) suggested that the region could
have been covered by a much larger ice sheet which was an extension of the current South
Polar ice cap. This would however only alter the size of the modelled ice load and not its
thickness. An increase in ice extent would cause a larger area to be affected by the pressure
decrease in the mantle and possibly more wide spread mantle melting. There are two possible
scenarios: (1) As there are no clear remnants of tuyas closer to the South Pole, it is less likely
that the ancient ice sheet was an extension from the South Pole and that volcanic activity took
place more southwards and (2) the palaeo ice sheet used to be an extension of the current
South Polar cap, but volcanic activity was more localized to the area where we find tuyas
today.

In our ice sheet reconstruction we assume that the knick point zone, where steep side
transitions into flat top, is representative for the elevation range in which the passage zone
could lie. The identified knick point zone per tuya includes the lava cap rock of the tuya.
However, from the four stage tuya formation the passage zone always lies below the lava
cap. Our passage zone elevations are therefore slightly overestimated and derived ice sheet
thickness would have probably been lower. However, since passage zones provide an indication
of the minimum ice sheet thickness, the palaeo ice sheet over the region could have been
thicker in any way. This makes our results still highly likely.

Another uncertainty that is involved in the ice sheet reconstruction is the assumption made
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that all the nine tuyas formed during the same eruption period and are therefore of similar
age. In the case they did form in different periods the ice sheet thickness would be slightly
different. We would then derive the thickness only based on the passage zone elevation
estimates of tuyas of similar age. In general crater counting is used to determine the age of
planetary surfaces (Hartmann, 2005). However, at the current stage of available data on Mars,
this approach is not possible for edifices such as the tuyas in the Dorsa Argentea Formation,
as surface areas are insufficient (Martínez-Alonso et al., 2011). One could request a set of
high resolution images from the High Resolution Imaging Science Experiment (HiRISE) on the
Mars Reconnaissance Orbiter (MRO) of each tuya. These could be used in a potential study
involving crater counting to determine the age of the tuyas.

Furthermore, the assumption of a perfectly plastic ice profile with horizontally flat bedrock
does not take into account the topography. As the region surrounding the tuyas in the region
of interest is relatively even, without topographic heights, only the tuyas themselves would
cause a decrease in ice mass on the surface during formation. Taking this into account would
result into a reduction in ice volume of 4947 km3, which is <0.5% of the total ice volume.
Volume estimates of the tuyas are taken from Ghatan and Head (2002). This would not cause
any drastic changes in surface pressure load and is therefore negligible.

We used the reconstructed ice sheet to constrain the surface load over the mountain region
to predict decompression rates in the Martian mantle using a finite element model. We com-
pared our findings to Icelandic decompression rates and found that maximum decompression
rates are in the same order as induced by deglaciation of Vatnajökull between 1890 and 2010.
A maximum of 4474 Pa/yr was found for a GIA model with an elastic lithosphere thickness
of 35 km which could be representative for ancient Mars during the Hesperian epoch (Grott
and Breuer, 2008). We also tested a model using a thick elastic lithosphere which is a better
approximation for Mars today (Khan et al., 2021). We observe smaller decompression rates
in the Martian mantle underneath a thick lithosphere, with a maximum of 1210 Pa/yr right
below the lithosphere and decreasing with depth (details can be found in the supplementary
material in Section 3.2). Hence, deglaciation on Mars today would cause small effects inside
the mantle regarding decompression rates.

Largest uncertainty in the FE model is the ice load history, since climate models for Mars
are not as advanced yet. We have used modelled Martian obliquity cycles to make a prediction
of deglaciation periods on Mars. Periods of 30 and 60 kyr are derived from the obliquity cycles,
whereas a period of 1 kyr is tested as an extreme case. The shortest deglaciation period is
however the same as found for a similar sized ice sheet on Earth and therefore an interest-
ing one to be tested. When climate models for Mars have advanced further, more accurate
prediction of the ice melt over time and with this better estimates of the decompression rate
inside the mantle could be made. First estimates of the effect of solar brightening and radia-
tive active clouds on ice stability in higher latitudes have already been made (Madeleine et al.
(2014) and Mansfield et al. (2018)), but are not yet good enough for accurate ice models.

However, decompression rates alone do not generate mantle melt. As explained in Sec-
tion 2.1.1 the melting temperature of the mantle material drops due to the change in pressure
and only if it drops below the actual mantle temperature, melting takes place. Decompression
rates during deglaciation in Iceland and resulting temperature changes are very small (<10th

of a degree). We do not expect them to be larger on Mars. Therefore, the mantle temper-
ature must already be very close to the melting one before the change in in situ pressure
occurs. Only then any melting in the Martian mantle can take place (P. Schmidt, personal
communication, October 5, 2021).

We find that the same decompression rate as in Iceland is present at lower depth on
Mars. As mentioned in Section 2.3.1 the maximum decompression rate of 1450 Pa/yr under
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Vatnajökull right below the lithosphere occurs at about 500 km depth on Mars.
Ding et al. (2020) provided estimates of solidus and melt productivity of an anhydrous

Martian mantle. They found a depth of initial melt around 490 km for a mantle potential
temperature equal to 1450◦C and a mantle composition derived by Lodders and Fegley (1997).
We can assume, that at a depth of 500 km the mantle potential temperature is around 1500◦C,
as temperature increases with depth.

We note that the depth of melt generation found by Ding et al. (2020) holds for an an-
hydrous Martian mantle. Water content however affects the depth of initial melt as shown
in Iceland (Schmidt et al., 2013). A decrease in mantle potential temperature from 1500 to
1450◦C shifted the melt depth 20 km and 40 km upwards for a dry and a wet model, respec-
tively.

