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[1] Glaciers in Iceland began retreating around 1890, and since then the Vatnajokull ice
cap has lost over 400 km® of ice. The associated unloading of the crust induces a
glacio-isostatic response. From 1996 to 2004 a GPS network was measured around the
southern edge of Vatnajokull. These measurements, together with more extended time
series at several other GPS sites, indicate vertical velocities around the ice cap ranging
from 9 to 25 mm/yr, and horizontal velocities in the range 3 to 4 mm/yr. The vertical
velocities have been modeled using the finite element method (FEM) in order to constrain
the viscosity structure beneath Vatnajokull. We use an axisymmetric Earth model with
an elastic plate over a uniform viscoelastic half-space. The observations are consistent
with predictions based on an Earth model made up of an elastic 8plate with a thickness of

10—20 km and an underlying viscosity in the range 4—10 x 10

'¥ pa 5. Knowledge of the

Earth structure allows us to predict uplift around Vatnajokull in the next decades.
According to our estimates of the rheological parameters, and assuming that ice thinning
will continue at a similar rate during this century (about 4 km*/year), a minimum uplift
of 2.5 meters between 2000 to 2100 is expected near the current ice cap edge. If the
thinning rates were to double in response to global warming (about 8 km?*/year), then the
minimum uplift between 2000 to 2100 near the current ice cap edge is expected to be

3.7 meters.

Citation: Pagli, C., F. Sigmundsson, B. Lund, E. Sturkell, H. Geirsson, P. Einarsson, T. Arnad(’)ttir, and S. Hreinsdéttir (2007),
Glacio-isostatic deformation around the Vatnajokull ice cap, Iceland, induced by recent climate warming: GPS observations and finite
element modeling, J. Geophys. Res., 112, B08405, doi:10.1029/2006JB004421.

1. Introduction
1.1. Geological Setting

[2] Vatnajokull is the largest ice cap in Iceland [Bjornsson,
1988], covering an area of about 8100 km? with a mean
radius of 50.7 km and a maximum thickness of about 900 m
[e.g., Bjornsson et al., 2002] (Figure 1). Vatnajokull includes
anumber of outlet glaciers that have been generally retreating
since 1890, although they are also affected by periodic surges
[Bjornsson, 1979; Bjornsson et al., 2003]. The variable ice
load induces crustal deformation. To fully understand it, one
needs to consider the load changes taking place, the tectonic
setting, the crustal structure, and other possible sources of
deformation.
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[3] Changes in air temperature have a marked impact
on the mass balance of Vatnajokull as the ice cap is
temperate and the main part of the ice is located at low
elevation. Since the end of the Weichselian glaciation about
10,000 "C years BP, Vatnajokull has experienced consid-
erable ice volume changes [Bjornsson, 1979; Sigmundsson,
2006]. At the time of the settlement in Iceland around 900
AD, the climate was relatively warm and Vatnajokull was
smaller than today. Around 1300 the climate deteriorated
and lowest temperatures were experienced during the Little
Ice Age from 1600 to 1900. The ice cap appears to have
advanced extensively until about 1750, with smaller fluc-
tuations occurring until 1890, after which it has been
retreating [Bjornsson, 1979].

[4] Vatnajokull partly overlies volcanic zones at the
boundary between the North American and the Eurasian
plates in Iceland (Figure 1). The volcanic zones in Iceland
are divided into volcanic rift zones associated with extensive
crustal spreading, and volcanic flank zones where crustal
spreading is negligible. The volcanoes located in the volcanic
rift zone at northwestern Vatnajokull in the Eastern Volcanic
Zone (EVZ) are seismically very active and many eruptions
have occurred there in historical times, while a volcanic flank
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Figure 1. The Vatnajokull ice cap (white) and its tectonic
setting. Overlaid are outlines of central volcanoes (solid
oval outlines), calderas (dashed lines), and the outline of
fissure swarms (solid lines) [after Einarsson, 1991]. Lake
Langisjor is shown in black. The large circle gives the
outline of the ice cap model. Black triangles mark the
location of the GPS sites. The inset shows the tectonic
setting of Iceland with the study area outlined by a box.
Reykjanes Peninsula (RP), Western Volcanic Zone (WVZ),
Eastern Volcanic Zone (EVZ), and Northern Volcanic Zone
(NVZ), which are connected by transforms: South Iceland
Seismic Zone (SISZ) and Tjornes Fracture Zone (TFZ).
Oraefajokull, Esjufjoll and Snaefell volcanoes form the
Oraefajokull-Snaefell flank zone.

zone encompassing Oraefajokull, Esjufjéll, and Snaefell
volcanoes is much less active (Figure 1).

[5] Seismic and gravity studies [e.g., Allen et al., 2002;
Kaban et al., 2002] suggest that crustal thickness in Iceland
varies from 15 km in coastal areas to more than 40 km in
central Iceland, where the center of a mantle plume under
Iceland is located. A recent study by Aguistsson and Flovenz
[2005] of the maximum depth of earthquake hypocenters in
Iceland argued for a seismogenic thickness in the range 10—
16 km in the Vatnajokull region. They suggest that the base
of the elastic, brittle crust is associated with a temperature of
about 750°C, below which the lower crust and upper mantle
deforms in a ductile manner. Lower temperatures have been
suggested at the brittle ductile transition, for example,
Menke and Levin [1994] propose a temperature of about
400°C.

