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We all know this is not just about melting glaciers and thawing permafrost.
This is about one of the most significant public health threats of our time.

- G. McCarthy -

Abstract
Due to climate warming, in the future polythermal glacier on Svalbard will transition into cold-based. The lack
in understanding the sources of- and pathways taken by groundwater below cold-based glaciers give rise to further
investigation. Therefore, the aim of this study is to develop a numerical model in which the Scott Turnerbreen
glacier is transitioning from polythermal to cold-based. The model was developed in FlexPDE, a multi-physics finite
element solution environment for partial differential equations. In the model, groundwater flow was coupled with
heat flow to simulate permafrost aggradation and groundwater discharge at the surface. In the past, when Scott
Turnerbreen was polythermal, an open talik was present below the glacier. Meltwater was forced to infiltrate into the
subsurface, due to the high pressure at the ice-bed interface, caused by the weight of the glacier. From surface bed
temperature measurements it appeared that Scott Turnerbreen is cold-based at the moment, and thus permafrost is
aggradating below. In the future, climate warming will drive glacial waning, and cause the aggradated permafrost to
thaw again. The released pressure from the decreasing weight of the glacier in combination with released pressure
due to permafrost thawing, caused an inversion in the groundwater flow direction, meaning that the water discharged
at the surface of the domain. Unfortunately, cold-based glaciers remain one of the most poorly understood type of
glacier. Nonetheless, this emphases the need of further investigation and the importance of this research.
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1 | Introduction
1.1

1

Problem description and background information

The vulnerability of permafrost due to climate warming is dependent on complex interactions between topography,
soil, water, vegetation and snow (Jorgenson et al., 2010). Up until now, only little is known of the influence of
glaciers on permafrost and groundwater flow through and below permafrost (Etzelmüller & Hagen, 2005). The
aforementioned situation makes it of scientific interest to develop a numerical model with the little data available
which can learn us more about those complex interactions. The occurrence of groundwater flow below glaciers is
evidenced from to proglacial springs. These springs are associated with high-latitude glaciers and have been frequently
observed on the archipelago of Svalbard (Irvine, 2008) (Mallinson et al., 2019) (Figure 1.1). During the winter, the
springs occur as unburied proglacial icings, indicating persistent flow of water and that they are not the result of
in-situ freezing of summer meltwater (Hodgkins, 1994) (Carey, 1973). The provenance of the proglacial springs
are mainly associated with polythermal glaciers, as these springs are affiliated with groundwater flow (French et al.,
2007). However, Mallison et al. (2019) studied the occurrence of springs in front of glaciers on Svalbard, using
aerial imagery. She found that 36% of the icings are present in front of glaciers which are considered cold-based,
such as the glacier Scott Turnerbreen (Mallinson et al., 2019) (Hodgkins, 1994). A widespread transitioning since
the Little Ice Age (LIA) maximum (1850) is happening on the thermal regime of the glaciers on Svalbard (Lønne
& Lyså, 2005). The large and polythermal glaciers, which were present during the LIA maximum, are thought to
have transitioned into cold-based glaciers. In this thesis, I will focus on the transformation of Scott Turnerbreen on
Svalbard.

Figure 1.1: Proglacial spring in front of Scott Turnerbreen. Picture by Marjolein Gevers.
In general, three conceptual models can explain the presence of proglacial water upwellings in front of the cold
based glacier Scott Turnerbreen. Hodgkins (1994) investigated the icing in front of Scott Turnerbreen in 1992 and
1993. He suggests that supraglacial meltwater does not penetrate through the glaciers surface, as well as there
is no subglacial drainage at Scott Turnerbreen (Hodgkins, 1994). The explanation for the formation of icings is,
according to Hodgkins (1994), an englacial pond located in the glacial drainage system, which slowly drains out
into the glacier forefield during winter time (Figure 1.2). A similar process is observed for the cold-based glacier
Tellbreen, which has englacial and subglacial drainage channels. This indicates that Tellbreen is capable of storing,
transporting and releasing water all year round (Bælum & Benn, 2011). Research by Temminghoff et al. (2019)
mapped the englacial drainage systems of Scott Turnerbreen (Temminghoff et al., 2019). Both Hodgkins (1994)
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and Temminghoff et al. (2019) suggest that englacial ’cut and closure’ channels is the mechanism allowing water
to be stored, and consequently released as subglacial drainage all year round. However, no englacial water storage
was observed in the meltwater channels inside Scott Turnerbreen in winter 2018 (Temminghoff et al., 2019) and in
February 2020 and February 2021, even though icings with pressurised water under them (in winter) and springs (in
summer) were present (personal communication, October 19th 2021, M. Gevers). This cast doubt upon Hodgkins
(1994) hypothesis on the presence of proglacial icings in front of Scott Turnerbreen in winter.
Another source of water from springs could be the deeper located groundwater. This second conceptual model
suggests a similar system as the water which comes up in the open system pingos of Adventdalen (Hornum et al.,
2020). The sub-permafrost groundwater can discharge via proglacial taliks formed by a waning glacier. However,
the water coming up due to the artesian pressure would originate from a groundwater aquifer were it is been stored
for a longer period of time (French et al., 2007). The values for δ 18 O − H2 O and EC differ to much between the
Adventdalen Pingo’s and the proglacial water upwellings for it it be the same source (Hodson et al., 2020).

Figure 1.2: Conceptual model from Hodgkins et al. (1999) of summer melt water is stored in englacial channels and
released during the winter to form proglacial icings. Figure from Gevers (2021).
The lack of direct observations of water stored in englacial channels and the mismatched chemical composition
of the water from the springs vs the groundwater, show us that the current understanding in drainage systems of
cold-based glaciers is still poorly understood. Gevers (2021) studied the links between glacial meltwater and proglacial
groundwater upwellings at Scott Turnerbreen. She found that the chemical composition of the water from the spring
is approximately the same as the ice of the glacier, meaning that the source of the spring is the glacier ice, and not
deeper located groundwater (Gevers, 2021). Therefore she suggests that glacial meltwater can penetrate into the
ground, and discharge at the snout of the glacier. In this Thesis, Gevers (2021) conceptual model will be investigated
further on the basis of a numerical model (Figure 1.3) and is further explained in the Chapter ’Methods’.
The dearth in understanding the sources of- and pathways taken by groundwater below cold-based glaciers
gives rise to a need for further investigation. Due to climate warming glaciers are waning, and in the future more
polythermal glaciers on Svalbard will transition into cold based before they disappear. Unfortunately, these frequently
occurring cold-based glaciers still remain one of the most poorly understood type of glacier (Waller et al., 2012).
Only limited data is available on past subglacial temperature regimes and spring discharges. Therefore, it is necessary
to develop a numerical model which simulates the transition of polythermal to cold-based glacier and its associated
change in hydrogeology. The groundwater flow, permafrost aggradation and spring discharge will be modelled using
FlexPDE. FlexPDE is the software used for the groundwater flow analysis and is a multi-physics finite element
solution environment for partial differential equations. It transforms a mathematical model to a numerical solution
and graphically displays the results (FlexPDE 7 , n.d.).

1.2. RESEARCH OBJECTIVES AND QUESTIONS
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Figure 1.3: (a) Scott Turnerbreen transforming from a polythermal glacier (before 1850) into (b) a cold-based glacier
nowadays. In Figure 3a, the perched aquifer is pressurised by the weight of the glacier and water cannot flow out.
Figure 3b, due to the waning of the glacier, water can flow out of the surface through the thawed opening in the
permafrost.

1.2

Research Objectives and Questions

The aim of this research is to develop a transient numerical model in which the former polythermal Scott Turnerbreen glacier evolves into a cold-based glacier, on a time scale from the 1850’s until 2100. I hope to achieve a
better understanding of the processes and dynamics involved by the transitioning from a polythermal to a cold-based
glacier, with Scott Turnerbreen as an example case. As well as acquiring insight on how the transition influences the
hydrogeology beneath Scott Turnerbreen.
To achieve this aim, the following research questions are formulated:
1. How has the transition from polythermal to cold-based changed the hydrogeology sub-glaically and proglacially?
a) What were the hydrogeological conditions in the past when Scott Turnerbreen was still polythermal?
b) What are the hydrogeological conditions going to be in the future when Scott Turnerbreen is cold-based,
and eventually disappears?
2. What are the driving dynamics behind the transition from polythermal to cold-based.
3. In what stage of its transition is Scott Turnerbreen currently?

1.2.1

Hypotheses

My hypotheses are that the occurrence of the proglacial springs nowadays is a remnant from the time when Scott
Turnerbreen was still polythermal. A perched aquifer covered by the glacier was fed by the glacier melt water. As
air temperature rose, the glacier bed temperature decreased and the snout waned enabling water from the perched
aquifer to escape which is present as springs. It seems to be counter intuitive that the glacier bed temperature
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decreases with an increasing air temperature. However, a thick glacier is a good insulator. When the glacier gets
thinner, heat can escape towards the atmosphere, causing the glacier bed to cool down. Due to the preciously
mentioned phenomena, permafrost will aggradate below the glacier, which means that at some point all the water
in the perched aquifer will be frozen. In this stage, I expect groundwater flow to be minimal and the springs have
probably disappeared by that time, or they show a low base discharge equal to the permeability of frozen soil.
Permafrost aggradation is a slow process and even more decelerated by rising air temperatures due to climate change
(Jorgenson et al., 2010). Based on this fact, I think that Scott Turnerbreen has melted away before the permafrost
has formed in the whole perched aquifer (Nesje et al., 2008).