Given the estimates by Ding et al. (2020) and the fact that for a decrease in mantle
potential temperature the melting depth moves upwards two scenarios could take place, that
favour the melting of mantle material on Mars. (1) At a mantle potential temperature of
1500◦C at a depth of 500 km, the decompression rate found in our results causes a drop
in solidus temperature large enough to initiate melt. (2) An increase in water content for a
mantle potential temperature of 1450◦C would result in a downward shift of the melt depth
that was found by Ding et al. (2020) to possibly 500 km. For scenario (1), the drop in solidus
temperature by less than 10th of a degree, as it occurs in Iceland, is likely large enough at
the depth of 500 km. Since melt initiation at 490 km was found for a mantle temperature of
1450◦C, probability is high that solidus and mantle temperature 10 km deeper are very close,
and the shift in melting temperature sufficient.

With mantle melting possibly taking place deeper inside the Martian mantle as compared
to Iceland, the question arises how long the magma needs to rise to the surface. Fast magma
ascent could result in eruptions under the ice, forming observed tuyas in the South Polar
Region. In the study by Jull and McKenzie (1996) they proposed that melt would reach the
surface within 1 kyr. In another study by Maclennan et al. (2002) a maximum average melt
extraction velocity of 100 m/yr matched observations for enhanced volcanism in Iceland. From
our discussion above, melt could possibly generate at a depth of 500 km in the Martian mantle.
With an extraction velocity similar to that in Iceland, melt would reach the surface in 5 kyr.
Larger extraction velocities are possible, but unlikely for Iceland. Nevertheless, due to lower
gravity on Mars, the extraction velocity is probably larger Wilson and Head (1994). Taking a
velocity of 1000 m/yr, which was also tested for Iceland, results in a time lag of 500 years until
melt reaches the surface. This is a likely scenario that could have taken place on Mars in the
past and would ensure that volcanic eruptions still take place under the ice, for a deglaciation
period of 1 kyr.

Our modelled ice sheet on Mars is comparable in size and volume to the glaciation of Iceland
during the last glacial maximum (10 kyr ago). In addition, a deglaciation period of 1 kyr is
equal to the deglaciation of the 2 km thick ice sheet Jull and McKenzie (1996) modelled in their
study. However, for a similar surface load and unloading period we find smaller decompression
rates inside the Martian mantle (4.5 kPa/yr vs. 19 kPa/yr). A reason for this could be higher
mantle viscosity in Iceland and the fact that it is located over a spreading ridge. Material in
the mantle is already relatively hot and mantle upwelling takes place even without a change
in pressure due to unloading. An increase in Marian mantle viscosity would potentially result
in larger decompression rates at more shallow depths than what we have found in this study.

In order to calculate the exact melt generation, melt parametrisation is needed. We do
not model actual melting rates in this study, due to lack of knowledge about mantle compo-
sition. However, initial estimates on mantle compositions are already present from modelling
(Khan and Connolly (2008); Lodders and Fegley (1997)) With a thorough study of Martian
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meteorites the mantle composition can most probably be further constraint. Parameters such
as specific heat constant, thermal expansivity and bulk water content could possibly be de-
rived. Furthermore, a thorough study of the SNC meteorites could provide information on the
concentration of incompatible elements (uranium, thorium). This would help to determine the
amount of melt generated due to deglaciation only. However, uncertainties lie within the age
of the meteorite, as well as their origin location on Mars. Meteorites from the northern plain
would not be representative for this study.

As mentioned in Section 2.1.1 also dyke formation and magma chamber failure in the crust
are a likely process during the unloading period of an ice sheet (Mora and Tassara (2019);
Sigmundsson et al. (2010); Wilson and Russell (2020)). A magma filled dyke propagates
inside the Earth’s lithosphere when the driving pressure exceeds the in situ tensile strength
of the host rock plus the horizontal stresses induced by unloading. During unloading, the
upper lithosphere is in tension and dyke propagation is favourable. The maximum crustal
rock strength on Earth is about 10 MPa (Gudmundsson, 2012) and magma driving pressures
lie between 3 to 30 MPa on Earth Wilson and Russell (2020). For magmas with high driving
pressure, the horizontal stresses in the crust must therefore be large, between 15 to 20 MPa.

From our finite element model analysis we can see horizontal tensile stresses of up to
17 MPa in the Martian upper lithosphere. We find these stresses for the model with a thin
lithosphere (35 km) and a deglaciation period of 1 kyr. Assuming similar rock and magma
composition on Mars, these horizontal stresses would result in a driving pressure of 27 MPa,
which is within the range of magma driving pressures found on Earth. Therefore, the process
of magma chamber failure and initiation of dykes inside the Martian upper lithosphere due to
deglaciation is a very likely process.

Although location of magma chambers is suggested to be deeper on Mars than on Earth
Wilson and Head (1994), the lower surface gravity causes magma to rise quicker. In addition,
heavily cratered surface in the South could make it more likely for fractures in the surface
to occur and magma to rise upwards. We can conclude that both, mantle melting and dyke
propagation, are viable processes to have occurred on Mars.