PAGLI ET AL.: GLACIO-ISOSTASY STUDY AT VATNAJOKULL

B08405

[6] A GPS network lies near the ice-covered Oraefajckull
stratovolcano at southern Vatnajokull. This volcano reaches
2110-m height, and has a summit caldera about 4 km in
diameter. The volcanic edifice lies uncomformably on older
plateau basalts that were probably formed in a rift zone
[Prestvik et al., 2001], with a rock series of transitional
alkaline character, including basalts, intermediate lavas, and
rhyolites. Analysis of compositional variation of rocks
across the Oraefajokull-Snaefell zone suggests that it is an
immature rift that did not fully developed as it was replaced
by the EVZ about 0.7 million years ago [Hards et al., 2000].
The Oraefajokull central volcano has produced two erup-
tions in historical times, in 1362 and in 1727. The 1362
eruption was purely explosive, occurring after at least
500 years of quiescence and produced about 10 km® of
rhyolitic tephra, whereas the 1727 eruption was smaller
with the composition of the eruptive products more basic
(andesite) [Thorarinsson, 1958; Larsen et al., 1999].
Both eruptions caused significant melting of glacier ice
culminating in jokulhlaups (glacial outburst floods).

[7] The Oraefajokull-Snaefell volcanic flank zone is
currently seismically quiet. Small swarms of earthquakes
occurred in 1976, 1984, and 2002 in Esjufjoll. In 1976,
60 events were recorded and in 1984 a small swarm of
10 events occurred, with the largest magnitude reaching M;
2.3 [Einarsson, 1988], with M, being the magnitude based on
the time duration of the recorded earthquakes. In 1983 an
earthquake M, 2.0 originated midway between Esjufjéll and
Snaefell. In October to November 2002 over 100 events with
the largest having a magnitude M, 3.2 occurred in Esjufjoll
and Oraefajokull (Icelandic Meteorological Office). Earth-
quakes occurring in the Oraefajokull-Snaefell volcanic flank
zone under the Vatnajokull ice cap and reaching only mag-
nitude ~3 are unlikely to cause any detectable deformation
outside the ice cap edge. No geophysical evidence suggests
the presence of any currently active magma chambers in the
Oraefajokull-Snaefell zone, nor for any magmatic processes
that may contribute to present-day surface deformation.
Accordingly, we present a model of deformation taking
place near the southern edge of Vatnajokull attributed solely
to glacio-isostasy.

1.2. Studies of Glacio-isostatic Adjustment Around
Vatnajokull

[8] Deglaciation in Iceland at the end of the Weichselian
glaciation, about 10,000 4c years BP, was associated with
rapid glacial rebound, apparently being completed in only
about 1000 years in coastal areas. This exceptionally fast
postglacial rebound suggests a viscosity under Iceland on
the order of 10'? Pa s or less [e.g., Sigmundsson, 1991]. Such
a low viscosity results in the rapid response of the Earth to
contemporary changes in ice volume. Major ice retreat is
currently ongoing at ice caps in Iceland in response to warmer
climate. The ice volume loss at Vatnajokull between 1890 to
2000 is estimated to be about 435 km® (Helgi Bjérnsson,
personal communication, 2006) and ongoing uplift around
Vatnajokull has been reported by several geodetic studies.
Previous studies of glacio-isostasy in Iceland are summarized
by Sigmundsson [2006].

[9] In this paper we infer crustal deformation from GPS
surveys conducted in 1996 2002, 2003, and 2004 around
Oraefajokull as well as from annual GPS measurements at

2 of 12



B08405

several sites around the ice cap, providing longer and more
detailed time series. Previous observations include lake
level measurements, an alternate set of GPS observations,
and measurements of temporal variation in gravity. Lake
leveling measurements at Lake Langisjor at the SW edge of
Vatnajokull (Figure 1) were performed in 1959, 1991, and
in 2002. These measurements show a relative uplift rate of
about 4 mm/yr between benchmarks spaced 15 km perpen-
dicular to the ice edge [Sigmundsson and Einarsson, 1992].
In 1991 a GPS network of 10 points was established around
the southeastern edge of Vatnajokull [Sigmundsson, 1992;
Einarsson et al., 1996]. In 1992, 1996, and 1999 the
original 1991 GPS network was remeasured as well as
eleven additional points included in the network in 1992
[Sjoberg et al., 2000, 2004]. The uplift rate 1992—1999 was
estimated to be about 5—19 mm/yr, decaying radially from
the center of the ice cap. Repeated gravity measurements
were conducted by Jacoby et al. [2001] at all GPS stations
annually from 1991 to 2000, except in 1994. Gravity
changes for points close to the ice cap are consistent with
uplift rates up to 20 £10 mm/yr.

[10] The observed uplift around Vatnajokull has been
correlated with ice volume loss in order to constrain the
underlying viscosity structure. The models include an elastic
plate overlaying a viscous fluid or a viscoelastic material.
The elastic plate represents the uppermost part of the Earth’s
crust that behaves elastically over long timescales. The
thickness of the elastic plate is here referred to as elastic
thickness. It should approximately correspond to the elastic,
brittle part of the crust as inferred by seismic studies, which
is suggested by Agustsson and Flovenz [2005] to be in the
range 10—16 km in the Vatnajokull region.

