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1 Introduction

The doctoral thesis presented on May 25th, 2007 (Jarosch, 2007a) is based on the following
papers, which are included as chapters in the thesis. A summary of the main results of each
paper is given in subsequent sections.

e Jarosch, A. H.: Icetools: a Full Stokes Finite Element Model for Glaciers, Computers &
Geosciences, 2007. (in review) Section 3.

e Jarosch, A. H., Gudmundsson M. T.: Numerical studies of ice flow over subglacial
geothermal heat sources at Grimsviotn, Iceland, using Full Stokes equations, Journal of
Geophysical Research, Earth Surface, 2007, 112, F02008, d0i:10.1029/2006JF000540 Sec-
tion 4.

e Jarosch, A. H., Gudmundsson, M. T., Hognadottir, P, Axelsson, G.: Progressive cool-
ing of the hyaloclastite ridge at Gjalp, Iceland, 1996 - 2005, Journal of Volcanology and
Geothermal Research, 2007. (submitted) Section 5.

The primary aim of the work presented is to gain deeper understanding of the interaction be-
tween subglacial heat sources and ice, generally termed volcano-ice interaction. Common types of
heat sources encountered are subglacial geothermal systems of different sizes as well as volcanoes
or volcanic systems buried underneath glaciers or ice sheets. Previously reported sites featuring
subglacial heat sources include several ice-filled calderas around the world (e.g. Clarke et al.,
1989; Major and Newhall, 1989) and the large ice caps in Iceland, especially Vatnajokull and
Myrdalsjokull (e.g. Bjérnsson, 1988; Bjornsson and Gudmundsson, 1993; Gudmundsson et al.,
1997, 2002a, 2004, 2007; Jarosch and Gudmundsson, 2007). There is also evidence of an active
volcanic area underneath the West Antarctic Ice Sheet, near the Whitmore mountains (Blanken-
ship et al., 1993; Behrendt et al., 1994, 1995). Moreover, volcanic regions at high and middle
latitude were ice covered during the Pleistocene and earlier glaciations (e.g. Velichko et al., 1997;
Hickson, 2000).

2 Research objectives

By focusing on the effects of geothermal heat sources on ice dynamics in temperate glaciers,
where ice temperatures are at the pressure melting point, the following research objectives are
investigated:

(i) Accurate numerical simulation of ice dynamics above subglacial heat sources with a state
of the art ice flow model.

(ii) Development of methods to infer subglacial heat source parameters by using glacial surface
data: e.g. ice surface velocities, surface mass balance records and surface depressions
volume changes.

(iii) Reconstruction of the heat output record from the subglacial hyaloclastite ridge (edifice)
formed in the 1996 Gjalp eruption, Vatnajokull, Iceland.

Earlier work on the interaction between subglacial heat sources and ice has not utilized nu-
merical ice models to investigate quantitatively the ice dynamics involved. Until now, published
research has used detailed calorimetric work to study heat output from subglacial geothermal
areas and volcanoes, notably at Grimsvotn and Gjalp (Fig. 1) (Bjornsson, 1988; Bjérnsson and
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Figure 1: Location map. (a) A detailed map of the Vatnajokull ice cap, the Gjalp volcanic fissure
and the Grimsvotn volcanic system. (b) An overview of the volcanic systems of Iceland.



Einarsson, 1990; Bjornsson and Gudmundsson, 1993; Bjornsson et al., 2001). In recent years,
considerable advances have been made in ice flow modeling, both on the scale of ice sheets / ice
caps and on a more local scale like small parts within a glacier. These new insights have made the
use of a modern ice flow model to study volcano-ice interaction more feasible. A better under-
standing of the processes involved in such an interaction has a very practical dimension. As heat
is transfered from the subglacial heat source to the ice, meltwater is created, which can cause
jokulhlaups and lahars. These generally catastrophic events pose major threats in some volcanic
regions, including Iceland (e.g. Major and Newhall, 1989; Bjornsson, 2003; Gudmundsson, 2005).