Modelling Mars using a flat, finite element model brings some uncertainties, as well. The
current model size is limited to a region of interest of less than 1500 km in diameter. If the
ice sheet would have been an extension of the South Polar cap, a larger FE model would
be required to not run into boundary problems as discussed in Section 2.2.4. We expect
decompression rates to be spread over a larger region spatially. If the thickness of the larger
ice sheet would be kept the same, variations in maximum decompression rate inside the
mantle will probably not occur, as thickness and unloading period influence the process in the
mantle, the most. However, faster melting of the ice edges could have an influence on the
decompression rates in the region of interest, in case the edge of the large ice sheet is right
above the region of tuyas.

In addition, a flat model is less representative for the actual planet. In this study, the flat
assumption is still applicable since the surface load size is small enough. For a surface load
wavelength of more than 1200 km a spherical model is suggested based on findings from Qin
(2021).

Furthermore, we only modelled linear rheology for Mars and assumed no lateral variations
in viscosity. Including non-linear rheology would mean that elastic and viscous parameters
in the Mars model vary with depth. However, much more precise knowledge on the Martian
interior composition and structure is needed to propose such non-linear rheology models.
Advances in knowledge gained from the InSight mission are promising to constrain the interior
further. In addition, in the future laboratory deformation experiments could be carried out on
rock samples extracted from the Martian mantle. Lateral variations of viscosity and also lower
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values of viscosity would favour the melt production, as the mantle would potentially be hotter
and wetter.

2.5. Conclusion
In this study we have examined how deglaciation of a palaeo ice sheet over the Sisyphi
Montes affects Martian mantle decompression rates and aimed to find support for the following
hypothesis: The unloading of the Martian mantle, due to melting of a former ice sheet, has
contributed to forming tuyas, glaciovolcanic edifices, in the South Polar region on Mars.

We reconstruct the minimum ice sheet thickness from tuya heights in the region of interest
using slope and curvature analysis. From this, we find that an ice sheet with thickness at the
ice divide of 1754 m matches the tuya heights best. The optimum location of the ice midpoint
was found to be at 7◦E and 63.8◦S and a circular shape with radius of 600 km covered all
edifices under the ice.

We apply the derived ice sheet as a pressure load to our flat finite element model to
analyse glacially induces decompression rates in the Martian mantle. We model Mars as an
incompressible elastic lithosphere that overlays an incompressible viscoelastic mantle. Mantle
viscosity is set to 1021 Pa · s. An ice history based on estimated Martian obliquity cycles of
the past 20 Myr has lead to testing of three different deglaciation periods: 60 kyr, 30 kyr
and 1 kyr. Deglaciation of 1 kyr is investigated as we expect shorter ice melt to cause larger
decompression rates inside the mantle. In addition, this deglaciation period is similar to the ice
melting of a comparable ice sheet in Iceland during the last glacial maximum and results can
be compared. Two different lithosphere models are tested, one with a thin layer, resembling
ancient Mars and one with a thick layer, more representative of Mars today.

We find that decompression rates (dPdt ) induces by deglaciation vary in space and time with
a general decrease with increasing depth. Peak decompression rates of 4474 Pa/yr are found
for the shortest unloading period of 1 kyr right below the elastic lithosphere of 35 km.

This maximum decompression rate is slightly larger, but comparable to values found during
the present-day deglaciation of Vatnajökull in Iceland, which resulted in decompression rates
of up to 1450 Pa/yr. We find the same dP

dt value at a depth of 500 km inside the Martian
mantle. The solidus and mantle temperature at this specific depth would need to be very
close to each other in order for decompressions rates of this magnitude to cause any material
melting. There is however evidence from modelling results that this could indeed be the case,
favouring the initiation of melt and with it increase in eruptions. Uncertainty remains about
the timing of volcanism due to the increased melt generation. However, with estimated delays
in the order of 500 to 1000 yr, increase in volcanism would still occur during the presence of
ice on the surface. This would favour the formation of tuyas.

If on ancient Mars similar climate conditions would have been present as in Iceland today,
specifically a warm mantle and more water content, mantle melting would have been very
likely. In addition, provided that magma ascent velocities are high and increase in eruption
rate would have also possibly occurred. Our study proposes that the deglaciation of Vatnajökull
today and induced mantle melting underneath are a good analogue study for processes related
to deglaciation on Mars. Furthermore, the trapping of magma during glacial loading and
magma release and propagation of dykes during unloading times is a viable process inside the
Martian lithosphere. This could be an alternative hypothesis for the origin of the tuyas found
in the South Polar Region.
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Supplementary Material

The following sections serve as supporting material for the main article. Firstly, an explana-
tion in the identification of a knick point in ArcGIS Pro is given in Section 3.3. Secondly, the
effects of the lithosphere thickness are discussed in Section 3.2. After this, Section 3.3 pro-
vides explanation on how deglaciation period affects the decompression rates in the mantle.
Section 3.4 shows a number of supplementary figures with short explanation.

3.1. Mountain Knick Point Analysis
Identification of knick points in river beds has been done using slope-area relations and visual
inspection (Zahra et al., 2017). It is a time intensive process, but using observations and
expert knowledge on the morphologies make it a robust approach. The identification of knick
point regions for the tuyas on Mars has been done by combining slope and profile curvature
of the Martian surface and by visually inspection. Figure 3.1 shows a flow diagram of the
individual steps taken to receive slope and curvature layers in ArcGIS Pro from the MOLA
raster data set and identifying possible knick points of the mountains. The steps are further
explained below:

1. After importing the MOLA raster data sets, it is necessary to create a hillshade with the
Hillshade raster function. This layer is a grayscale 3D representation of the surface where
the relative position of the Sun is taken into account. Altitude and azimuth properties
are kept at default.