[11] Sigmundsson and Einarsson [1992] used the lake
level measurements at Lake Langisjor to constrain the
viscosity structure, modeling the Earth as a Newtonian
viscous fluid half-space overlain by an elastic plate. They
considered a circular ice load and constant ice volumes
before ice melting began in 1890. They used three different
ice-thinning rates as a function of the distance from the ice
cap center to mimic a realistic ice retreat, with higher
thinning rates at the edge of the ice cap. Their modeling
results suggested an elastic thickness of about 10 km and an
underlying viscosity of 1 x 10" to 5 x 10" Pa s.

[12] Thoma and Wolf [2001] used lake level measurements
of Lake Langisjor from 1959 to 1991 and GPS measurements
from 1992 to 1996 [Sjoberg et al., 2000] to constrain the
viscosity structure. A compressible, self-gravitating, spheri-
cal Earth model with Maxwell viscoelasticity and an elliptic
ice load was used, together with two different load history
models. In the first model they assume a constant ice volume
before the beginning of ice melting in 1890, and in the second
case they consider a linear increase in ice volume between
1200 to 1750, followed by a constant ice volume from 1750
to 1890, when ice retreat begins. The modeling results
suggest a lower crust/upper mantle viscosity in the range
of 7 x 10'°to 3 x 10'® Pa s and an elastic thickness of 10—
20 km. However, the short GPS observation sessions and
lack of constraints on the uplift rate at their GPS reference
station in H6fn may bias their conclusions. They showed
that uplift predictions are not affected by the two different
ice models if the viscosity is lower than about 1 x 10'® Pas,
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in which case, the Earth’s response is primarily controlled by
ice volume loss after 1890.

[13] Sjoberg et al. [2004] derived vertical velocities
around the southern edge of Vatnajokull from GPS measure-
ments in 1992, 1996, and 1999, assuming an uplift rate at
their reference station in Hofn of 10 mm/yr. They concluded
that the vertical GPS velocities can be fit by a model with an
elastic thickness of 10—20 km and an underlying viscosity
perhaps as low as 1 x 10'7 Pa's. However, they do not show
the model prediction for these parameters. Their interpreta-
tion is based on the models of Wolf et al. [1997a, 1997b],
which assume ice retreat continuing only until 1980.
Hence the uplift rates for 1992—1999 would most likely
be affected by later ice thinning not accounted for in the
models.

[14] Jacoby et al. [2001] measured gravity changes
between 1991 and 2000 and compared them to the
gravity changes predicted by the model of Sigmundsson
and Einarsson [1992]. The gravity data was interpreted in
terms of a lower crust/upper mantle viscosity on the order of
10'® Pa s and an elastic thickness of about 10 km.

1.3. Ice Retreat History

[15] Glacier retreat began in Iceland around 1890 due to a
mean temperature increase of 1-2°C over the last century.
The area of Vatnajokull as estimated from a Landsat satellite
image in 1973 was 8300 km? [Bjornsson, 1978, 1979]. The
area of Vatnajokull in 1890 was on the other hand estimated
to have been 8600 km? using maps of Iceland by the
Danish General Staff from 1904—1973 and extrapolated ice
retreat rates (Helgi Bjornsson, personal communication,
2006). The total ice volume loss from 1890 to 1973 was
initially estimated to be 182 km® [Sigmundsson and
Einarsson, 1992]. Regular measurements of the surface mass
balance of Vatnajokull started in 1991 [Bjérnsson et al.,
1998]. Because of climatic variability, the ice cap’s mass
balance was positive from 1991 to 1994, close to zero in 1995
but negative from 1996 to 2001, giving a total ice loss
between 1991 and 2001 of about 21 km® [Bjérnsson et al.,
2002]. By compiling data from various sources, a revised
estimate of the ice volume loss between 1890 and 2003
results in a value of 435 km® (Helgi Bjornsson, personal
communication, 2006).

2. Deformation Data

[16] The main data set used in this study consists of vertical
and horizontal velocities derived from GPS measurements in
1996, 2002, 2003, and 2004 (Figures 1, 2, and 3). A GPS
network of 15 stations was measured in 1996 around the
Oraefajokull volcano at the southern edge of the Vatnajskull
ice cap. In 2002, four GPS points were remeasured. In 2003,
all the stations from the 1996 campaign were remeasured. In
2004 three GPS points were remeasured. The GPS station
Kvisker (KVSK) was used as a reference station for all
campaigns, collecting data throughout the surveys. Other
GPS measurements around Vatnajokull used in this study are
at the sites HAMA, JOKU, and STEM (Figure 1). HAMA
and JOKU, at the western edge of Vatnajokull have been
measured annually from 1997 to 2004, except in 1998. The
GPS station STEM at the southern edge of the Vatnajokull ice
cap has also been measured yearly from 2002 to 2005. The
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Figure 2. GPS vertical velocities 1996-2004 (mm/yr) relative to ITRFOO stable Eurasia reference
frame. Velocities vary from 9 to 20 mm/yr with uncertainties between 2—4 mm/yr. Gray bar shows
inferred 95% confidence interval. Overlaid is the outline of the Oraefajokull central volcano (solid line)

and its caldera (dashed line).

continuous GPS station HOFN in eastern Iceland was
installed in 1997 and it has been continuously operating
since then.