The ice-covered volcanic regions in Iceland offer excellent opportunities to study the interac-
tion of glaciers with subglacial heat sources at various scales. Subglacial eruptions are more com-
mon than elsewhere on Earth (e.g. Larsen, 2002; Gudmundsson, 2005; Thordarson and Larsen,
2007) and Iceland has many subglacial geothermal areas of different sizes and intensities (e.g.
Bjornsson, 1988; Gudmundsson et al., 2007). The western part of Vatnajokull hosts the highly
active Grimsvétn central volcano and the recent eruption site of Gjalp. This area offers a unique
variety of settings ranging from small ice surface depressions due to minor subglacial geothermal
activity to large volcanic eruptions. Field data from this area collected over the last 10 years of
intense volcanic and geothermal activity forms an important part of this study.

3 Icetools: a Full Stokes Finite Element Model for Glaciers

Detailed studies of glacier flow and deformation of ice require high resolution numerical modeling.
The model presented in this paper, icetools, solves the Stokes equation including all components
of the stress tensor, termed full Stokes, with the finite element method to enable such detailed
studies (Jarosch, 2007b). Icetools is capable of running in parallel on computational clusters
providing the computing power for large scale simulations.

Two different numerical tests were performed to demonstrate the capability of the model; (1)
a comparison with the analytical solution for gravity driven plane flow down an inclined plane,
and (2) flow over a Gaussian-shaped bed disturbance in comparison with the analytical transfer
functions for this case. The second test involves time evolution of the surface geometry from an
initially uniformly sloping surface. A linear rheology medium with a viscosity of 8 x 10'*Pa s and a
non-linear medium with Glen rheology exponent n = 3 and rate factor of A = 23x10~ 165~ 1kPa—3
were studied. Both correlate well with the analytical solution and reach steady state, defined
as when the maximum vertical movement drops below 5 x 107° times the mean ice thickness
per year. The steady state was reached after 282 years for the linear case and 135 years for
the non-linear case. The results of this comparison scaled to the mean ice thickness h = 200 m
and for bedrock slope angle of 3° are displayed in Fig. 2. The main results of this paper can be
summarized in the following conclusions:

e Numerical benchmark tests revealed a maximum error of the model in comparison with
the analytical solution for a gravity driven plane flow down an inclined plane as low as
0.08 % for the smallest investigated grid size of 12.5 m on a squared grid, using the an-
alytical solution as inflow and outflow boundary conditions. The different error behavior
between squared and triangular grid elements was demonstrated as well for this test case.
By investigating the flow over a single, Gaussian-shaped bed disturbance, it was possi-
ble to achieve correlation coefficients of 0.977 for a non-linear medium with n = 3 and
0.983 for a linear medium in comparison with the analytical transfer functions for this
problem (Gudmundsson, 2003).

e The presented model, icetools, is a useful tool for teaching Full Stokes numerical ice mod-
els utilizing its simple-to-understand Matlab® interface. It was also successfully used to
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Figure 2: Comparison of three numerical model results with the analytical transfer functions for
a linear medium (red). The numerical result for a linear medium with a viscosity of 8 x 101*Pa s
(dashed blue),and a non-linear medium with n = 3 and A = 23 x 10717 1kPa~2 (green) are
displayed for the 20h long model domain. The linear medium case for a 60h long model domain
(blue) is also shown. All numerical solutions are plotted after they fulfilled the steady state
criteria (cp. text). Main flow direction is indicated with the black arrow. (a) displays a close-
up view of the surface response to the bed disturbance, whereas (b) includes the actual bed
disturbance and the 20h linear medium case is not plotted here (Jarosch, 2007b).
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Figure 3: Contour map of the surface elevation change in the northeastern part of Grimsvotn
between 2004 and 1998. Black lines mark the three profiles and negative elevation change is

displayed in colors. The large uplift on the left reflects a rise in the level of the subglacial
Grimsvotn lake (Jarosch and Gudmundsson, 2007).

investigate formation of ice surface depressions at the subglacial Grimsvotn volcano in
Iceland (Jarosch and Gudmundsson, 2007).