2. Activating the new hillshade layer, one can zoom to mountain of interest and turn on the
CTX image layer.

3. Apply Raster Calculator with criteria: Elevation >= 1300 m slightly over the average
base elevation for all mountains to exclude the change between mountain slope to plain
on the base. As an input raster dataset we selected the clipped elevation dataset of the
mountains, generated previously.

4. Apply Reclassify Spatial Analyst Tool to reclassify the cells that match minimum elevation
from step 3 to a value of 1 and a selected colour. Set cells that do not match the criteria
from step 3 to ’no colour’.

5. Add Surface Parameters 3D Analyst to calculate the slope and profile curvature for
each mountain. Ground elevation must be selected as surface input. We calculate slope
in degree and select profile curvature to be able to identify convex regions. Results of the
tool application are shown in Figure 2.4b, Figure 2.4a and Figure 2.5a in Section 2.2.3.

6. Based on slope and profile curvature knick point regions are identified visually, where
cells of largest slope and highest profile curvature meet. A feature class is created to
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create ring shaped polygons that include all identified cells. Results are presented in
Figure 2.5b in Section 2.2.3.

7. To extract elevation data from the polygon feature the Interpolate Shape tool is used
first. This tool created a 3D feature by interpolating the z values from the ground surface.
The ground surface is the MOLA raster data set used as elevation surface.

8. Apply Stack Profile to each drawn polygon feature to extract elevation values in a table
and save as .txt file.

9. Analyse elevation of knick points regions of mountain in Python.

Generate Knickpoint polygons
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Pre-processing elevation raster dataset
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Figure 3.1: Flow diagram of the knick point analysis using slope and profile curvature in ArcGIS Pro.
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3.2. Effects of Lithosphere Thickness
In this section the effect of the lithosphere thickness on decompression rates in the Martian
mantle is explained.

In general, a sensitivity of decompression rate to lithosphere thickness can be observed
(Figure 3.2 below). This is in line with findings in Iceland (Schmidt et al., 2013). For an
increase in Te from 35 to 500 km a decrease in decompression rate of up to 77% takes place.
Sensitivity decreases with increasing depth below the lithosphere. At a depth of about 800
km below the lithosphere the decompression rates are very similar.

The large change in magnitude in decompression rate right below the lithosphere is due
to the fact that the thicker the lithosphere, the less wavelengths are transmitted to the mantle
regions and the load is more heavily supported by the strong elastic layer. The relation between
lithosphere thickness and size of the load determines the state of isostasy. This means that
with a thicker lithosphere for the same load size, isostasy may eventually not be present any
more and only bending of the upper lithosphere layer takes place. Figure 3.2 shows the
decompression rate in the mantle below each case of lithosphere thickness. Values are shown
at 500 yr after onset of deglaciation as this is where the maximum decompression for the thin
lithosphere model is observed.

Looking at the maximum decompression rates, we find a maximum of 1210 Pa/yr for the
model with a thick elastic layer right at the start of unloading and over a deglaciation period
of 1 kyr. For the thin model a maximum dP

dt of 4474 Pa/yr occurs after 500 yr. The difference
in temporal occurrence of the maxima can also be seen when comparing the two sub-figures
in Figure 3.3. Why the maximum for the thin model is present only after 500 yr of unloading
is not clear.
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Figure 3.2: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of depth

below the lithosphere for two different elastic lithosphere thicknesses at t = 500 yr over a deglaciation period of
1 kyr. Pressure changes are shown right below the loading centre (X = Y = 1500 m).
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Comparing the decompression rates over time for the two lithosphere thicknesses we find that
the general behaviour is the same: A decrease in dP

dt over time (Figure 3.3). However, we
find that for the thin lithosphere case the decompression rate first increases until 500 yr and
then starts to decrease (Figure 3.3a). As mentioned above, the reason for this is not entirely
clear, but could be a possible hysteresis effect, where the response of the mantle lags behind
the unloading. This cannot be observed for the thick lithosphere, where dP

dt decreases directly
from the onset of deglaciation onwards Figure 3.3b. Since this pattern is only present in the
thin lithosphere model, it must be related to the thickness of the lithosphere.
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Figure 3.3: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of time

for an elastic lithosphere thickness of (a) 35 km and (b) 500 km. Values are normalised against the absolute
maximum at each depth. Pressure changes are shown right below the loading centre (X = Y = 1500 m).

From our modelling we also detect that the temporal variation in dP
dt are more similar between

different depths when we have a thick lithosphere overlaying the mantle (Figure 3.3). The
thick lithosphere acts as a low-pass filter and only transmits the longest wavelengths of the
load. Therefore, the decompression rate right below the lithosphere is lower for the thick
model and less variation over the same depth as in the thin model can be found, as dP

dt
decreases to a similar value over a similar depth interval below the lithosphere.
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3.3. Effects of Deglaciation History
Here we discuss the effects of deglaciation periods on decompression rates more in depth.

We find that the overall behaviour of dP
dt as a function of depth and time is similar for all

deglaciation periods, with a decreasing decompression rate with increasing depth and time
(Figure 3.4a, Figure 3.4b and Figure 3.4c). For the longer deglaciation periods, doubling the
period leads to a decrease in dP

dt to half the maximum value (Figure 3.4b and Figure 3.4c).
Taking the short deglaciation period into account, we find a hyperbolic relationship between
deglaciation period and decompression rate. The same behaviour is found for a lithosphere
thickness of 500 km (Figure 3.5).