[17] Our model predictions are also compared to lake
leveling measurements at Lake Langisjor at the SW edge of
Vatnajokull.

2.1. GPS Measurements

[18] The GPS data from the 1996, 2002, 2003, and 2004
campaigns around Oraefajokull have been processed with
the GAMIT/GLOBK GPS software, version 10.2 [Herring
et al., 2006]. We used the GAMIT software to estimate the
positions of our campaign GPS sites and all continuous GPS
sites in Iceland (including REYK and HOFN) together with

about 20 nearest stations of the IGS global network, located
on the Eurasian and the North-American plates. We then
used the GLOBK software to impose the International
Terrestrial Reference Frame (ITRF) 2000 relative to stable
Eurasia to our results. The GPS data set had previously been
processed with the Bernese GPS software, version 4.2, and
the resulting velocities [Pagli, 2006] are comparable to
results obtained with GAMIT/GLOBK.

[19] The GPS data from the sites HAMA, JOKU, and STEM
were processed with the Bernese software, version 4.2. The
velocity vectors were initially computed relative to Reykja-
vik (REYK), and then we corrected for the subsidence of
REYK at a rate of 3.7 + 0.4 mm/yr relative to ITRF00
[Arnadomr et al., 2006].
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Figure 3. GPS horizontal velocities 1996—-2004 (mm/yr) relative to ITRFOO stable Eurasia reference
frame. Velocities vary between 3 and 4 mm/yr with uncertainties between 1 and 2 mm/yr. Error ellipses

show inferred 95% confidence interval.
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[20] Our measurements complement the work of Sjoberg
et al. [2000, 2004]. In their 1992 survey, measurements
were collected at 30 s intervals and the observation time was
about 9 hours per session, with each station being occupied
about three times. In their 1996 survey, data were sampled
at 15 s intervals with 9 hours observation time per session.
The time span of their observations was one 12 hours
session per day in 1999 and data were sampled at 15 s
intervals. In our 1996—2004 GPS campaigns, the time span
of the observations at each site was at least one complete
24-hour session, starting at 00:00 GMT (Greenwich Mean
Time) and ending at 23:59 GMT, with data collected every
15s. The long observation time in our 1996—2004 campaigns
enables us to reduce the uncertainty in the derived GPS
displacement rates compared to earlier studies. Furthermore,
the data have now been analyzed with the GAMIT/GLOBK
software, allowing simple evaluation of the deformation
relative to the stable Eurasian plate.

2.2. Velocity Field

_[21] The vertical velocities for 1996 to 2004 around
Oraefajokull vary from 20 mm/yr at the stations next to
the ice cap, decaying to 9 mm/yr at our farthest station
(HOFN), with inferred uncertainties between 2—4 mm/yr
(Figure 2). Horizontal velocities do not exceed 4 mm/yr
with inferred uncertainties between 1 and 2 mm/yr (Figure 3).
Vertical velocities are exceptionally high compared to the
horizontal velocities, as characteristic for areas exhibiting
glacio-isostatic adjustment [e.g., Pinel et al., 2007]. Mag-
matic movements associated with the Oraefajékull volcano
are an unlikely source of the deformation signal we observe,
as the resulting deformation field would be different, with a
more rapid decay in uplift rates away from the volcano. A
pressure increase at depth (i.e., a Mogi source) would cause
both high vertical and horizontal velocities, which are not
observed at Oraefajokull. All GPS vertical velocities mea-
sured in eastern, southern, and western Vatnajokull (Figures 2
and 4) are higher close to the ice cap edge and decay radially
away from it, consistent with glacio-isostatic adjustment
around Vantajokull. While, if the deformation signal was
due to magmatic activity at Oraefajokull, the vertical veloc-
ities would be higher around the Oraefajokull volcano than
elsewhere, which is not the case. Thus we infer that the
deformation we observe is due to glacio-isostatic adjustment
caused by thinning of the Vatnajdkull ice cap.

[22] The vertical velocities of HAMA and JOKU are 19+ 5
and 25 £ 5 mm/yr relative to ITRF00, respectively (Figure 4).
The vertical velocity of STEM is 24 + 6 mm/yr relative to
ITRFOO in the time span 2002—-2005 (Figure 4).

3. Numerical Model

[23] We have constructed an axisymmetric Finite Element
model, using the ANSYS 7.1 software [ANSYS Incorpora-
tion, 2005], to constrain the viscosity structure in the
Vatnajokull region. The dynamic response of the Earth to
the gradual thinning of an axisymmetric ice load with a
rectangular profile is evaluated. In our main model we
describe Vatnajokull using a circular ice cap, centered at
latitude 64.4°N and longitude 16.8°W, with a 50-km radius,
similar to the work of Sigmundsson and Einarsson [1992].
Such a model facilitates the calculations, although it is a
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Figure 4. GPS time series around Vatnajokull relative to
ITRF00. GPS vertical displacements at JOKU and HAMA
1997-2004, and STEM 2002-2005 (Figure 1). Average
vertical velocity is 25 & 5 mm/yr at JOKU, 19 + 5 mm/yr at
HAMA and 24 + 6 mm/yr at STEM.

relatively simple approximation of the real ice cap. The
areal extent of the ice load at the eastern and western parts
of the ice cap is underestimated, but it is overestimated in
the northern and southern parts of Vatnajokull. Consequen-
ces of using a circular ice cap are evaluated in section 7. We
assume ice thinning since 1890, with isostatic equilibrium
conditions prior to that. Models incorporating earlier ice
volume fluctuations, as well as a different ice load geom-
etry, were also tested. We model the Earth as an isotropic,
incompressible, Maxwell viscoelastic half-space with a
constant gravitational acceleration g = 9.81 m/s*, overlaid
by an elastic plate. The viscoelastic substrate corresponds
to the lower crust and upper mantle and the elastic plate to
the elastic, brittle crust.