4 Numerical studies of ice flow over subglacial geothermal
heat sources at Grimsvotn, Iceland, using Full Stokes
equations

Jarosch and Gudmundsson (2007) studied the evolution of a surface depression which formed
between 1998 and 2004 on the eastern side of Grimsvotn (Figs. 1 and 3). The numerical ice flow
model Icetools (Jarosch, 2007b) has been used to study ice dynamics above the geothermal heat
source located on the caldera rim. Three north-south trending profiles (Fig. 3) were combined
to create a numerical model of the region including a 400 m long geothermal heat source. The
heat flux at the bedrock-ice interface was assumed to be distributed with the intensity being
Gaussian-shaped over the 400 m long section.

To infer heat flux values at the bottom of the glacier, the numerical model has been used to
simulate several scenarios of glacier surface evolution above the geothermal heat source based
on different model parameters. The heat flux values implemented in the model and the stiffness
of the ice (represented by the rate factor in Glen’s flow law (Glen, 1955; Nye, 1957)) are the
key model parameters to tune the simulated surface evolution to the measured surface evolution
between 1998 and 2004. The stiffness parameter for the ice around Grimsvotn has been estimated
by Adalgeirsdottir et al. (2000) and is used in this study as the favorable value. As soon as the
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Figure 4: The ratio between the simulated and measured volume change (7o) during the
model period from 1998 to 2004 as a function of heat flux (q.,) for 3 different rate factors,
A (x1076s7'kPa~3). The dotted line marks the perfect volume fit, 7y, = 1 and the vertical
dashed line marks the heat flux value ggayt, estimated by the measured volume change, including
a surface mass balance but ignoring all ice flux. Dash-dotted lines denote the linear regressions
through the corresponding data sets.

modeled surface evolution matched the measured one, the model reproduces the behavior of the
system sufficiently well and the implemented heat flux values can be used as an estimate for
the heat flux values of the real geothermal heat source. A quality parameter is used to quantify
how well the model fits the measured surface evolution. It is based on the surface depression
volumes and has been termed ryo. If 7o = 1 a perfect match is achieved, values > 1 represent
overestimation in volume by the model and values < 1 underestimation respectively.

Extensive numerical simulations of the system have revealed a strong dependency of inferred
heat fluxes on the rate factor A in Glen’s flow law. As mentioned above, this rate factor describes
the stiffness of the ice. It depends on several physical parameters, e.g. temperature, impurities
and water content. More details about this model parameter can be found in Jarosch and
Gudmundsson (2007) or Paterson (2001). A sensitivity study for three values of A has been
carried out and the results are displayed in Fig. 4.

As can be seen in Fig. 4, the estimation of heat flux values depends heavily on the rate
factor (stiffness) used. Heat flux values range from 260 - 390 W m~2 depending on the chosen
ice stiffness. This dependency of the heat flux results can be explained by the ice dynamics
above the geothermal heat source. The numerical simulations of the system have revealed the
importance of horizontal ice movement into the surface depression as the depression is formed
over time. Fig. 5b demonstrates the increase of horizontal ice flow into the depression over time.
Before the depression was formed, horizontal ice velocities have been of the order of 10 m year—!
(not shown here) but at the end of the simulation horizontal ice velocities have increased to ~70
m year—!

This sevenfold increase in ice velocities causes transport of more and more ice into the de-
pression over time and the excess of ice mass influences the surface evolution of the model, which
is the key to estimate heat flux values. The strong dependency on the ice stiffness is due to
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Figure 5: The final velocity flow field at the end of the simulation (A = 23 x 107165~ 'kPa~3).
(a) the norm of the velocity vector, (b) the horizontal and (c) the vertical component as colors
in m year—!'. The black bar indicates the extent of the heat source.



the fact that the softer the ice is (higher values of A) the more ice mass is transported into the
depression. Since the stiffness of the ice is known for the Grimsvétn area, heat flux values can
accurately be obtained with this method and the main findings of this work can be summarized
as follows:

e A systematic 15-75 % underestimate of the geothermal flux can occur if inflow of ice into
the depression is ignored. In this study, the amount by which the geothermal flux is
underestimated is shown to be linearly related to the chosen values of the rate factor A in
Glen’s flow law. It is found that omission of the heat contribution used to melt inflowing
ice would lead to an underestimate of 23 % if A = 23 x 10705~ 1kPa~3 is used.