We further take a look at the decrease in decompression rate with respect to the maximum
value over depth. It can be observed that when the ice is decaying slower, the difference
between dP

dt in the shallow mantle and deeper mantle decreases. Over a depth range of
925 km and 1 kyr of deglaciation dP

dt reduces to about 12% of the maximum. For 30 kyr of
deglaciation decompression rate reduces to about 20% of the maximum value, whereas for
the 60 kyr case it reduces to 40% of the maximum. Therefore, changes with respect to the
maximum value over the same depth range are smaller for longer ice melt.

Furthermore, analysis shows that for all deglaciation periods decompression rate decreases
over time, as also pointed out earlier (Figure 3.4). The largest variation can be observed for
the longest deglaciation period, which is logical. dP

dt varies of up to 50% over 60 kyr of
unloading and we find this variation occurs right below the lithosphere (Figure 3.4c). For 30
kyr of deglaciation largest temporal variation in dP

dt also occur right below the lithosphere. It
is interesting to note that for the case of the thin lithosphere, the variations in dP

dt over a short
deglaciation periods are very small in the shallow mantle region and are larger for deeper
regions (Figure 3.4a). This observation is in contradiction to to the observations in Iceland
by Schmidt et al. (2013) where they found that the temporal variations in dP

dt decrease with
increasing depth. Since the larger temporal variation in decompression rate at lower depth is
also found for a thick lithosphere and deglaciation of 1 kyr, it could possibly be an effect of
higher viscosity used in the Mars model compared to Iceland. With the mantle being more
viscous, the pressure from the surface load can travel to deeper depths.
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Figure 3.4: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of depth

and time for an elastic lithosphere thickness of 35 km. Deglaciation period is set to (a) 1 kyr, (b) 30 kyr and (c)
60 kyr. Pressure changes are shown right below the loading centre (X = Y = 1500 m).

The effects of deglaciation history already mentioned are also visible for the model with a thick
lithosphere (Figure 3.5). A general decrease in decompression rate for longer deglaciation and
temporal variations that are largest right below the lithosphere for the deglaciation periods
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of 30 kyr and 60 kyr. However, there is no difference of the decrease in maximum dP
dt over

depth between the three deglaciation periods. The decompression rates decrease to 40% of
the maximum value over the same depth interval (Figure 3.5).
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Figure 3.5: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of depth

and time for an elastic lithosphere thickness of 500 km. Deglaciation period is set to (a) 1 kyr, (b) 30 kyr and (c)
60 kyr. Pressure changes are shown right below the loading centre (X = Y = 1500 m).
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Taking a look at decompression over time for the model with a thicker lithosphere, we ob-
serve similar behaviours than for the thin lithosphere (Figure 3.6). A decrease in dP

dt over time
takes place and largest variations of decompression over time are observed for the longest
deglaciation period (60 kyr). Longer periods of ice decay show the largest temporal varia-
tion in decompression rate in the shallow mantle, right below the lithosphere (Figure 3.5c
and Figure 3.6c), whereas a short deglaciation period shows largest variations in the lower
mantle regions. This particular behaviour is consistent with our results for a thin lithosphere,
however in general contradiction to the Icelandic decompression rate variations that decrease
with depth. That temporal variations in decompression rate over short deglaciation are more
pronounced at deeper depth could be again an effect of the higher viscosity on Mars.
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Figure 3.6: Predicted pressure changes ( dP
dt
) induced by deglaciation in the Martian mantle as a function of time

for an elastic lithosphere thickness of 500 km. Values are normalised against the absolute maximum at each depth.
Results are shown for deglaciation period of (a) 1 kyr, (b) 30 kyr and (c) 60 kyr. Pressure changes are shown right
below the loading centre (X = Y = 1500 m).

58



3.4. Supplementary Figure

3.4. Supplementary Figure
The supplementary figures serve as supporting material for the main article. In Section 3.4.1
the contour plots of maximum decompression rates for deglaciation of 30 kyr and 60 kyr for the
model with a thin lithosphere are shown. And a enlarged plot of decompression rate over time
for a deglaciation of 1 kyr is provided. Furthermore, Section 3.4.2 and Section 3.4.3 provide
plots of normalised pressure over time in the lithosphere and mantle for a thick lithosphere
model, respectively.

3.4.1. Decompression Rates in the Mantle
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Figure 3.7: Contours of maximum predicted decompression rates ( dP
dt
) induced by deglaciation in the Martian

mantle. dP
dt
is shown at t = 277 yr with Te=35 km for (a) a deglaciation period of 30 kyr and (b) a deglaciation

period of 60 kyr. Black horizontal lines indicate the ice sheet on the surface. Cross-section taken at X=Y=1500
km.
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Figure 3.8: Decompression rate at 62.8 km below the Martian lithosphere with Te=35 km over a deglaciation
period of 1 kyr. dP

dt
is shown right below the loading centre (X=Y=1500 km) in the coordinate system of the FE

model.

3.4.2. Pressure Changes in the Lithosphere
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Figure 3.9: Normalised pressure over time at different depths below the surface in the (a) first lithosphere layer
(L1) and (b) second lithosphere layer (L2) over an unloading period of 60 kyr. Lithosphere thickness is set to Te

= 500 km. Pressure is normalised against the absolute maximum pressure at each depth. Results obtained at X
= Y = 1500 km in the coordinate system of the FE model.
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3.4.3. Pressure Changes in Mantle
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Figure 3.10: Normalised pressure over time in (a) the first mantle layer (M1) and (b) the second mantle layer (M2)
at different depths below the lithosphere with Te = 500 km.Pressure is normalised against the absolute maximum
pressure at each depth. Results are obtained at X = Y = 1500 km in the coordinate system of the FE model.
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4
Conclusion and Recommendations

In the two sections below the overall conclusions from the results are presented and the
research questions are answered. After this a statement on the research hypothesis is given.
Lastly, a number of recommendations are mentioned for future work inSection 4.2.