3.1. Mathematical Model for Viscoelastic Deformation

[24] If the long-term rheological response of the Earth is
approximated by a viscous fluid, then its equilibrium
surface deflection due to an applied load is balanced by
buoyancy forces, as stated by the Archimedes’ principle. A
more realistic model of the Earth is a Maxwell viscoelastic
solid (a mechanical analog is a spring and a dashpot
connected in a series), responding elastically over short
timescales but viscously over long timescales. The equation
of motion for the viscoelastic problem is commonly trans-
formed to the corresponding elastic problem according to
the correspondence principle of linear elasticity and using
the Laplace Transform [Cathles, 1975, equation II-59;
Flugge, 1975]. Assuming that the Earth is flat, incompress-
ible and nonself-gravitating, the equation of motion for a
continuous elastic material can be written as [Wu, 2004]:

ﬁa—pogoﬁwz 0 (1)

where o is the stress tensor, p, and g, are the reference
density and gravitational acceleration, respectively, and w =
i - z is the vertical component of the displacement vector
(¢ displacement vector, Z unit vector in the vertical direction,

50f 12



B08405

positive upwards). The first term is the divergence of stress
and the second term is the advection of pre-stress that
corresponds to the restoring force of isostasy [Wu, 2004]. By
neglecting the second term, there will be no viscoelastic
gravitational relaxation.

[25] Finite element (FE) packages are usually not designed
for geophysical applications and the force of isostasy is not
considered, in that the equation of motion is written as Vo=
0. Therefore some modifications need to be applied to the FE
packages to study the deformation in a viscoelastic Earth. We
follow the same approach as described by Wu [2004]. We
define a new stress tensor

s =0 — pygowl (2)

where w = (0, 0, w) and I is the identity matrix. Equation (1)
becomes Vs = 0. This is the same equation as used in FE
packages, except that the new stress tensor is used. Because
of the modifications to equation (1), the boundary conditions
need to be modified accordingly. The term pogow can be
accounted for in finite element models by placing an elastic
foundation (also called the Winkler foundation) on the free
surface and at each density contrast across the material
interfaces. The foundation acts as an elastic spring with a
spring constant k, equal to the density contrast across the
interface times the gravitational acceleration. The elastic
foundation has an important physical meaning. As an
example, at the free surface, if we assume k = pygo, the
foundation will exert a pressure k£ on the surface of the
model for each unit of displacement in the vertical compo-
nent, w. Therefore the contribution of the elastic foundation
at the free surface will be pygow, which is the buoyancy
force.

[26] The constitutive equation of an isotropic viscoelastic
material can be written in terms of the relaxation function of
the deviatoric stress tensor, assuming an incompressible
Earth. This tensor is a function of the shear modulus, which
for a Maxwell material may be represented by a finite series
of exponentials, called a Prony series [Belytschko et al.,
2000]. The Prony representation corresponds to the solution
of the classical Maxwell model of viscoelasticity. Using one
Prony series, the shear modulus can be written as:

G =G exp(fé) (3)

where G is the shear modulus at the fast load limit, 7 is the
current time and A = 7/ G, is the Maxwell relaxation time
for the Prony component G with viscosity 7. The
constitutive equation of an isotropic viscoelastic material
can be written as:

o= /ZGO eXp(— (t;T)> Z—de (4)
0

where o is the stress tensor, € is the deviatoric strain
tensor and 7 is past time [Belytschko et al., 2000; ANSYS
Incorporation, 2005]. This convolution integral can recover
the fully elastic behavior at the fast load limit (¢ = 0) and the
viscous flow at the slow limit (+ = co). The equation is a
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Figure 5. Model geometry and boundary conditions. The
black triangles indicate that zero displacements both in the x
and y directions are imposed at the far field boundaries.

solution of the constitutive equation of a Maxwell material,
commonly written as:

d+§: 2Gé (5)

where g and € are the time derivatives of the stress and strain
tensors, respectively.

[27] The validity of this method and our application of it
has been tested by conducting the same FE tests as done by
Wu [1992]. It was shown that the surface vertical displace-
ments for a two-dimensional model of a viscoelastic half-
space, undergoing an impulsive boxcar load, is identical to
results obtained numerically using a Fast Fourier Transform
(FFT). Our FE model test runs are in agreement with the
results of Wu [1992]. Additional FE studies of glacio-
isostatic adjustment using this method include Wu [1993],
Kaufmann et al., [2000], and Lund [2005].