1.3

Thesis contents

This thesis will start with a ’Theory’ chapter were I will elaborate on the difference between polythermal and coldbased glaciers. In addition to this I will talk about groundwater flow, subglacial groundwater flow and the response
of the morphological processes to climate change. I will finish the theory chapter with a short section on numerical
modelling. The theory chapter will be followed by a ’Field site and data’. After the field site description there is a
chapter ’Methods’, dedicated to the methods I have used to create my results. In the chapter ’Results’ the results of
my model are shown. Later on in the chapter ’Discussion’ the results of my model will be discussed and compared
to previous research. The last chapter will be the ’Conclusion’, containing a conclusion of my research.
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Polythermal and cold-based glaciers

The thermal structure of a glacier is dependent on its heat balance. This is controlled by internal and external factors
affecting processes of advection, conduction and latent heat transfer (Paterson, 1994).

2.1.1

Thermal structure of cold-based and polythermal glaciers

Polythermal glaciers are a particularly feature of the arctic, and widely occur on Svalbard. A polythermal glacier is
a glacier that consists of both cold ice (below 0◦ C) and temperate ice (at or above 0◦ C) (Figure 2.1a). Temperate
ice is present at the glaciers interior where the ice is thick, and is at its pressure melting point where water and ice
coexist (Irvine-Fynn et al., 2011). However, it should be noted that there are significant variations in the temperate
structure of polythermal glaciers. The dynamics of a polythermal glaciers are complex due to the mixed thermal
regimes. Therefore, a simple classification as ’polythermal glacier’ might be inadequate or misleading (Irvine-Fynn et
al., 2011).
A cold based glacier is a glacier with its basal part entirely below the pressure melting point (Figure 2.1b)
(Glasser, 2011). These glaciers can also be called dry-glaciers because it is believed that they lack subglacial liquid
water. Temperature profiles in both polythermal and cold-based glaciers show that below the upper layer (10-15 m
thick, affected by seasonal temperature variation and refreezing of percolating meltwater) there is a general increase
of temperature with depth, which is the result of basal and internal heating due to friction from ice deformation.
However, for cold based glaciers the basal temperature is mainly controlled by the geothermal heat flux and only in
lesser extent by friction heat.
Due to global warming, polythermal glaciers wane. This results in glaciers slowly transitioning into cold based
glaciers (Haldorsen et al., 2010). The thick layer of snow and ice on a polythermal glacier are like an insulating
blanket for the glacier bed. When a glacier gets thinner, its insulating capacity decreases resulting that the cold
from low air temperatures can penetrate through the glacier. Aforementioned causes below 0◦ C temperatures at the
glacier bed, which leads to freezing of the glacier to its bedrock (Irvine-Fynn et al., 2011).

2.1.2

Groundwater flow and supra- and subglacial drainage systems for cold-based and
polythermal glaciers

Groundwater is the liquid water flowing through aquifers. It is the water (or ice) that resides beneath the subsurface
in soil pore spaces and in the fractures of lithologic formations (Glasser, 2011). An aquifer is a unit of unconsolidated
soil formation or rock that can store and transmit water. Groundwater flow occurs in soil and rock formations due
to difference in hydraulic potential or head within the ground. The flow of groundwater is governed by Darcy’s law,
which is the product of the hydraulic conductivity of the rock or soil, the hydraulic gradient, and the cross-sectional
area of the aquifer (Glasser, 2011).
Supraglacial drainage
The supraglacial drainage systems for polythermal glaciers can be the same as for cold-based glaciers when the margins
of the polythermal glacier consist of cold ice. For the sake of simplicity, I assume that Scott Turnerbreen had margins
consisting of cold-ice in the past, meaning that the supraglacial drainage will be the same for Scott Turnerbreen in
the past when it was polythermal as it is now (as cold-based glacier). At the beginning of the melt season in the
Arctic, part of the meltwater will freeze in the percolation zone and/or at the base of the snowpack, where it forms
superimposed ice (Müller, 1962). Superimposed ice emphasises the reduced permeability of non temperate glaciers
in such a way that meltwater accumulation on the glacier surface is pronounced during the early ablation season
(Hodgkins, 2001). The storage of meltwater in supraglacial lakes upon superimposed ice and slush is a major feature
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for High Arctic glaciers and cause a significant delay in seasonal runoff patterns for non-temperate glacier catchments
(Hodgkins, 2001). Besides the water storage processes, dendritic surface drainage systems develop at non-temperate
glaciers. These supraglacial channels tend to respond to increase in discharge an exaggerated increase in flow velocity
in contrast to change in cross-sectional area. The large supraglacial channels can thermally incise the cold ice to
great depths with meandering patterns and step-pool morphology (Irvine-Fynn et al., 2011)

Englacial and subglacial drainage
Deep incision of supraglacial channels could lead to cut and closure vadose englacial channels. In addition, englacial
hydrolgocial connections can also be formed through exploitation of existing fractures and/or other structural features with a large permeability. In nearly all instances, the englacial flow paths can become seasonally constricted
by freeze-up of their outlet during the winter months. However, residual englacial structures can remain open, or
are filled with water. This provides internal meltwater reservoirs. The englacial drainage structures can evolve into
subglacial systems, or deliver meltwater inputs to generate or sustain subglacial drainage (Irvine-Fynn et al., 2011).
Subglacial drainage systems can exchange water with the underlying groundwater drainage system (recharge a subglacial aquifer (Knight, 2008)) as well as with the overlying englacial drainage system. A study from Lemieux et
a. (2008) suggests that significant subglacial meltwater may infiltrate into the subsurface under the pressure caused
by the ice sheet. Extensive research on subglacier drainage has been done by Hodgkins (1997), Hooke (1989) and
Tristram et al (2011). However, note that it was believed that beneath a polythermal glacier, groundwater recharge
is restricted mainly to the temperate zone of the glacier, meaning that there was no groundwater recharge at cold
based glaciers (Haldorsen & Heim, 1999). New studies had found that the subglacial drainage system is reduced
in terms of spatial extent for cold-based glaciers, and water delivery to the glacial bed for non-temperate glaciers
may be more spatially discrete than temperate equivalents (Irvine-Fynn et al., 2011). In addition, controls imposed
by spatial variability in micro-scale and meso-scale thermal regime and water content should not be underestimated
(Irvine-Fynn et al., 2011). Fractured systems provide the permeability required for subglacial recharge for crystalline
basement rocks or consolidated sedimentary rocks (Grasby & Chen, 2005). Consequently, discharge along fractures
results in the formation of spring systems (Fairley, 2009). In winter time, these springs are present as icings which are
formed when the water is exposed to below 0◦ C air temperatures. The presence of these unburied proglacial icings
are evidence that there is water discharge from the glacier all year round, and that discharge is not only limited to
the melt season.

2.1.3

Responses of glaciers on climate change

Glaciers react particularly to changing summer temperature and winter precipitation, and respond rapid to climate
change (years to tens of years). Permafrost on the other hand reacts slow (hundreds to thousands of years) due to
dampening of the diurnal to annual subsurface temperature variation with depth (Lachenbruch & Marshall, 1986).
Glacial advance caused by summer cooling and/or increased winter precipitation over proglacial permafrost can lead
to warming of the subsurface over which the glacier is advancing. The advancing glaciers will cause a more effective
thermal buffer zone between the lithosphere and the atmosphere, which both result in an insulating and a warming
effect due to the potential advective heat transport of ice masses. This process results into a warming of the overrun
subglacial permafrost system despite the cooling of the atmosphere (Glasser & Hambrey, 2001).
Glacial waning, on the other hand, will lead to a cooling of the subsurface in the newly exposed proglacial zone.
In addition to this process, initially temperate glaciers which wane into the marginal permafrost zone develop cold
glacier snouts. Continuously waning of polythermal glaciers may result in them becoming entirely cold-based (Lønne
& Lyså, 2005).

2.2. NUMERICAL MODELLING
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Figure 2.1: (a) A polythermal glacier on Svalbard with warm ice in its interior and cold ice at its margins. (b) A cold
based glacier which is frozen to the bedrock

2.2

Numerical modelling

In short, a numerical model is a set of mathematical equations which depends upon computers to find an approximate
solution to the underlying physical problem (Zafarparandeh & Lazoglu, 2012). In the case of hydraulic flow, they
solve basic fluid mechanics equations. FlexPDE, used in this study, is a Finite Element method (FEM). This is a
widely used method for numerically solving partial differential equations in 2D or 3D. To solve the problem, FEM
divides a system into smaller parts (called finite elements) which is achieved by space discretization in the space
dimension and is implemented by the construction of a mesh of the object (Logan, 2016). The simple equations
which model the finite elements are assembled into a larger system of equations which models the entire problem.
After, FEM approximates a solution by minimising an associated error function (Logan, 2016).
In flexPDE different boundary conditions can be specified, namely: Value(x), Natural(x), Contact(x), Velocity(x)
and NOBC(x). In the model only the boundary condition Value(x) and Natural(x) will be used, so the explanation
will be kept limited to these two. Value(x) represents a Dirichlet boundary condition, meaning that, in flexPDE,
the boundary condition forces the solution of the equation to the value of expression on a continuous series of one
or more boundary segments. Natural(x) represents a generalised flux boundary condition which is derived from the
divergence theorem (FlexPDE 7 , n.d.).