4.1. Conclusion
Firstly, the sub-questions are answered, after which the main hypothesis is discussed.

a) How can the elevation and spatial distribution of tuyas in the Dorsa Argentea Formation
be used to constrain the minimum palaeo ice sheet thickness and minimum ice extent?

In this study the first ever regional reconstruction of a palaeo ice sheet was done using tuya
heights in the South Polar Region on Mars. Ice sheet reconstruction from tuya height done on
Earth helps to gain knowledge about past climate and processes inside the Earth. An optimised
fitting approach was applied with the goal to find the optimum ice divide height (H0) above
the base elevation and optimum location (∆x) of the ice sheet with respect to the tuyas, such
that for all tuyas the distance between the maximum possible passage zone elevation and the
ice height is minimised.

On selected mountains in the region of interest, slope and curvature analysis have been
applied to determine a knick point region, where the steep slope of the mountain transitions
into a flat top. From the identified region, elevation values were extracted that served as
indication for the elevation range in which the passage zone possible lies. Passage zones of
tuyas on Earth are indicators for the minimum palaeo ice sheet thickness under which the
volcano erupted (Smellie and Edwards, 2016) and the same relationship has been applied on
Mars in this study.

Although previously identified as tuyas by Ghatan and Head (2002), a clear knick point
region could not be recognised for six of the initially eighteen mountains. These were therefore
excluded from the study. The other eleven were termed tuyas, since a clear knick point could
be found. A total of eleven tuyas was used to infer a maximum possible passage zone elevation
per edifice. A 120 m margin was added to the maximum elevation to account for fractured
ice and surface sagging during eruption (Smellie et al., 2011).

An uncertainty that comes with using the knick point region as possible passage zone
elevation is that the lava cap is included, as well. During tuya formation the passage zone
always forms below the lava cap. This results in an overestimation of the passage zone
elevation using the knick point analysis.
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Identified tuyas have been superimposed either onto a straight line from North to South
and a straight line from West to East. This was done to pragmatically constraint the axes of the
ice sheet. A 2D analysis is a simplification and does only take into account the tuyas that are
already located close to the straight lines. A 3D ice sheet fitting would decrease the difference
between model and reality. However, a more realistic ice sheet profile would probably not
affect decompression rates in the mantle largely. Therefore, a perfectly plastic glacier profile
with a smooth horizontal bedrock was assumed. The latter assumption was based on the fact
that surrounding area are fairly even without any topographic extremes and the loss in ice
volume due the formation of tuyas is negligible.

To constrain the ice extent a circular ice sheet with a radius of 600 km was set. The fixed
radius was based on the spatial distribution of the tuyas in the region of interest. In addition,
it is sufficiently large to also cover other edifices in the region that might be of glaciovolcanic
origin (Ghatan and Head (2002) Fagan et al. (2010)), but were not included in this study.

With the extracted maximum passage zone elevations and the fixed ice extend the fitting
process was done. By varying the ice divide height (H0) and the location of the ice sheet
with respect to the tuyas in either WE or NS direction, an optimum ice thickness and location
could be achieved. A perfectly plastic, circular ice sheet with a ice divide height of 1753.5 m
and a radius of 600 km was the result of the analysis. The optimum location of the ice sheet
midpoint was found to be at 7◦E and 63.8◦S.

b) In what way can the ice sheet retreat period be derived from the spatial distribution of
tuyas in the Dorsa Argentea Formation?

Up until today, climate models for Mars are not very advanced yet and are still inaccurate
for estimations of past climate back in the Hesperian epoch. However, same as on Earth, the
planet’s obliquity has a strong influence on the climatic processes on Mars. Research agrees
that during high obliquity (>35◦) the CO2 is on the South Pole could extent to higher latitudes,
also covering the region of the Sisyphi Montes.

Since the tuyas are clustered in a small region close to the South Pole on Mars it was
assumed that ice from the South Polar cap only needed to extend slightly towards the equator
to cover the entire region of interest. Studies suggest that in the Hesperian epoch the South
Polar ice cap was much larger than today (Head and Pratt (2001); Head et al. (2007)). These
suggestions were based on geological evidence and support that the Sisyphi Montes were
once covered under ice.

Since estimates of obliquity evolution on Mars are available, the assumption was made to
derive melting periods for the reconstructed ice sheet from the variations in obliquity. Mod-
els of obliquity variations are however only accurate for the past 20 Myr on Mars (Mischna,
2018), due to the chaotic nature of the solar system. It was therefore assumed, that obliq-
uity variations in the Hesperian epoch were similar to estimates 20 Myr ago with a period of
high obliquity for more than 5 Myr. This is in agreement to statistical estimates by Laskar
et al. (2004a). According to previous research a peak to peak obliquity cycle takes about
120 kyr during which ice can grow and melt (Bramson et al. (2017); Laskar et al. (2004a);
Madeleine et al. (2009); Schorghofer (2007)). Based on this, for the reconstructed ice sheet
three different melting period have been assumed and simulated: 60 kyr, 30 kyr and 1 kyr. A
short deglaciation of 1 kyr is comparable to the deglaciation of Iceland during the last maxi-
mum, where a similar sized ice sheet resulted in decompression melting as found by Jull and
McKenzie (1996). From the finite element model maximum decompression rates were found
for the shortest melting period (1 kyr). Although, shorter deglaciation periods result in larger
decompression rates inside the mantle, anything below 1 kyr is an unlikely scenario. Besides,
for short time scales (≤ 1 yr) the mantle only behaves elastically (Whitehouse et al., 2021)
and effects of viscosity on the depth of the decompression rates would not be present.
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4.1. Conclusion

c) How does induced change in mantle decompression affect the mantle melt rate under-
neath the degrading ice sheet?