3.2. Earth Model Parameters

[28] We approximate the Earth as an infinite half-space.
Radial symmetry of the Earth and ice model is assumed,
with the axis of symmetry at the center of Vatnajokull and
the model boundaries far from the center of the ice cap
(Figure 5). The size of the model needs to be sufficiently
large such that the far-field boundaries, where displace-
ments are not allowed, do not affect the results. The model
geometry presented in this paper is therefore the result of a
number of tests to determine how large modeling space is
required. Lund [2005] suggested using a model geometry
with a factor of at least 10 between the radius of the
applied load and the width of the model, and a factor of
five between the radius of the applied load and the
thickness of the model. Our Earth model is therefore
500 km wide and 250 km thick (Figure 5). For the thickness
of the elastic layer we used 10 and 20 km. The thickness of
the underlying viscoelastic layer was thus 240 and 230 km,
respectively.

[20] Both the elastic and viscoelastic layers are meshed
with eight-node elements with quadratic displacement
behavior on the element sides, called PLANEI183 in the
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Figure 6. Modeled vertical velocities (lines) and observed GPS vertical velocities (symbols) plotted as a
function of distance from the center of the ice cap, using different viscosities. Black crosses are the
vertical velocities of the GPS sites as in Figure 2 and the other symbols are the vertical velocities of the
JOKU-HAMA-STEM sites as in Figure 4. We use a 50-km radius ice cap model, a 10-km elastic
thickness and we assume a sudden emplacement of the ice cap in the year 900 (5800 km?), a uniform ice
accumulation phase from 900 to 1750, corresponding to an increase in ice volume of 1265 km?, followed
by stable ice conditions until 1890 when ice thinning begins. Only the GPS site JOKU (black triangle)
appears displaced with respect to the other GPS points. This effect is caused by assuming a circular ice
cap, which underestimates the extent of the ice in western Vatnajokull. The JOKU site is located at the
edge of the real ice cap but it is 20 km away from the edge of the model with a radius of 50 km (Figure 1).

ANSYS 7.1 software. Each node has two degrees of free-
dom, namely translations in the x and y directions. The
elements have both elastic and viscoelastic capabilities. The
elastic layer has a Poisson’s ratio ¥ = 0.5 and Young’s
modulus £ = 90 GPa (corresponding to a shear modulus
i = 30 GPa). The density of the clastic layer is pg =
2800 kg/m?>. The viscoelastic layer is modeled by a Maxwell
material with one Prony component [equations (2) and
(3) apply]. Poisson’s ratio v = 0.5, Young’s modulus £ =
90 GPa and several viscosities 7 are tested in the modeling.
The density of the viscoelastic layer p; = 3200kg/m’. The
Winkler foundations have been included using the element
SURF153, which is placed at the free surface and also at the
interface between elastic and viscoelastic layers. At the
free surface, the elastic foundation constant, k = pygo, is
27,440 Pa/m. At the interface between the elastic and
viscoelastic layers, the elastic foundation constant, k£ =
go(p| — pz), is 3920 Pa/m.

[30] The model space was meshed with quadrilateral
elements of different sizes. The mesh was finer at the free
surface and at the edges of the ice cap where more detailed
results are needed. In the horizontal direction, the element
size in the region 0 to 50 km from the ice cap’s center is
2 km, in the region 50 to 150 km the element size increases
linearly from 2 to 4 km, in the region 150 to 250 km it is 5 km,
and in the region 250 to 500 km it is 7 km. In the vertical
direction, the element size between 0 to 10-km depth is
1.25 km and between 10- to 250-km depth the size
increases linearly from 1.25 to 8 km. The axis of symmetry

is located in the center of the ice cap (Figure 5). Zero
displacements both in the x and y directions are imposed at
the model space’s edge (Figure 5).

4. Ice Load Models

[31] In all our calculations the total volume of ice lost
between 1890 to 2003 at Vatnajokull is 435 km?>. The main
ice model assumes isostatic equilibrium in 1890 and ice loss
thereafter. Mass balance studies of Vatnajokull indicate that
most of the ice thinning occurs at the edge of the ice cap
[Bjornsson et al., 1998]. Hence we define the thinning at the
edge of Vatnajokull between 30 to 50 km distance from the
center of the ice cap to be 62 cm/yr, with loss over the rest
of the ice cap set to 25 cm/yr. We also tested ice models
with ice volume changes prior to 1890 in order to under-
stand how such changes would affect current deformation
rates. We calculated current deformation rates, using an ice
model that includes a sudden emplacement of the ice cap in
the year 900 (5800 km?), a uniform ice accumulation phase
from 900 to 1750, corresponding to an increase in ice
volume of 1265 km?® [Sigmundsson and Einarsson, 1992],
followed by stable ice conditions until 1890 when ice
thinning begins. Results show that a viscosity of 4 x
10'® Pa s, and an ice cap growth phase as explained earlier,
predicts current velocities significantly larger than the
observed one (Figure 6). Such a growth phase is indicated
by historical records in Iceland, but its details are uncertain.
In any case, deviation from isostatic equilibrium in the year
1890 due to a previous ice accumulation phase would bias
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Figure 7. Modeled velocities (lines) and observed GPS velocities (symbols) plotted as a function of
distance from the center of the ice cap. Black crosses are the vertical velocities and grey crosses are the radial
velocities of the GPS sites as in Figure 2 and the other symbols are the vertical velocities of the JOKU-
HAMA-STEM sites as in Figure 4. Modeled velocities (mm/yr) using an ice cap radius (r) of 50 km are
shown with solid lines and of 35 km with dashed lines. Figures 7a—7d show the results assuming an elastic
thickness 7, of the 10 km and using viscosities of 8 x 10'"Pas, 6 x 10'® Pas, 8 x 10'"*Pasand 1 x 10"’ Pas,
respectively. Figures 7¢ and 7f show the results assuming an elastic thickness 7. of 20 km and using
viscosities of 6 x 10'® and 8 x 10'® Pa s, respectively.