2.2.1

Numerical modelling of permafrost aggradation and groundwater flow

In previous research permafrost aggradation and heat flow below glaciers and in glacial forefields had been studied.
In this chapter I will shortly elaborate on these study, and tell more about the relevant parts of these papers, and
how the models were set-up.
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Study by Bense and Person (2008)
In the paper from Bense and Person (2008) on ’Transient hydrodynamics within intercratonic sedimentary basins
during glacial cycles’ the effects of mechanical ice sheet loading, variable density fluids, permafrost formation and
lithospheric flexture on solute transport, transient hydraulic head distributions and groundwater residence times, were
considered.
The geometry of the sedimentary basin represents an intercratonic sag basin with slightly uplifted shoulders,
and has a dimension of 5000 m deep and 700 km long. On the boundaries of the model they assumed, that for a
wet-based ice sheet, the hydraulic head near the surface of the ice sheet is representative for the head at the base of
the ice sheet. For the hydraulic head boundary condition they approximate the geometry of the ice sheet (and thus
the pressure on the surface) as:


ρi
x 2.5 1.5
h=
H(t) 1 − (
)
(2.1)
ρw
L(t)
With ρi and ρf the densities of ice and water, L(t) the length of the ice sheet, and H(t) the maximum ice thickness.
W
For the heat flow boundaries in the model, they used a geothermal head flux of 50 m m
2 and an initial surface
◦
◦
temperature which linearly increased from -7 to 6 . In the model they had assigned the base of the ice sheet with a
fixed and uniform temperature of +0.5◦ in order to mimic fully thawed bed conditions. In the area not covered with
ice, the surface temperature was set to rise uniformly by 8◦ over 5ka.
What was found with the model in short was, that it was complicated to interpret the pressure patterns.
Where permafrost was near the surface its low permeability strongly impacts the distribution of hydraulic heads and
associated fluid patterns. In addition, they found that permafrost should disappear rapidly from aquifers underneath
the ice sheet as land surface temperatures were above the pressure melting point when the ice sheet was wet/warm
based.
Study by Lemieux et al. (2008)
In the paper from Lemieux et al. (2008) on ’Dynamics of groundwater recharge and seepage over the Canadian landscape during the Wisconsinian glaciation’ they studied a series of key processes regarding coupled groundwater flow
and glaciation modelling, such as density-dependent flow, hydromechancial loading, subglacial infiltration, isostasy
and permafrost development were modelled using HydroGeoSphere to simulate groundwater flow over the Canadian
landscape during the Wisconsinian glaciation.
In the model they used a groundwater flow equation to handle hydro mechanical deformation, and inclusion of
density-dependent groundwater flow by assuming that there was purely vertical strain and constant vertical stresses. In
addition to this, the solute transport and brine formation was taken into account (which depends on the concentration
between total dissolved solids in the fluid and a potential maximum concentration generated by rock weathering).
What they found, was that during ice sheet growth, subglacial meltwater was forced to infiltrate into the
subsurface due to high pressures at the ice bed interface. When the ice sheet waned, groundwater mainly exfiltrated
due to the decreasing weight, and thus the subsurface pressure. When the subsurface pressure became higher than the
meltwater pressure, the meltwater stored in the subsurface discharged at the base of the ice. In addition, subglacial
infiltration rate was dependent on rock type, and that the difference in subglacial infiltration rates between different
rock types increased during glacial advances. Also, they found that permafrost had the effect of confining large ares
of the subglacial environment from experiencing surface-sub surface interaction with water.
Study by Vidstrand et al. (2010)
In the paper from Vidstrand (2010) on ’Groundwater flow modelling of periods with periglacial and glacial climate
conditions - Forsmark’ they reported a coupled thermal hydraulic-chemical analysis of periods with periglacial and
glacial climate condition as well as they handled hydraulic mechanical issues. They had analysed three different climate
conditions, namely: (i) temperate case, (ii) Glacial case without permafrost and (iii) glacial case with permafrost.
Groundwater flow was modelled using Darcy. At the upper boundary condition in front of the advancing ice
sheet margin, the surface froze because of the low air temperatures. The freezing propagated into the subsurface
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and reduced the permeability. In addition, there was an infinite source of meltwater with a hydraulic head at the
base of the ice sheet equal to 92% of the thickness of the ice sheet. The boundary conditions implied that subglacial
meltwater infiltrated into the subsurface and flowed from areas with high hydraulic heads to areas with low hydraulic
head, where it discharged.
What they found for glacial climate conditions with permafrost was that the recharge flow paths were significantly
longer than the discharge flow paths. Although, the discharge flow paths might be of significant length in a permafrost
region, depending on the location of taliks. In addition, the permafrost prevented discharge of upcoming saline water
near the ice sheet margin. The upwelling water was pushed forward beneath the permafrost towards more distant
discharge locations. For the glacial climate condition without permafrost, they found that most of the discharge
locations were in front of the ice sheet margin, or in close proximity to nearby deformation zones.
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3 | Field site and data
3.1

Field site

The area of Scott Turnerbreen is around 1.7 km2 and is located on the archipelago of Svalbard (part of the Kingdom
of Norway, 78◦ N) in the inner part of Bolterdalen (Figure 3.3). Svalbard is located in the high Arctic. The Mean
Annual Air Temperature (MAAT) is -3◦ C and the annual precipitation is 191 mm (Førland et al., 2011). Nowadays,
the glacier is around 3 km long and <0.5 km wide situated between 230 m and 680 m altitude and has a maximum
thickness of 75 m (Holmund, 2020). The proglacial area is a ca. 500 m broad zone of moraines which merge into
sediment covered glacier ice (Temminghoff et al., 2019). The melt water drainage is dominated by two ice-marginal
channels (east (80% of total discharge) and west channel), which coalesce in front of the glacier to form the main
proglacial stream (Hodgkins, 1996).
Scott Turnerbreen has undergone waning (lost 90.4% ± 5.4 of its volume and 2 km of its length between 1936 and
2019), due to climate warming, since it was mapped the first time in 1936 by the Norsk Polarinstitutt. During this
time, the glacier was probably polythermal and had a length of around 5 km (Hodgkins et al., 1999) (Figure 3.1 and
Figure 3.2).

Figure 3.1: Image of Scot Turnerbreen in 1914 and 2019. The red striped line in the picture from 2019 indicates the
location of the glacier in 1914. Image from Mannerfelt (2020)

Figure 3.2: Image of the snout of Scott Turnerbreen in 1914 and 2019. The red striped line in the picture form 2019
indicates the location of the snout of the glacier in 1914. Image from Mannerfelt (2020)
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Figure 3.3: (a) is the map of the Archipelago of Svalbard, located between 74◦ N and 81◦ N. (b) Is the map of Scott
Turnerbreen based on satellite imagery

3.2

Geology

Scott Turnerbreen is laying on a bed of glacial till, which is observed by Themminghoff et al. (2019). Unfortunately,
the exact thickness of the till layer is unknown, and in literature it is only mentioned that there is a ’thick’ layer of
till at the glacier bed (Temminghoff et al., 2019). Glacial till is a sediment which has been transported and deposited
by glacier ice with little or no sorting by water (Piotrowski, 2011). Below the till layer, the geology of the catchment
is dominated by gently dipping tertiary sandstones, shales and siltstones (Major & Nagy, 1972) (Figure 3.4 and
Figure 3.5). The Aspelintoppen, Battfjellet, Frysjaodden, Grumantbyen and Hollendardalen, Basilika and Frikanten
formation are all part of the Van Meijenfjorden group. The Van Meijenfjorden groups are dominated by sandstones,
mudstones, siltstones and shales from the age between Early Paleocene and Oligocene. The lowermost strata is the
Carolinefjellet formation, originating from the Early Cretaceous, and is consisting of sandstones intercalated with
shale beds. These units together form a low-permeability groundwater system. However, fractures might be present
in the strata, which could have a large influence for groundwater movement (Hornum et al., 2020).

3.3

Data

Data on the discharge of a spring in front of Scott Turnerbreen is collected by Gevers (2021) as part of her Master
Thesis in which she studied the links between glacial meltwater and proglacial groundwater upwellings at Scott
Turnerbreen. She installed loggers which measured the water level (cm), temperature (◦ C), the electrical conductivity
µS
( cm
) and dissolved oxygen levels (mg/L) in 4 second intervals averaged over 15 minutes and were saved with a
Campbell Scientific CR800 logger (Figure 1.1). These measurements cover a period from June 27th until October
6th (Gevers, 2021). Examples of the data can be found in Appendix A (Figure A.2 and Figure A.1). Her data will be
used to see how the model compares to the collected measurements on spring discharge.
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Figure 3.4: Geological strata on which Scott Turnerbreen is laying. On the right side the different ages and lithologies
of the formations are elaborated