To answer this question the reconstructed ice sheet was used in a flat, symmetric, incom-
pressible finite element model to model the pressure changes in the Martian mantle during
deglaciation. A linear ice history was assumed, and two different FE models where created,
one with a thin lithosphere (35 km) and one with a thick lithosphere (500 km). The for-
mer is more representative for a warm and wet Mars in the past (Grott and Breuer, 2008),
whereas the latter is based on findings about the Martian interior structure today (Khan et al.,
2021). The derived deglaciation periods mentioned above were tested with both FE models
and results interpreted.

In this study a maximum decompression rate of 4474 Pa/yr was found for the model with
a thin elastic lithosphere and a deglaciation period of 1 kyr. Decompression rates generally
decrease with increasing depth, which is in agreement with results found in Iceland (Jull and
McKenzie (1996); Pagli and Sigmundsson (2008); Schmidt et al. (2013)). Furthermore, longer
deglaciation periods resulted in overall lower decompression rates inside the mantle, which are
less likely to result in melting of material. A melting period of 1 kyr could be a likely scenario
on ancient Mars during a wet and warm climate. In a study by Jull and McKenzie (1996) an
ice sheet of similar size was simulated to melt over 1 kyr. If conditions were similar to the
ones in Iceland during the last glacial maximum, such deglaciation period is very likely to be
true for Mars in the past.

In addition, a sensitivity of decompression rate to lithosphere thickness was found. An
increase in lithosphere from 35 km to 500 km caused a decrease in decompression rate at
similar depth inside the mantle of up to 78%. From this, it can be concluded that mantle
melting due to change in decompression rate is less likely on Mars today.

Decompression rates for the thin lithosphere model over a deglaciation of 1 kyr were found
to be comparable to decompression rates underneath Vatnajökull during a deglaciation of 120
yr. Under Vatnajökull a maximum decompression rate of 1450 Pa/yr was found right below
the lithosphere (Schmidt et al., 2013). Such decompression rate resulted in an increase in
melt generation by 0.21-0.23 km3/yr. On Mars, the same decompression rate was discovered
at a depth of 500 km. The difference in depth compared to Iceland could be a result of lower
viscosity, as well as the presence of a spreading ridge in Iceland.

It is important to note that for mantle melting to take place, the decompression rate must
cause a drop in solidus temperature large enough for it to shift close to, or below, the actual
mantle temperature. It was previously estimates that initial melt can occur at a depth of
490 km on Mars for a mantle potential temperature equal to 1450◦C Ding et al. (2020). This
depth is very close to the determined depth of maximum decompression rate found in this
study. Based on these estimates it is likely that at 500 km solidus temperature and mantle
temperature are close enough such that the decompression rate found caused a drop in melting
temperature and initiation of melt.

Since melt generation potentially occurs at a lower depth on Mars than in Iceland, the
ascent velocity of the magma becomes very important. Due to lower gravity on Mars, rise
velocity of magma from the mantle to the surface would be larger on Mars. This is in favour for
still causing eruptions under the ice, although melting takes place at deeper depth compared
to Earth. For a rise magma extraction velocity of 1000 m/yr a delay in volcanism of 500 yr
was calculated. Even for the shortest deglaciation period tested in this research, such a delay
would still result in eruptions under the ice.

To be able to make conclusions about the actual melt rate and increase in volcanic activity,
melt parametrisation as well as more detailed knowledge about the mantle composition are
necessary.
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4. Conclusion and Recommendations

By answering these research question, it is possible to draw a conclusion on the main research
hypothesis that states:

The unloading of the Martian mantle, due to melting of a former ice sheet, has
contributed to forming tuyas, glaciovolcanic edifices, in the South Polar region on
Mars.

In this study it was shown that by using the height and spatial distribution of tuyas in the South
Polar Region on Mars, the thickness and extent of a palaeo ice sheet could be reconstructed.
Furthermore, the ice sheet was applied used to constrain the surface load for a flat, symmetric,
incompressible finite element model to simulate decompression rates in the Martian mantle
during deglaciation. Two different FE models were used, one having a thick lithosphere and
one with a thin one. Over three different deglaciation periods the decompression rates were
evaluated.

A maximum decompression rate of 4474 Pa/yr was found right below the lithosphere. Fur-
thermore, a decompression rate comparable to values found under Vatnajökull during recent
deglaciation were observed at lower depth on Mars (500 km). Mantle decompression causes
a drop in solidus temperature, which can initiate melting if the melting temperature drops
below the actual mantle temperature. Based on estimates of the solidus depth inside the
Martian mantle by Ding et al. (2020), it is likely that at a depth of 500 km, where the same
decompression rate as under Iceland was found, the mantle temperature was very close to
the solidus one. Therefore, a decompression rate the same as in Iceland could have likely
initiates melting at 500 km inside Mars. However, these decompression rates have only been
achieved with a thin lithosphere of 35 km. This would make the process of mantle melting
not likely on Mars today.