our viscosity estimates derived in the next chapter in such a
way that they represent an upper limit of the real viscosity. On
the basis of the modeling presented in Figure 6, and allowing
for even larger amount of ice accumulation in earlier times,
we infer 4 x 10'® Pa s as a lower limit for the viscosity. In the
following, we consider then only the models that assume
isostatic equilibrium in 1890, deriving an upper limit on the
viscosity.

[32] The geometry of the ice model has also to be consid-
ered. Some GPS stations that are located close to the edge of
the ice cap are underneath the circular ice model, affecting the

predicted velocities. In order to assess the effect of the ice
load geometry, an ice cap model with a radius of 35 km has
been tested for comparison. In this model, the thinning is
focused at the edges between 21- to 35-km distance from the
center of the ice cap at a rate of 130 cm/yr, while in the central
part ice thinning is 52 cm/yr. The modeled current velocities
at the distance range of the GPS sites are similar although
slightly lower with respect to the results when a 50-km ice
cap radius was used. We conclude that our assumptions of the
ice cap load history and the model geometry both influence to
some extent the viscosity estimate. If a smaller ice cap or ice
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Table 1. Modeling Results (see Section 5 for Discussion)

Ice Cap Ice Cap

Elastic Radius 50 km Radius 35 km
Thickness (km) Viscosity (Pas) RMS (mm) x> RMS (mm) ?
10 8 x 10" 29 6340 27 6596

10 6 x 10'® 5 239 3 133

10 8 x 10'® 3 78 2 42

10 1 x 10" 2 52 3 61

20 6 x 10'® 3 93 3 133

20 8 x 10'® 2 26 2 42

growth before 1750 is considered, then a lower value for the
viscosity will be inferred. However, for the rest of the
modeling, we will assume equilibrium conditions before
ice thinning begins in 1890. This will provide us with an
upper limit for the viscosity. We will also use both the 50- and
35-km radii ice models to fit the data.

5. Results of Modeling Current Deformation

[33] We compare the 1996 to 2004 vertical and radial
GPS velocities to predictions of glacio-isostatic deformation
around Vatnajokull for different values of viscosity and
elastic thickness. The radial velocities are the components
of the horizontal velocities along the direction connecting
the center of the ice cap and each GPS site. The data were
compared using models with an elastic thickness of 10 and
20 km, and viscosities, 7, of 8 X 1017, 6 x 1018, 8 x 1018,
and 1 x 10" Pa s. We plot the predictions of current vertical
and radial velocities as a function of distance from the
center of the ice cap. For each viscosity value, we plot the
velocity predictions arising from both the 50- and a 35-km
ice model radius (Figure 7). In order to evaluate the fit of
the model, we use both the GPS vertical and radial
velocities. The fit of the vertical velocities is expressed
by the RMS and the y* = ("X 'r), where r is the residual
between the observed velocities and the model prediction
and X is the data covariance matrix. Modeling results,
using an elastic thickness of 10 km, show that a viscosity
of 8 x 10" Pa s gives the best fit for the 35-km ice model
radius, and 1 X 10" Pa s for the 50-km ice model radius
(Figures 7a—7d and Table 1). Similar results are obtained
using an elastic thickness of 20 km (Figures 7¢ and 7f).
Lower RMS values are achieved with a viscosity of 8 X
10'® Pa s than for a viscosity of 6 x 10'® Pa s (Table 1).
The velocity of the GPS site JOKU appears displaced with
respect to the other GPS points (black triangle in Figures 6
and 7). This effect is caused by assuming a circular ice cap,
which underestimates the extent of the ice in western
Vatnajokull. The JOKU site is located at the edge of the
real ice cap but it is 20 km away from the edge of the
model with a radius of 50 km (Figure 1). As a conse-
quence, we do not use this GPS site to constrain the
viscosity.

6. Future Deformation

[34] On the basis of our current knowledge of the viscosity
structure beneath Iceland, we can attempt to predict the future
uplift at Vatnajokull caused by ice reduction in the coming
decades due to global warming. We use the ice model with a
50-km radius, and assume that the past average thinning rate
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will continue throughout this century (a thinning rate of
25 cm/yr applied to the central part of the ice cap and
62 cm/yr between 30 to 50 km). The elastic thickness was
set to 10 km and our preferred viscosity of 8 x 10'® Pa s is
used. The resulting prediction is a vertical velocity of about
30 mm/yr in 2001 (Figure 8a) and at least 2.4 m of uplift
between 2000 and 2100 at the ice cap edge (Figure 8c).
However, the future evolution of the Vatnajokull ice cap is
uncertain with predicted climate warming this century
possibly leading to a large increase in the rate of ice retreat
[Marshall et al., 2005; Flowers et al., 2005]. Therefore we
also estimate the uplift assuming that the thinning rates are
twice the current value between 2000 and 2100. This model
predicts a vertical velocity of at about 45 mm/yr in 2100
(Figure 8b) and 3.7 m of predicted uplift between 2000 and
2100 at the ice cap edge (Figure 8d).