Figure 3.5: Cross section of the geological layers below the glacier bed. The strata are gently dipping in west-southwesterly direction.
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4 | Methods
In this chapter, I will elaborate on the methods and the data I have used to make my model. I will give an introduction
after which I will explain what I did to model the groundwater flow coupled with heat flow equation to model the
subsurface temperature distribution. Last but not least, I will explain how I implemented the boundary conditions of
my model.
Scott Turnerbreen is believed to be a polythermal glacier in the past. In Svalbard temperate ice is not only
generated through geothermal heat, but also in wet snow areas where the snow pack is partially melted (Hodgkins
et al., 1999). This effect is caused by the release of latent heat of fusion by the refreezing of meltwater percolating
through the snow pack and in lesser extent from insulation from winter conductive cooling by perennial snow cover.
In addition, Temminghoff (2018) have observed thick layers of subglacial traction till from which till-filled fractures
extended upward into the ice using. These till-filled fractures are considered to be characteristics of surging glaciers
and are formed due to the combination of high stresses and high basal water pressures which is needed to crack basal
ice and inject debris upward from the bed. This surge type behaviour is consistent for formerly polythermal glaciers
(Temminghoff et al., 2019) (Rea & Evans, 2011).
During the time that Scott Turnerbreen was polythermal, a perched aquifer could have formed below the glacier.
Because of the glacier covering the whole aquifer and the high hydraulic head at the glacier bed caused by the weight
of the glacier, stopped the water in the aquifer from discharging at the surface. With the waning of the glacier, the
glacier is now transitioning into a cold-based glacier, meaning that it starts to freeze to the bedrock (Echelmeyer &
Zhongxiang, 1987). The permafrost aggradation exert an extra pressure on the system, pushing the water out of the
aquifer (Hornum et al., 2020)(Bense & Person, 2008). With waning of the glacier, bare new land without (or with
very little) permafrost comes into contact with the air. A permafrost free zone is formed, where water can discharge
at the surface. Important to stress here, is that the above described processes is an interpretation of how it went,
but there is no direct evidence that Scott Turnerbreen was a polythermal glacier in the past.
Two models were developed, first a steady state model in which Scott Turnerbreen was a polythermal glacier
(Figure 4.1a). In this steady state model, the surface bed temperature was set at a value between 0◦ and 1◦ , and
the glacier had a fixed length and thickness of 5300 m and 86.6 m respectively. The surface bed temperature at or
above 0◦ and the geothermal heat gradient caused the formation of a talik in the steady state model. This model was
used as the initial values for the transient model were glacial waning (dependent on the climate scenario) and change
in temperature of the glacial bed (temperature decreased to -3.2◦ ) was implemented (Figure 4.1b). This model was
ran from the 1960’s until 2100, because the glacier was surging before this time and reached its maximum extent
in 1960 (Holmund, 2020). From the previous fact, it was assumed that Scott Turnerbreen was still polythermal in
1960.
The groundwater flow, permafrost aggradation and its incidental spring discharge was modelled (in 2D) using
flexPDE. FlexPDE is the software used for the groundwater flow analysis. FlexPDE is a multi-physics finite element
solution environment for partial differential equations. It transforms a mathematical model to a numerical solution
and graphically displays the results (FlexPDE 7 , n.d.).

4.1

Model domain

The model domain used in flexPDE was representing the whole catchment (Figure 3.3 (from A to A’) and Figure
4.2). The domain was defined as: start at (0, 0) to (6780 ,0) to (5780 , 230) to (500 ,680) to (0, 960) to (0, 0),
with all the distances in m. The highest point of the domain was Burralltoppen (969 m. asml), and the lowest point
was at 0 m. asml.
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Figure 4.1: (a) The pre-industrial simulation, the outputs are the initial conditions for the (b) transient model which
will be run for 170 years to determine its current stage of transition. The three boundary conditions (1: waning of
the glacier, 2: spring (with in atmosphere contact ground surface which is lacking permafrost) and 3: geothermal
heat gradient consist.
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Figure 4.2: Model domain representing the whole catchment as seen from A to A’as indicated in Figure 3.3b.

4.2

Groundwater flow

Darcy’s law was used for modelling of groundwater flow. More information on this topic can be found in e.g. (Bear,
2012). The abbreviation of constants used in the equations, and its values can be found in Table 4.1. Darcy’s law
is the relationship between the discharge rate through a porous medium, the viscosity of the fluid, and the pressure
drop over a given distance:
−kA H
Q=
(4.1)
µ L
3

With ’Q’ the total discharge ( ms ), ’k’ the permeability of sandstone (m2 ), ’A’ the cross-sectional area of the flow
(m2 ), H the difference in height (m), µ the viscosity (P a · s) and ’L’ the length over which the pressure drop is
taken (m). The negative sign is in the equation because, water will flow from the location with high pressure to
the location with low pressure. When the inlet and outlet are not at the same elevation, the elevation head must
be taken into account. A more general notation for the flux (discharge per unit area per unit time) using hydraulic
conductivity and water head can be denoted as:
Q = −K∇h
where

(4.2)

ρgk
µ

(4.3)

p = ρgh

(4.4)

K=
and

Important to notice is that ’K’ takes into account the fluid properties and the permeability ’k’ does not. Water
head (’h’) is a measure of the energy state of pore water with regard to the height of an equivalent water column.
The total energy of the pore water, and thus the water head, has three components in a porous material: elevation,
pressure and velocity. The total head usually consists of pressure head and elevation head (velocity head can be
ignored because water velocity is relatively low in porous material):
h = hp + hz

(4.5)

Where hp and hz are pressure and elevation head.
The groundwater flow equation I used in my model consists of an extra pressure term, because the freezing
of the subsurface created a pressure effect were has to be accounted for when modelling groundwater flow. This
pressure effect was calculated as (Personal communication M. Hornum June 18th 2021):
P = n(

ρw
∆Fice
− 1)(
)
ρice
∆t

(4.6)

kg
kg
with ρice the density of ice (918 m
3 ), ρw the density of water (997 m3 ) and Fice the fraction ice. The ice content was
determined with the use of the water content (Fice = 1 − Fw ). To describe the phase change of water, a smoothed
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step function was used as in McKenzie et al. (2007) :

(1 − F ) exp[−( T −TL )2 ] if T − T < 0
res
L
w
Fw =
1
if T − TL > 0

(4.7)

with T the temperature, TL the freezing point temperature, w the water content and Fres the residual saturation
(McKenzie et al., 2007).
Adding this extra pressure term leads to the complete formula for groundwater flow:
ρw
∆Fice
dh
= ∇ · (k∇h) − n(
− 1)(
)
dt
ρice
∆t

(4.8)

Equation (4.8) is the equation which was implemented in my model. No numerical model has used this extra pressure
term due to permafrost aggradation.

4.3

Heat flow equation

The temperature distribution in the subsurface was calculated using an advection-diffusion equation. The general
form of this equation is (Stocker, n.d.):
dT
= ∇ · (D∇T ) − ∇ · (vT ) + R
dt
= Diffusion + Advection ± Creation or Distruction

(4.9)

where T is the variable of interest, D the diffusivity, v the velocity field (function of time and space), R describes
the sources and/or sinks, ∇ defines the gradient, ∇· represents the divergence and last but not least, ∇T defines
the temperature gradient (Stocker, n.d.).
The first term, diffusion is how the heat will diffuse in the ground, due to local temperature differences. The second
term advection, is how heat is actually transported through the subsurface by the water in which the heat is present.
The last term, R, is the latent heat which is released upon phase change. Applying this information, the formula will
yield:
dFice
dT
= ∇ · [kb ∇T ] − ∇(Cb · q · T ) − L · n · ρice
(4.10)
Cb
δt
dt
Equation (4.10) is the heat flow equation which was implemented in my model. The variable kb is the bulk thermal
conductivity, Cb the bulk volumetric heat capacity, q groundwater Darcy velocity, T the temperature, L the Latent
heat of fusion and n the porosity.

4.4

Boundary conditions

As was stated above, two different models were made in order to simulate the transition from polythermal to coldbased glacier (Figure 4.1), a steady state model and a transient model. The differences between the two models were
mainly in the boundary conditions. In the steady state model (Figure 4.1a), the glacier bed temperature (B.C. 1)
was between 0◦ C and 1◦ C (depending on the run). The ground surface temperature (B.C. 2), where the ground is
not covered with glacier, was equal to the MAAT between 1850 and 1960 and was set at -6◦ C. The geothermal heat
gradient, at the bottom boundary (B.C. 3), was set on a flux of 0.025 K
m . In the transient model (Figure 4.1b), the
temperature of the glacial bed (B.C. 1) decreased in 30 years (between 1960 and 1990) towards the measured value
of -3.2 in 1999 (Hodgkins et al., 1999). In addition, the glacier waned with the increase of MAAT. The increase of
MAAT, and thus the rate of waning, was dependent on the climate scenario for which the model was ran (Holmund,
2020). The boundary condition for the ground in contact with the atmosphere (B.C. 2) had the same value as the
MAAT, and was dependent on the climate scenario used in the model run. For the bottom boundary (B.C. 3), the
temperature flux is equal to the geothermal heat gradient (0.025 K
m ).
A more detailed description of the boundary conditions is explained below.
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Figure 4.3: With increase of the air temperatures, the glacier wanes, leading to a decrease in the temperature of the
glacial bed (inspired by mass balance study from Hodgkins et al. (1999).