e The average heat flux under the depression is estimated as 260-390 W m~2, with 280 W
m~2 corresponding to the favored value of A. These heat flux values are of the same order
of magnitude as those at other, powerful subglacial geothermal areas in Iceland. The mean
heat output of the 2.5-km-long depression over the survey period was 250-300 MW.

e The maximum deformation rate determined by the model is 1 x 10~ 7s~!, indicating that

Glen’s flow law (and thus the full Stokes approach used here) should be widely applicable

to many cases where geothermal areas occur beneath ice.

5 Progressive cooling of the hyaloclastite ridge at Gjalp,
Iceland, 1996 - 2005

The 1996 Gjalp eruption within Vatnajokull (Fig. 1) played an important role in the process of
understanding subglacial eruptions. It was the first significant eruption within a large ice cap
to be monitored in any detail. A considerable amount of new insights on processes occurring in
subglacial eruptions under temperate glaciers, gained from the Gjalp observations, has already
been published ((e.g. Bjornsson et al., 2001; Gudmundsson et al., 1997, 2002a,b, 2004)). The
reconstruction of the heat output record of the Gjalp edifice between 1996 and 2005 represents a
major step forward towards understanding the formation and preservation of hyaloclastite ridges
within glaciers.

Tuyas (table mountains), hyaloclastite ridges and sheets are common types of morphologies
formed during subglacial eruptions (e.g. Mathews, 1947; Jones, 1969; Gudmundsson, 2005). Dur-
ing the Pleistocene, subglacial volcanic activity was a major, land-shaping process in Iceland,
creating hyaloclastite ridges and tuyas. Those formations still dominate large parts of the present-
day landscape. Subglacial volcanism turns out to be a major land forming process in other parts
of the world as well, e.g in western Canada (e.g. Mathews, 1947; Hickson, 2000) or on the
Antarctic Peninsula, where extensive hyaloclastite regions are found (Smellie, 1999).

A comparison of the Gjalp edifice and it’s evolution with ridges formed during the Pleistocene
under an ice sheet gives rise to several important questions. They can be formulated according
to Gudmundsson et al. (2002a) as: (1) How well can the freshly formed Gjalp ridge, an initially
unconsolidated pile of volcanic glass and tephra, withstand erosion from moving ice? (2) Can
palagonitization prevent erosion and what is the rate of alteration for the Gjalp ridge? (3)
What role does diversion of ice flow play in the preservation of the edifice? (4) Which general
conclusions about the behavior of subglacial as well as subaqueous eruptions can be made?

A pile of initially unconsolidated volcanic material at the base of a glacier, subjected to fast
ice flow is expected to suffer heavy erosion. Therefore large parts of a volcanic edifice may
be removed over a relatively short period of time. It has been suggested that such erosion
processes have occurred in West Antarctica (Behrendt et al., 1995) and may have happened also
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Figure 6: Evolution of the heat output of the Gjalp edifice 1996-2006. After June 2001 the
power drops to 0+ 2 x 108 W. For comparison the results based on combined InSAR and GPS
from Gudmundsson et al. (2002b) are marked with black circles. (IT) marks the period from the
end of eruption until June 1997, (IIT) June 1997-June (2001), and (IV) the period since June
2001 (see text).

in Iceland (Bourgeois et al., 1998). The Pleistocene ridges and tuyas found in Iceland are made
of pillow lava, breccia and hyaloclastite, with hyaloclastite being the major component in some
of the ridges (Schopka et al., 2006; Jakobsson, 1979). A common feature of these formations is
that the volcanic glass has altered into palagonite, turning the loose pile of volcanic glass into
consolidated rock (Jones, 1969; Jakobsson, 1979). This consolidation has been a key factor in
preserving the edifices by making them resistant to glacier erosion. However, the rate at which
this alteration occurs in the subglacial environment is unknown.