Although possible melt is generated deeper in the Martian mantle, faster magma ascent
due to Mars’ lower gravity (Wilson and Head, 1994) would ensure that enhanced volcanism
could occur about 500 yr after onset of deglaciation. Even for a deglaciation period of 1 kyr this
would favour the formation of tuyas. Furthermore, the initiation of dykes would support faster
magma ascent. A small investigation into driving pressures due to the horizontal stresses
inside the Martian lithosphere has shown that dyke propagation could possibly have occurred,
as well.

The research has shown that mantle melting due to deglaciation of a former ice sheet in
the South Polar Region on Mars is indeed a likely scenario. This is especially true in the case
that conditions on Mars in the past were similar or even the same as in Iceland today, meaning
a wet and warm rheology.

4.2. Recommendations
Following recommendations for future work can be made, listed from highest to lowest priority.
The first point is recommended for an extension of the study by a few weeks. Recommenda-
tions 2, 3 and 4 could result in a new Master thesis study.

1. Investigating the effect of viscosity
With a few weeks extra in the project an investigation into the effects of viscosity on
decompression rate is proposed. Decreasing the mantle viscosity to a value of 1019Pa · s
could provide interesting insights. Especially since Iceland has a low viscosity the com-
parison between the studies would bring even more understanding to the differences
and similarities of the two planets.
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4.2. Recommendations

2. Age determination of tuyas
A more accurate age determination of the tuyas could leading to a more accurate ice
sheet reconstruction. It is proposed to apply buffer crater counting on the summit sur-
faces of the mountains to determine their exact age. In order to do this, one could
request a set of high resolution images from the HiRISE on the Mars Reconnaissance
Orbiter of each of the tuyas in the South Polar Region. This would make crater count-
ing more accurate than using MOLA data, since surface areas of the tuyas are small
compared to surrounding areas and MOLA topography resolution not high enough. Fur-
thermore, previous work from Hartmann (2005) on Martian isochrones can be used to
determine the age. Based on number of craters per km2 over the crater diameter they
derived a set of curves that determine the surface age.

3. Melt parametrisation and melt generation
The calculation of the melt fraction and actual amount of melt would provide details
about how much melt would have been generated by the decompression rate found in
this research. Due to large uncertainties in Martian mantle composition, thermal states
and melt parametrisation and limited amount of time for the study, this has not been
done yet. From the new seismic observations by the InSight mission, more information
on Martian mantle composition can be obtained in the future. This could be used in a
new Master thesis to propose a melt parametrisation, involving specific heat, thermal ex-
pansion coefficient and bulk water content. Furthermore a thorough study of the Martian
meteorites could provide further insights into these parameters. In addition, analysis of
the so called SNC meteorites can be used to derive information on the concentration
of uranium and or thorium. This could serve as observations on the amount of melt
generated by deglaciation, as is done in Iceland.

4. Spherical FE model
Another Master thesis project could improving the finite element modelling by applying
a spherical model. This ensures that the curvature of the planet is taken into account
and makes the analysis more realistic. Especially for a case where the ice sheet was a
large extension of the South Polar ice cap, a spherical model is highly recommended to
achieve accurate and realistic.

5. Automated knick point detection
To improving the ice sheet reconstruction, the knick point identification and detection of
the passage zones can be automated in ArcGIS. This would reduce the working time, but
also potential errors made by manual extraction. An advantage of the manual extraction
is that by visual inspections outliers can be identified easier. Furthermore, object-based
image analysis using the Digital Elevation Model data of Mars could be an alternative for
detecting the knick point automatically.

6. A drone mission to the tuyas
As a more abstract and more broad recommendation, a drone mission to the tuyas
on Mars is suggested. Based on the recent success of flying a helicopter on Mars, a
drone mission could be used to capture more high resolution imagery of the tuyas and
topography of the surfaces. It could potentially be even used for sample return.

67





A
Using ArcGIS Pro on Mars

A.1. Importing MOLA Data into ArcGIS
When using Mission Experiment Gridded Data Records (MEGDR) from the Mars Orbiter Laser
Altimeter (MOLA) go to the PDS Geoscience Node Mars Global Surveyor: MOLA MEGDRs data
directory directory and download the set of data you need. These data consists of a set of
three or four maps:

1. The planetary radius as recorded by the MOLA instrument
2. The areoid, a model for an equipotential surface of Mars, analogous to ”sea level” on
Earth (this map is omitted for the 32, 64 and 128 pixel/degree and polar MEGDRs)

3. The topography computed as the difference between the radial coordinate and the areoid
4. Counts (number of observations) per cell in the map

To import the raster datasets into ArcGIS one needs the header files to help ArcGIS un-
derstand the data properly. Header files can be found in the EXTRAS directory

Things to keep in mind when working with ArcGIS and MOLA Data:

• Surface Parameters Tool (Spatial Analyst) first transforms data into an ECEF reference
frame and computes all calculations in this frame. According to the ESRI community the
tool is still applicable to Mars, as it transforms the results back into the reference frame
of the input raster data.

• Vertical units not recognised by tools: even though the raster dataset source states
vertical units = ’meter’ the tool does not recognise it. Reasons for this might be string
vs. float or empty rows in metadata, etc. Check your metadata!

A.2. Creating a new Projected Coordinate System
Based on the Mars2000 Geographical Coordinate System one can create new projected coor-
dinate systems applicable for Mars. ArcGIS supports different kinds of projections, from Albers
Equal Area to Polar Stereographic ones over Lambert Conformal Conic and Transverse Merca-
tor. Details can be found under Map Projections in ArcGIS When creating a new projection,
keep in mind what your goal is: preservation of area, shapes, distances? Choosing the right
projection can benefit you in future analyses.
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