4.4.1

Glacial waning (B.C. 1)

Glacial waning was one of the most important boundary conditions, since waning of the glacier essentially drove the
transition from polythermal to cold-based. Ideally, data on how the temperature of the glacier bed had changed
from the 19th century until now was available. Unfortunately, this was not the case. However, there was data on the
temperature of the glacial bed in 1999, as well as data on ice volume changes (from when Scott Turnerbreen was
still polythermal, as is assumed in this study) were available. With this information, one could speculate about the
thermal conditions beneath the glacier, and how these conditions have changed in time. In Figure 4.3 the increase
of air temperature since the 18th century (Divine et al., 2011) (Gokhman, 1987) (Van de Wal et al., 2002), and the
speculated decrease in glacial bed temperature is shown (Hodgkins et al., 1999). This data was implemented as a
moving upper boundary condition in the transient model.
In addition to the glacier bed temperature, the waning of the glacier, which defined the pressure on top of the
system, had to be added to the boundary condition as well. The waning of the glacier over time was calculated with
the measurements of the length of the glacier in the past (data on length measurements Scott Turnerbreen can be
found in the MSc Thesis of Holmund (2020)). The load of the glacier on the surface was included to account for the
pressure head. This was calculated in the model according to an equation used in a paper from Bense and Pearson
(2008). In this equation the geometry of the ice sheet and the hydraulic head were imposed as a function of the
distance ’x’ (m) (Bense & Person, 2008):


ρi
x 2.5 1.5
h=
H(t) 1 − (
)
(4.11)
ρw
L(t)
With h the hydraulic head, ρi and ρw the density of ice and water, H(t) the thickness of the ice sheet as a function
of time and L(t) the length of the ice sheet as a function of time (t) (Figure 4.4 and Figure 4.5

4.4.2

Glacial forefield (B.C. 2)

The right side of the boundary of the waning glacier was the glacial forefield, which was in contact with the
atmosphere. In this area, the springs were discharging. The MAAT was a function of time (t) (Figure 4.3) and was
dependent on the climate scenarios. The increase in MAAT were based on the different emission scenarios RCP2.6,
RCP4.5 and RCP8.5, and caused an increase in MAAT (in the Arctic!) of 3◦ C, 6◦ C and 10◦ C respectively between
1971-2000 to 2017-2100. This is roughly two to three times the corresponding estimated global warming under the
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Figure 4.4: Waning of the glacier as a function of time from the 1936 until 2100 according to three different climate
scenarios RCP2.6, RCP4.5 and RCP8.5. The waning rate and length of the glacier for climate scenario RCP4.5 is
based on the measurements by Holmund (2020). The wane rate for climate scenario RCP2.6 and RCP8.5 are just
estimations based on MAAT increase.

Figure 4.5: Scott Turnerbreens average thickness according to data collected by Holmund (2020). The thinning after
2019 is based on the thinning rate between 2010 and 2019.
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same conditions (Hanssen-Bauer et al., 2019). In the model runs, the MAAT linearly increased from -6◦ C (in 2000)
to -3◦ C (in 2100) for climate scenario RCP2.6, to 0◦ C (in 2100) for climate scenario RCP4.5 and to +4◦ C (in 2100)
for climate scenario RCP8.5. MAATs below 0◦ C caused permafrost to aggradate in the glacier forefield. This caused
extra pressure in the subsurface. The extra pressure due to permafrost aggradation was implemented in the model
with formula 4.6, which was explained in Chapter 4.2.
The modelled water, which was discharging at the glacier base and forefield was logged as the integral of qd (q
discharge) in time for the different model runs. In this way, the discharge graphs were easily compared between the
different runs, as well as that they were compared to the data collected by Gevers (2021).

4.4.3

Geothermal heat gradient (B.C. 3)

Geothermal heat gradient represents the increase in temperature with the increase of depth beneath the Earth’s
surface and is due to the outward heatflow from the interior of the Earth (Arndt, 2011). This heat is mainly (for
80 %) produced through radioactive decay of Uranium, Thorium and Potassium, and secondarily from the residual
heat from planetary accretion. The geothermal heat gradient on Svalbard was determined to be 0.25 K
m and was
W
implemented as a heat flux of 0.05 m2 at the bottom boundary (Hodgkins et al., 2004).

4.5

Model Validation and variations

Unfortunately there were not many models available yet to compare my model with. Available models on permafrost
aggradation below glaciers/ice sheets are made by Bense & Pearson (2008), Lemieux et al. (2008), McIntosch et
al. (2006) and Vidstrand et al. (2010), and were explained in more detail in the Chapter ’Theory’. To obtain some
degree of validation, despite the limited data availability, the following procedure was proposed. First the code was
verified, which meant that I checked if the algorithm did what I expected. The next step was model validation. An
option for model validation was to compare the model prediction with results from data collected by Gevers (2021).
However, only data from the summer season of 2020 was available, which made the comparison tricky. In Appendix
A (Figure A.1 and Figure A.2) a graph of the measured discharges by Gevers (2021) can be found.
A sensitivity analysis is a way to determine how well the model works. With this analysis the values of different
parameters were changed to investigate the influence of the parameter on the difference in outcome. With this
information an estimation was made on the reliability of this model. By changing the boundary conditions, different
scenarios were created and compared with each other.
One of the different scenarios made were two other climate scenarios based on the emission scenarios RCP2.6
and RCP8.5, respectively. The RCP2.6 simulated a temperature increase of 3◦ C in the periods 1971-2000 and 20712100 (Hanssen-Bauer et al., 2019). The RCP 8.5 scenario predicted a temperature increase of 10◦ C in the period
from 1971-2000 and 2071-2100 (Hanssen-Bauer et al., 2019). The different rates of temperature increase caused
non-identical glacial waning (Figure 4.4). Combining data on MAAT rise from the website Monitoring of Svalbard
and Jan Mayen (MOSJ) (Institute, 2021) and the glacial waning rates found by Holmlund (2020), a decrease in
m
m
and 90 year
was found for emission scenario RCP2.6 and RCP8.5 respectively. The two models
length of 26.6 year
were ran with a hydraulic conductivity of K = 1 · 10-8 m
d.
Five other scenarios came from the different initial glacier surface bed temperatures, ranging between 1◦ C and
0◦ C. Unfortunately. data on past glacier bed temperatures was not available. In the model, the temperature had
been set on 1◦ C, which was probably a bit on the high end of the scale. According to the definition of polythermal
glaciers, it should have been set at 0◦ C (Glasser, 2011). The influence which the initial temperature had on the
model was determined with several simulations runs with slightly different initial temperatures, namely: 0◦ C, 0.2◦ C,
0.4◦ C, 0.6◦ C, 0.8◦ C and 1◦ C. The model was ran five times with five different initial surface bed temperature under
climate scenario RCP4.5 and a hydraulic conductivity of K = 1 · 10-8 m
d
Last but not least, the hydraulic conductivity’s were varied for the models with climate scenario RCP4.5. In
the book ’Groundwater’ by Freeze & Cherry (1979) a range for the hydraulic conductivity of sandstone was given
-7 m
between K = 1· 10-10 m
d and K = 1· 10 d (Freeze & Cherry, 1979). The model was ran three times with a hydraulic

22

|

CHAPTER 4. METHODS

-9 m
-8 m
conductivity of K = 1 · 10-10 m
d , 10 · 10 d and K = 1 · 10 d and climate scenario RCP4.5. Due to practical reasons
the model was not ran for a hydraulic conductivity of K = 1 · 10-7 m
d , because the computational time became too
large. Please note that the different geological layers as in Figure 3.5 are not implemented in the model. Instead the
hydraulic conductivity of just sandstone is taken.

4.6

Parameters Used for Modelling

In my model, parameters were used. All parameters are found in literature and are summarised in Table 4.1.
Table 4.1: Parameter values used in my model.
Constant
Gravitational accelaration (g)
Geothermal heat flux (Gf)
Geothermal gradient (Gg)
Glacier bed temperature (Gt)
Density of water (ρw )
Density of ice (ρice )
Porosity of Glacial till (n)
Latent heat of fusion (L)
Volumetric heat capacity of shale (Cshale )
Volumetric heat capacity of ice (Cice )
Volumetric heat capacity of water (Cw )
Thermal conductivity of shale (kshale )
Thermal conductivity of ice (kice )
Thermal conductivity of water (kw )
Permeability of Sandstone (K)

Value
9.81
0.05
0.025
−3.2
1000
918
0.25 − 0.40
334
2184000
1895000
4190000
1.65
2.14
0.6
10X10− 8

Unit
m
s2
J
m2
K
m
◦

C

kg
m3
kg
m3

[-]

KJ
kg
J
m3 K
J
m3 K
J
m3 K
W
mK
W
mK
W
mK
cm
s

Source
(Eckert, Rongy, & De Wit, 2012)
(MacAyeal, 1993)
(Hodgkins et al., 2004)
(Hodgkins et al., 1999)
(Munson, Okiishi, Huebsch, & Rothmayer, 2013)
(Yen, 1981)
(Grisak, 2011)
(Personal communication M. Hornum 18th June 2021)
(Tinsley & Pavía, 2019)
(Personal communication M. Hornum 18th June 2021)
(Personal communication M. Hornum 18th June 2021)
(Tinsley & Pavía, 2019)
(Pringle, Trodahl, & Haskell, 2006)
(Cho, Kwon, & Choi, 2009)
(Hodgkins et al., 2004)
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5 | Results
In the results of my thesis, the output of the models are presented, and I will elaborate on what is seen in these
results. The interpretation of my model output will be discussed in the chapter ’Discussion’. Please note that not
all output is present in the results. Most important, and interesting to look at outputs are in the results. Extra
model output for initial surface bed temperatures (Figure B.1) and subsurface temperature distributions for different
hydraulic conductivity values (Figure B.2) are found in Appendix B.

5.1

Steady State Model

The steady state models are used as the initial conditions for the transient models. In Figure 5.1a the subsurface
temperature distribution shows that places where the surface is in contact with the atmosphere, permafrost is present.
The glacier covered area has a surface temperature of 1◦ C and establishes is combination with the geothermal heat
W
flux of 0.05 m
2 an open talik. Water infiltrates at the top of the domain, flows through the sub surface after which
it discharges at the snout of the glacier as seepage (Figure 5.1b). The other steady state models for the sensitivity
analysis on the initial surface bed temperature and the hydraulic conductivity are seen in Figure 5.5 (head distribution)
and Figure 5.7 (temperature distribution). Those models are slightly different than the steady state model shown
here.