Another important aspect of studying the heat output record of the Gjalp edifice is to assess
the potential for jokulhlaups to occur after the eruption. During the monitored period between
late 1996 and mid 2005, no significant meltwater accumulation was detected at the Gjéalp eruption
site because the meltwater produced drained continuously into the Grimsvotn subglacial lake.
Large jokulhlaups are highly likely to occur during or right after an subglacial eruption. The
likelihood of occurrence decreases rapidly after an eruption unless an unusual bedrock geometry
favors water accumulation within the glacier.

To be able to give answers to the questions stated above, the heat output record of Gjalp
between 1996-2005 has been reconstructed using an extensive data set of field measurements,
e.g. glacier surface topography maps, ice surface velocity measurements, and accumulation
measurements. This data set has already been published (Gudmundsson and Hégnadéttir, 2003;
Jarosch et al., 2005; Jarosch, 2007a) and has been combined with a numerical glacier flow model
of the inflow area north of Gjalp using the Icetools software (Jarosch, 2007b). The combined
data can be used to estimate heat output from the Gjalp edifice over time (details of the method
are given in Jarosch et al. (2007)) and the result is shown in Fig. 6.

In the attempt to explain the cooling history of Gjélp, a liquid-phase buoyancy-driven heat
transport model has been used in combination with estimated average temperatures within the
edifice (Jarosch et al., 2007). The heat transport model compares likely permeability values for
the edifice with the actual heat flux record and also includes a simple, heat conduction based
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Figure 7: Heat flux estimates based on three different permeability values, estimated temper-
ature conditions and assuming liquid phase buoyancy driven flow. The Gjalp heat flux record
is displayed in red. For comparison, heat flux values assuming conduction and the same tem-
perature conditions are shown in green. A best fit can be obtained using permeability values of
1-2x10712 m?.

model for comparison (Fig. 7).

Three permeability values were used to estimate possible heat flux values, two from Surtsey
and one from Hawaii. For unaltered hyaloclastite in Surtsey k; = 1.2 x 10719 m? was used and
for altered hyaloclastite at a depth of 60-100 m b.s.l. ks = 4.1 x 1073 m? (Stefansson et al.,
1985). The very old hyaloclastite from Hawaii, which was found at a depth of 2000-3000 m b.s.1.
has a permeability of k3 = 1 x 1071° m? (Dannowski, 2002). As Fig. 7 clearly indicates, likely
permeability values for the Gjalp edifice are similar to those found in altered hyaloclastite at
Surtsey. This result in combination with the other findings from this study (Jarosch et al., 2007)
lead to the following main conclusions:

e The heat output history of Gjalp can be divided into four episodes: (I) The eruption (13
days), (IT) end of eruption until June 1997, (ITI) June 1997 - June (2001), and (IV) the
period since June 2001. During episode (I) heat output dropped from initially > 2 x 10*2
W to 7 x 101 W and further decreased to 3 x 10° W by the end of episode (II). An
average value of 1.2 x 109 W characterized episode (II1) and no significant heat output was
measured in episode (IV).

e The total eruptive energy was 1.50 & 0.28 x 108 J, estimated from the volume of erupted
material. A remarkable ~ 64 % of the total energy was released during the eruption itself
and by June 2005, only some 5 % remained within the edifice.

e The heat remaining in the edifice at several points in time has been determined and its
average temperature estimated. The temperature dropped from ~ 240°C at the end of the
eruption to ~ 128 °C after three months and ~ 107 °C after nine months. In mid 1999 an
average temperature of ~ 58 °C is estimated and ~ 38 © by mid 2001, with little cooling
occurring since.

e Using a liquid-phase buoyancy-driven convection model and the derived edifice tempera-
tures, it is found that the cooling history is consistent with permeability values of order

10



10712-10= m?, similar to that estimated for consolidated hyaloclastite in the island of
Surtsey, but inconsistent with a pile of loose tephra. This may indicate that the edifice
consolidated to dense hyaloclastite in the first 1 or 2 years. However, this remains specu-
lative.

e No traversing ice flow over the edifice was observed in the surface velocity data record,
indicating that the surface depression closure still dominates the local ice flow field.
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