5.2
5.2.1

Transient Models
Climate scenarios

In Figure 5.2 and Figure 5.3 the temperature and hydraulic head (with corresponding groundwater flow) for the three
different climate scenarios are presented. Climate scenario RCP4.5 represents a temperature increase of 6◦ C in 100
years and a shortening of the glaciers length of 56 m per year. Climate scenario RCP2.6 represents a temperature
increase of 3◦ C in 100 years and a shortening of the glaciers length of 26 m per year. Climate scenario RCP8.5
represents a temperature increase of 10◦ C in 100 years and a shortening of the glaciers length of 90 m per year. The

Figure 5.1: Output from steady state model RCP2.6. With (a) the temperature distribution and (b) the head
distribution.
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temperatures and heads at time t = 0 years (1960) are equal to the output of the steady state model. What can
be seen, is that for the three different climate scenarios the initial conditions are the same. At this time step we see
infiltration of the water at the higher part of the glacier (x = 1000 m) and upwelling at the front of the glacier (x =
5000 m). As time proceeds, a difference becomes visible between the three dissimilar scenarios. For all three models,
the permafrost starts to aggradate and have reached approximately the same depth after 60 years (in 2020). At this
time, the hydraulic heads and groundwater flow patterns are also similar. After 135 years (in 2095), the difference
between the output is the most distinct. For climate scenario RCP2.6 the permafrost has aggradated the furthest.
This is resulting in a different flow pattern than for climate scenario RCP4.5 and RCP8.5. In Figure 5.3f, the water is
flowing below the surface and only reaching the surface around x = 5000 m. On the other hand, in Figure 5.3c and
i the water is flowing out over the whole surface. Looking at the subsurface temperatures after 135 years (in 2095)
for climate scenario RCP4.5 and RCP8.5 it can be seen that the permafrost has disappeared completely for climate
scenario RCP8.5 and is degrading for climate scenario RCP4.5, with respect to the previous time step.
The (modelled in 2D) discharge is the highest, and has the earliest peak for climate scenario RCP8.5 (Figure 5.4).
The discharge peak of climate scenario RCP4.5 is delayed with approximately 30 years, and ten times lower than
RCP8.5 (0.05 Ls vs 0.65 Ls ). The discharge peak of climate scenario RCP2.6 is not clearly visible (Figure 5.4).

5.3

Hydraulic conductivity

In Figure 5.5 the model outputs for the different hydraulic heads are presented. For t = 0 years (in 1960) the output
of the different model seem similar, however this is not the case. As time proceeds the flow patterns of the models
seem to develop similar. In Figure 5.6 the corresponding discharges are shown. It is noticeable that the discharge
increases with an increasing hydraulic conductivity. In addition to this, the peak of highest discharge shifts towards
the left as the hydraulic conductivity increases. From the graph in Figure 5.6 it seems that there is only discharge
after 2050. However, data shows that this is not the case. There is discharge, but the values are too low to be
visible in the graph. Amount of discharge for the different K values in the period between 1960 and 2050 are: for
3
3
3
K1 1.305 · 10-5 ms , for K2 2.860 · 10-6 ms and for K3 5.111 · 10-5 ms .

5.3. HYDRAULIC CONDUCTIVITY

|

25

Figure 5.2: Subsurface temperatures for different climate scenarios. Figure 5.1a, b and c represent climate scenario
RCP4.5 at three different times t = 0 year (1960), t = 60 years (2020) and t = 135 years (2095). Figure 5.1d, e
and f represent climate scenario RCP2.6 at three different times t = 0 years (1960), t = 60 years (2020) and t =
135 years (2095). Figure 5.1g, h and i represent climate scenario RCP8.5 at three different times t = 0 years (1960),
t = 60 years (2020) and t = 135 years (2095). The lengths of the glaciers are from Figure 4.4. The heights of the
glaciers are only for visual purposes.
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Figure 5.3: Hydraulic heads for different climate scenarios. Figure 5.1a, b and c represent climate scenario RCP4.5
at three different times t = 0 years (1960), t = 60 years (2020) and t = 135 years (2095). Figure 5.1d, e and f
represent climate scenario RCP2.6 at three different times t = 0 years (1960), t = 60 years (2020) and t = 135 years
(2095). Figure 5.1g, h and i represent climate scenario RCP8.5 at three different times t = 0 years (1960), t = 60
years (2020) and t = 135 years (2095). The lengths of the glaciers are from Figure 4.4. The heights of the glaciers
are only for visual purposes.
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Figure 5.4: Simulated groundwater discharge (in time) as the (upper) boundary integral for qd (discharge) for the
climate scenarios RCP2.6, RCP4.5 and RCP8.5 and a hydraulic conductivity of K = 1 · 10-8 m
d . The black solid arrow
indicates the point when the glacier is complely melted away for climate scenario RCP8.5, the striped arrow indicates
the time when the permafrost has completly thawed for the same climate scenario. The red solid arrow indicates the
point when the glacier is completely melted away for climate scenario RCP4.5, the red striped arrow indicates the
time when the permafrost has completely thawed for the same climate scenario.
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Figure 5.5: Hydraulic heads for different values of hydraulic conductivity. Figure 5.1a, b and c represent a hydraulic
conductivity of K = 1 · 10-10 m
d at three different times t = 0 years (1960), t = 60 years (2020) and t = 135 years
(2095). Figure 5.1d, e and f represent a hydraulic conductivity of K = 1 · 10-9 m
d at three different times t = 0 years
(1960), t = 60 years (2020) and t = 135 years (2095). Figure 5.1g, h and i represent a hydraulic conductivity of
K = 1 · 10-8 m
d at three different times t = 0 years (1960), t = 60 years (2020) and t = 135 years (2095). The
lengths of the glaciers are from Figure 4.4. The heights of the glaciers are only for visual purposes.

5.4
5.4.1

Parameter sensitivity analysis
Initial surface bed temperature

For the parameter sensitivity analysis, different initial surface bed temperatures between 0◦ C and 1◦ C are used. In the
results only the output for initial surface bed temperature 0◦ C and 1◦ C are presented (Figure 5.7). The output for
0.2◦ C, 0.4◦ C, 0.6◦ C and 0.8◦ C can be found in the Appendix B (Figure B.1). A small difference on the development
of the model is found. After 135 years (in 2095) the permafrost has aggradated a bit further for the model with its
initial glacier bed temperature at 0◦ C compared to the model with its glacier bed at 1◦ C.

5.4.2

Pressure due to permafrost aggradation and weight of glacier

The permafrost does create a pressure on the system, although this pressure is low compared to the pressure caused
by the weight of the glacier (Comparing Figure 5.8a, b and c with e.g. Figure 5.9d, e and f). The permafrost
aggradation causes the groundwater to percolate downwards, but when the permafrost is thawing, the groundwater
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Figure 5.6: Simulated groundwater discharge (in time) as the (upper) boundary integral for qd (discharge) for the
-9 m
-8 m
three different K values, K = 1 · 10-10 m
d , K = 1 · 10 d and K = 1 · 10 d .

Figure 5.7: Different initial surface bed temperatures, with a, b and c an initial surface bed temperature of 0◦ C and
d, e and f an initial surface bed temperature of 1◦ C. The circles in the graphs are a close up from the temperature
distributions in the ground. Location is indicated with the arrow.
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Figure 5.8: Head distribution when only permafrost aggradation is considered with K = 1 · 10-8 . First pressure builds
in and below the permafrost. When permafrost is thawing negative pressures develop on the surface.

Figure 5.9: a, b and c, pressure only exerted by the glacier. head is only influenced by the pressure of the glacier on
the ground. The difference in height is not included in the pressure head. Figure d, e and f, head is caused by the
pressure of the glacier and the permafrost aggradation only. The difference in height is not included in the pressure
head.
flow reverses (Figure 5.8c). The permafrost aggradation influences the groundwater flow slightly. In Figure 5.9c
compared to Figure 5.9f, the groundwater is reaching the surface more towards the left as the glacier wanes in time.
The groundwater for the model with permafrost aggradation keeps flowing below the surface, and reaches the surface
around x = 5300 m.
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6 | Discussion
In the discussion of my thesis the results will be talked through and will be compared to the current literature. First I
will go through my research questions. I will discuss how the hydrogeology has changed subglacially and proglacially
due to the transition from polythermal to cold based. After, the driving dynamics behind transition from warm to
cold based will be discussed. Last but not least, the current stage of the transition of Scott Turnerbreen is debated.
After the research questions, I will go further into the validation of the model. To finish off, I would like to make a
short summary on everything that is found with the models and in current literature and compare this to the current
understanding of the hydrogeology of Scott Turnerbreen.

6.1

Subglacial and proglacial change in the hydrogeology of Scott Turnerbreen

To find how the hydrogeology has changed subglacially and proglacially, the hydrogeological conditions in the past
(when Scott Turnerbreen was polythermal) is compared to how I expect the hydrological conditions going to be in the
future when Scott Turnerbreen is entirely cold based. In the first subsection, the past hydrogeological conditions will
be discussed according to the model outputs and current literature. In the section thereafter, the model predictions
on the change in hydrogeological conditions will be discussed, and will be compared to current literature.

6.1.1

Past hydrogeological conditions

To determine past hydrogeological conditions from the model, a steady state model was created. In this model, the
surface bed temperature of the glacier was between 0◦ C and 1◦ C and the MAAT was set on -6◦ C. What was found
with the model is that the heat from the glacier bed in combination with the geothermal heat gradient, created an
open talik below Scott Turnerbreen (Figure 5.1). The open talik allowed water discharge and recharge through the
talik (e.g. Figure 5.1a). There was water infiltration at the top of the slope (around x = 1000 m) and upwelling in
front/at the snout of the glacier (around x = 5300 m).
Comparing the model outcome of the steady state models (e.g. Figure 5.1, or Figure B.2 at t=0 years) with
current literature it is likely to assume that Scott Turnerbreen was a polythermal glacier in the past. Temminghoff
(2019) observed till-filled conduits, which is associated with past surging behaviour and thus indicating a polythermal
regime. According to the model, an open talik had formed below the glacier (due to the geothermal heat from below
and the heat of the warm glacier surface from above) where glacial meltwater could penetrate into the ground. The
water is probably forced to infiltrate into the subsurface due to the high pressure at the ice bed interface caused by
the weight of the glacier. This effect is also described in the paper from Lemieux et al. (2008) were a similar model
is used to define groundwater flow below an ice sheet. In the glacial forefield, the groundwater can discharge at the
surface.
The limited availability of observations and data in the past makes the steady state model uncertain. There is
no direct proof that Scott Turnerbreen was a polythermal glacier in the past, neither is known if there was a (open or
closed) talik present below the glacier. It is likely that parts of the surface bed of Scott Turnerbreen were below 0◦ C
way back in time, although this is not considered in the steady state model. These cold surface bed areas might limit
the water infiltration and exfiltration at the surface, as well as it enhances permafrost aggradation in the subsurface.
The presence of areas of frozen soil complicates the groundwater flow through the talik. Another option could be
that Scott Turnerbreen has always been a cold-based glacier. This scenario is described in a paper by Hodgkins et
al. (2004). In that case there would not have been a talik, and the permafrost would have had a thickness of around
200 m.
Despite the uncertainties over the history of Scott Turnerbreen, I do believe that, based on above mentioned arguments, my steady state models where Scott Turnerbreen was polythermal and an open talik was present below the

32

|

CHAPTER 6. DISCUSSION

glacier, are a good approximation on past hydrogeological circumstances. Although it is probably a simplification on
the hydrogeological conditions in the past.

6.1.2

Future hydrogeological conditions

Predictions for future hydrogeological conditions were made by developing a transient model were groundwater- and
heat flow were coupled. In this model glacial waning and the increase of MAAT (based on climate scenarios RCP2.6,
RCP4.5 and RCP8.5) was simulated for three different values for hydraulic conductivity. In addition, the weight of
the glacier, as well as permafrost aggradation exerted pressure on the ground. The amount of pressure was function
of the glacier thickness.
In the models, the permafrost aggradates, and expects to form a barrier for water to flow to the surface. However, this was not the case in the model. The flow patterns in Figure 5.5 show that the water outflow was shifting
towards the left, as the glacier retreated towards the left. This meant that the water was able to flow through the
permafrost. In the model, the hydraulic conductivity in permafrost was reduced, however not equal to zero because
that would have caused an error when the model was ran. So the modelled flow through the permafrost was due to
the fact that the permeability through permafrost is reduced, but not equal to zero. This low hydraulic conductivity of
permafrost causes the low base discharge which is seen from the 1960’s until 2060 (Figure 5.6. The spring discharge
was highly dependent on the hydraulic conductivity (Figure 5.6). The larger the hydraulic conductivity, the larger the
discharge. However, important to note is that the discharge only starts to increase when the permafrost is already
thawing, meaning that permafrost can be considered a barrier for the groundwater to discharge. How the different
climate scenarios influenced the future geohydrological conditions will be discussed later in the discussion.
Comparing the current literature with my model an agreement can be found with the study from Lemieux et al.
(2008) and Vidstrand et al. (2010). In their research was found that, when the pressure of the glacier on the surface
decreases the groundwater flow changes into an upward motion. However, the presence of permafrost prevents the
water to discharge at the surface, and the groundwater is pushed forward beneath the permafrost towards more
distant discharge locations (Vidstrand et al., 2010). The above described effect is also found in my model. In Figure
5.3c and f, the flow path of the water is pushed beneath the permafrost, while this is not the case for the flow path
for Figure 5.3i, where there is no permafrost. Lemieux et al. (2008) suggested that the meltwater could be stored
at the subsurface, and discharge at the base of the ice. However, in my model it seems that, as long as there is
permafrost, the discharge at the base is limited (Figure 5.4) In addition, base discharge has not been observed for
Scott Turnerbreen glacier in the past 2 years (Gevers, 2021). With Ground Penetrating Radar (GPR) englacial en
subglacial drainage channels were mapped. Temminghoff (2019) did this for Scott Turnerbreen, but she concluded
that Scott Turnerbreen is cold over the survey area and that drainage of surface meltwater occurs entirely supraglacial.
Nothing is mentioned on the presence of liquid water between the bedrock and the glacier base.
The future for Scott Turnerbreen will depend on the MAAT rise. As long as the MAAT keeps below 0◦ C, the
permafrost continues to aggradate below Scott Turnerbreen, and forms a barrier for the groundwater. As the glacier
wanes, the spring discharge will increase due to a decrease of pressure on the surface. Although the model suggests,
due to the exfiltration of groundwater below the glacier, discharge of water at the base of the glacier is not likely to
be the source of the icing in winter time. Because his has not been observed in the field for the last couple of years.
Concluding that the springs (in summer) and icings (in winter) are formed by upwelling groundwater.

6.2

Driving dynamics behind glacier transitioning from polythermal to cold-based

After discussing the possible hydrogeological conditions in the past and the probable hydrogeological conditions in
the future, it is time to discuss the dynamics which drive the transition from polythermal to cold-based. The main
driving factor of a glacier transforming from polythermal to cold based is the increase of MAAT due to climate change
(Nowak & Hodson, 2014). Temperature rise will make a glacier wane, meaning that a glacier will decrease in its size.

6.3. CURRENT STAGE OF SCOTT TURNERBREEN’S TRANSITION
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To investigate the influence of the MAAT on the glacier and subsequent heat- and groundwater flow, three transient
models were developed with three different climate scenarios. There are several climate scenarios constructed which
give an indication on how temperature will rise until 2100. Unless mentioned differently, the climate scenario is linked
to the emission model RCP4.5 which predicts an MAAT increase of 6◦ C. In addition, two other models were ran
with temperature increase according to emission model RCP2.6 and RCP8.5. These models predict an increase in
MAAT of 3◦ C and 10◦ C respectively. The corresponding glacial waning is estimated to be 26 m per year for climate
scenario RCP2.6 and 90 m per year for climate scenario RCP8.5.
The modelled output from Figure 5.3 and Figure 5.2 show similar subsurface temperature distribution and
groundwater flow patterns. However, for climate scenario RCP2.6 the permafrost continues to develop after 2020.
This seems to creates a barrier, which probably causes the groundwater to flow below the surface towards the snout
of the glacier (Figure 5.3f and Figure 5.2f). The thicker permafrost seems to impede the water discharge. This is
appears from the modelled discharge for climate scenario RCP2.6, which is much smaller than for climate scenario
RCP4.5 and RCP8.5 (Figure 5.4). This is a noticeable difference compared to climate scenario RCP4.5 and RCP8.5.
In general, it is visible from the hydraulic head graphs with groundwater flow patterns, that the upwelling of water
is shifting towards the left as the amount of permafrost is decreasing with the increasing MAAT. In addition to this,
the discharge increases and has an earlier peak when the MAAT increases faster (Figure 5.3).
It can be concluded that the transition from polythermal glacier to cold-based glacier is highly driven by the increase of MAAT due to climate change. A faster increase of MAAT causes the glacier to wane at a quicker pace,
causing them to become cold-based more rapidly. However, when the MAAT reaches values above 0◦ C, the glacier
disappears fast, and the permafrost will start to thaw again. A slower glacial waning in combination with a slower
increase of MAAT causes more permafrost to form below and in front of the glacier. The permafrost is like a barrier
for the groundwater flow, meaning that the discharge is less and the flow path is disturbed.

6.3

Current stage of Scott Turnerbreen’s transition

The last remaining unanswered question is, in what stage of transition is Scott Turnerbreen currently? To determine
the current stage of transition observations/measurements are compared with model output.
The measured length of the glacier in 2020 was around 3 km long (Sletten et al., 2001) (Holmund, 2020). The
glaciers basal temperature is measured to be -3.2 ◦ C in 1999 (Hodgkins et al., 1999). From this measurement it is
confirmed that Scott Turnerbreen is currently a cold based glacier, and has been for the past 22 years. Unfortunately
there is no measurement data available on the current depth of the permafrost below Scott Turnerbreen. A study
by Hodgkins et al. (2004) suggests that the permafrost below Scott Turnerbreen should be around 200 m thick
(assuming steady state between geothermal heat gradient and glacier bed temperature), which is around the same
thickness of permafrost found in my transient models where the ground is in contact with the atmosphere. Given
this information, one can speculate that the glacier was originally formed on top of permafrost, but when it became
polythermal, it started to thaw the surface. However, this is not very likely since permafrost has a much slower
reaction time to changes in climate than glaciers have. In addition to this, the study from Hodgkins et al. (2004)
assumed a steady state between the geothermal heat gradient and the glacial bed temperature when calculating the
depth of the permafrost. The idea of Scott Turnerbreen being polythermal in the past, is neglected completely in his
model.
To determine the current stage of transition, the different transient models are ran for 60 years. The modelled
length for the glacier in 2020 (after 60 years) according to climate scenario RCP4.5 is 3.3 km long, meaning that
this is the best model estimate on how the glacier has waned. The model also gives a surface bed temperature of
-3.2◦ C, because this has been implemented in the boundary condition of the glacial bed temperature (Figure 5.2).
The model has estimated the permafrost to be at a depth of approximately 20 m below the surface (zoomed in on
Figure 5.5e). This depth is more likely than the estimated 200 m by Hodgkins et al. (2004).
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According to the rate of glacial waning with climate scenario RCP4.5, the glacier will be gone after 2045. Shortly
after, a sudden increase in the discharge is seen in Figure 5.6. The pressure from the glacier on the surface seems
to be released abruptly after the glacier has already disappeared, which is counter intuitive. With the waning of the
glacier, a gradual decrease in pressure with an accordingly gradual increase in discharge is expected. Unfortunately
this is not being observed in the models. An explanation for this phenomena could be that the permafrost is blocking the groundwater from discharging at the surface when the glacier is completely melted away. Only when the
permafrost is thawing, groundwater is able to discharge at the surface. Discharge measurements by Gevers (2021)
L
indicates a discharge between 1.8 and 2.5 sec
, as was stated before (Gevers, 2021). This is the discharge of one
single spring in the glacial forefield, measured at different times during the melting season of 2020. Hodgkins et al.
L
(2004) calculated a winter discharge of 10 sec
, based on the dimension (750m · 75m · 2m, L · B · H) of the icing
in 1993 (Hodgkins, 1994). Comparing the model with the available discharge data, it is found that the modelled
L
2D discharge is much lower (Discharge in 2020 for hydraulic conductivity K3 is 1.305 · 10-2 sec
) than the measured
and estimated discharge by Gevers (2021) and Hodgkins et al. (2004). A reason for this could be that the model
is a 2D model. This means that the modelled discharge is not representative for the measured and estimated discharge.
At this moment Scott Turnerbreen is a cold based glacier. Permafrost is aggradating below the glacier and subglacial meltwater is able to flow through the subsurface before it discharges at the springs. Unfortunately, the
subglacially and proglacially hydrogeology of cold-based glacier remain poorly understood. The limited data availability on past discharges and temperature regimes makes it harder to learn about the change in hydrogeology after a
glacial transition from polythermal to cold based. Nevertheless, this emphasises again the importance of this research.

6.4

Model validation and implication

Model validation is tricky due to the limited data availability and that there are no other models available to
compare the results with. To validate the model, first the code was verified. The model does not behave strange,
nor gives unrealistic values. Thus, it can be accepted that the model is working correctly. The next step was a
sensitivity analysis. With this analyses, parameters and initial conditions are slightly adjusted . Firstly, the hydraulic
-7 m
conductivity (K) of the subsurface has been varied between 1·10-10 m
d and 1·10 d according to the range of hydraulic
conductivity found for sandstone (Freeze & Cherry, 1979). The discharge is influenced by the hydraulic conductivity
and the pressure build up due to permafrost aggradation. The higher the hydraulic conductivity, the higher and
earlier the peak discharge. The permafrost aggradation and groundwater flow pattern are not influenced by the range
in hydraulic conductivity (Appendix B, Figure B.2). Important to note is that a transient model with an hydraulic
conductivity of 1 · 10-7 m
d or higher has not been ran. The high hydraulic conductivity caused the computation time to
increase so much that it was not realistic to wait for the outcome. After waiting 72 hours and still not being close to
the end of the run, it was decided to terminate the run. The initial condition which has been changed is the surface
bed temperature and the MAAT rise. Barely a difference is found between the model outcomes for an initial surface
bed temperature of: 0◦ C, 0.2◦ C, 0.4◦ C, 0.6◦ C, 0.8◦ C or 1◦ C (Figure 5.7 and Figure B.1). The model is sensitive
for a rise in MAAT. More about the sensitivity for this can be read in the Discussion, sub chapter ’Driving dynamics
behind transitions from polythermal to cold-based’.
In the models equations, an extra pressure term is added for the permafrost aggradation which exerts pressure
on the system. This has not been done before in numerical modelling. The question is if this really improved the
outcome, or has just caused extra computation time. To investigate, the model has been ran without the pressure
due to permafrost aggradation below the glacier in it. The two models did not show significantly different outcomes
compared to the model with the pressure due to permafrost aggradation. To investigate this further, a model was ran
with only a pressure term from permafrost aggradation (Figure 5.8. It is found that the pressure caused by permafrost
aggradation is low compared to the pressure caused by the head due to difference in height and the weight of the
glacier. This is probably the reason why a there was not found a significant difference between the models ran with
and without permafrost aggradation below the glacier. However, the flow path is influenced by the permafrost aggra-
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dation. Comparing Figure 5.9a, b and c with Figure 5.9d, e and f it can be found that the permafrost forms a barrier
for the water. The water is pushed down below the permafrost and discharges at the surface behind the glacier snout.
To summarise, the validation of this model is tricky due to the limited availability of research and data. The
model behaves like I expect it to behave, meaning that it can accepted that the model is working correctly. The extra
pressure term due to permafrost aggradation, which has never been implemented in a numerical model before, does
not seem to have a large influence on the pressure, but the permafrost does have an influence on the groundwater
flow pattern. On flat surfaces, where the head due to difference in height is equal to zero, the pressure due to
permafrost aggradation might have a significant influence such as in the study by Hornum et al. (2020).

6.4.1

Model implication

Svalbard is a unique place, with distinctive conditions under which glacier are formed. This makes it precarious to
apply the developed model on, for example, mountain glaciers in the Alps. It would be possible to implement the
model for other glacier on Svalbard which are similar in history and size to Scott Turnerbreen. An example of this
could be the glacier Tellbreen and Larsbreen, located close by Scott Turnerbreen. With a future of climate change
ahead of us, it is important to learn about geohydrological systems below cold-based glaciers. A nice additional
outcome is that the knowledge on permafrost aggradation and thawing can be applied in different fields, and might
be able to help us cope with the consequences on groundwater flow in melting or aggradating permafrost.

6.5

Outlook

The limited availability of data limits the validation of the model. A way to increase the reliability of the output is
to collect data to compare the model output with. For example, it will be good to have a time series of discharge
data from the springs in the glacial forefield. In addition to this, the model can be made more precise if there was
more data (spatially and temporarily) on the subsurface temperatures and the depth of the permafrost below the
glacier. For further suggestions on how to improve the data quality and temporarily I would like to refer you to the
MSc Thesis of Gevers (2021).
It is important to keep in mind, that the model is made in 2D, and no seasonality is included. For now, only the
influence of different parameters, initial values and climate scenario’ on the discharge can be determined. Modelling
in 3D will certainly improve the estimation of the spring discharge, however this does cost a lot of computational
power for a computer.
Furthermore I would like to suggest to study the correlation between the occurrence of icings and springs with
glacier type and geological units, as well as compare Scott Turnerbreen with likewise glaciers which do, and do not
show springs and icings. This might lead to a better insight in the components required to form these springs and
icings.
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In this thesis a numerical model of subglacial groundwater flow coupled with heat flow below Scott Turnerbreen, a
cold-based high arctic glacier, has been established.
Scott Turnerbreen was a polythermal glacier in the past, with an open talik present below the glacier which enabled water discharge and recharge through the talik. The future for Scott Turnerbreen will depend on the MAAT
rise. As long as the MAAT keeps below 0◦ C, the permafrost continues to aggradate below Scott Turnerbreen, and
forms a barrier for the groundwater to discharge at the surface. As the glacier wanes, the spring discharge will increase
due to a decrease of pressure on the surface.
The transition from polythermal glacier to cold-based glacier is driven by the increase of MAAT due to climate
change. A faster increase of MAAT causes the glacier to wane at a quicker pace, causing them to become cold-based
more rapidly. However, when the MAAT reaches values above 0◦ C, the glacier disappears fast, and the permafrost will
start to thaw again. A slower glacial waning in combination with a slower increase of MAAT causes more permafrost
to form below and in front of the glacier.
At this moment Scott Turnerbreen is a cold based glacier. Permafrost is aggradating below the glacier and
subglacial meltwater is able to flow through the subsurface before it discharges at the springs. The limited data
availability on past discharges and temperature regimes makes it harder to learn about the change in hydrogeology
after a glacial transition from polythermal to cold based.
The validation of this model is tricky due to the limited availability of research and data. The model behaves
like I expect it to behave, meaning that it can accepted that the model is working correctly. The extra pressure term
due to permafrost aggradation, which has never been implemented in a numerical model before, does not seem to
have a large influence on the pressure, but the permafrost does have an influence on the groundwater flow pattern.
With a future of climate change ahead of us, it is important to learn about geohydrological systems below coldbased glaciers. Unfortunately, the subglacially and proglacially hydrogeology of cold-based glacier remain poorly
understood. However, this emphasises the importance of this research.
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A | Data collected by Gevers (2021)

Figure A.1: Example of the data sheet provided by Marjolein Gevers
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APPENDIX A. DATA COLLECTED BY GEVERS (2021)

Figure A.2: Spring discharge data collected by Marjolein Gevers
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B | Additional Model Runs

Figure B.1: Model output for different initial glacierbed temperatures in time.
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APPENDIX B. ADDITIONAL MODEL RUNS

Figure B.2: Subsurface temperature distribution for different values of hydraulic conductivity
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C | Pictures of Scott Turnerbreen
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Figure C.1: Image of the stream discharging the melt water form Scott Turnerbreen. Picture made by Marjolein
Gevers.
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APPENDIX C. PICTURES OF SCOTT TURNERBREEN

Figure C.2: Image of a meltwater channel on top of Scott Turnerbreen. Picture made by Marjolein Gevers.
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Figure C.3: Small meltwater streams in the glacial forefield. Picture made by Marjolein Gevers
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APPENDIX C. PICTURES OF SCOTT TURNERBREEN

Figure C.4: Flowing of liquid water on top of snow. Picture by Marjolein Gevers.