7. Discussion

[35] The ice load model together with the parameters of
the Earth model determine the predicted deformation field.
Uncertainties in both temporal evolution and spatial distri-
bution of the ice load model need to be considered. Results
from the finite element modeling indicate that a viscosity of
8 to 10 x 10'"® Pa s provides the best fit to the GPS
velocities in our study area if isostatic equilibrium in the
year 1890 and an elastic thickness between 10 and 20 km
are assumed. The uncertainties in both the temporal and
spatial variation in the ice load influence our preferred
viscosity, such that this value is an upper limit, assuming
that significant ice retreat started in 1890 as suggested by
the ice retreat history [Bjornsson, 1979}. Modeling results
indicate that for viscosities of 10 x 10'® Pa s, changes in
the ice retreat history, such as ice volume increase prior to
1750, affect our predictions of the current velocities.
Including this effect would thus lead to a lower viscosity
estimate. Tests using various models indicate that a viscosity
of 4 x 10'® Pa s is the lower limit. For lower viscosity values
all models give too high uplift rates, even if the likely ice
accumulation phase from 900 to 1750 is considered.

[36] Lake leveling measurements from Lake Langisjor are
in agreement with a viscosity of 8 x 10'® Pas, when the effect
of the ice load extent is included. Our circular ice cap model
underestimates the extent of the ice next to Lake Langisjor.
We correct this effect by comparing the Lake Langisjor
measurements of predicted uplift as a function of distance
from the ice cap edge, rather than from the center of the ice
cap.

[37] Glacio-isostatic deformation around Vatnajokull has
been modeled by Thoma and Wolf [2001] and Sjoberg et al.
[2004] who argue for viscosities below Iceland as low as
10'7 Pa's. Our model assumes a uniform viscoelastic material
under an elastic plate. For this model, the inferred upper limit
on viscosity is 10 x 10'® Pa s. Considering uncertainties in
the temporal and spatial distribution of the ice load a lower
limit on the viscosity is 4 x 10'® Pa s. Therefore viscosity
values as low as 10"/ Pa s are not consistent with any of our
modeling results. Moreover, such very low viscosities would
allow rapid adjustments to ongoing load changes, with
current vertical velocities expected to show increasing rates,
which are not observed at the GPS sites measured annually
(Figure 4). Thus viscosities below Iceland as low as 10" Pas
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Figure 8. Predicted vertical velocities and displacements at Vatnajokull, assuming an elastic thickness
of 10 km and an underlying viscosity of 8 x 10'® Pa s. Lines show the (a) predicted vertical velocities
and (c) displacements assuming a thinning rate of 4 km? until 2100, Figures 8b and 8d show the response
if thinning rates were to double in 2000 and remain constant until 2100.

are unlikely. These earlier values were based on a previous
estimate of ice volume change, where Thoma and Wolf
[2001] and Sjoberg et al. [2004] assumed an average
thinning rate after 1890 of about 2 km?/yr. As we discussed
earlier, a recent revision of the ice volume loss for Vatna-
jokull from 1890 to 2003 gives an average thinning rate of
about 4 km?/yr, leading to higher viscosity estimate.

[38] Our preferred viscosity estimate is in agreement with
results obtained by different studies of the rheological
structure beneath Iceland [e.g., Pollitz and Sacks, 1996;
Arnadottir et al., 2005]. Pollitz and Sacks [1996] modeled
GPS measurements in northern Iceland in terms of post-
rifting relaxation, following the 1975-1984 Krafla rifting
episode. They favor a lower crustal viscosity of 3 x 10'° Pa's
and an upper mantle viscosity of 3 x 10'® Pas. Similar results
are obtained by Arnadottir et al. [2005], modeling GPS
measurements of the postseismic deformation following
two large earthquakes in the South Iceland seismic Zone
(SISZ) in 2000 assuming viscoelastic relaxation. They found

that a lower crustal Viscosi‘%y of 1 x 10" Pa s and an upper
mantle viscosity of 3 x 10'® Pa s best fit the data. Our results
suggest viscosity within the range of the above studies,
consistent with glacio-isostatic response taking place both
in the lower crust and upper mantle. A somewhat higher
viscosity estimate for the lower crust and upper mantle, in the
range 4 x 10'° Pas, is suggested by LaFemina et al. [2005]
based on measurements and modeling of inter-rifting defor-
mation in South Iceland. They conclude, however, that their
GPS velocity field reflects low strain rate processes, and that
a higher viscosity estimate is expected in that case (late stage
of arifting cycle) compared to studies based on data acquired
during higher strain rate processes (postseismic, postrifting).

[39] The viscosity under Iceland is lower than the global
average. Sigmundsson [1991, 2006] suggested that low
viscosity values are not surprising, as Iceland is located
on a hot spot on the mid-Atlantic Ridge with high heat
flow and recent volcanism. Similar conditions may be
found beneath the Basin and Range province of western

10 of 12



B08405

North America, where a viscosity on the order of 10'® Pa s
in the uppermost mantle (30—200 km) is attributed to high
heat flow, recent volcanism and extensional tectonics
[Kaufmann and Amelung, 2000]. Current uplift rates up
to about 30 mm/yr, similar to those observed in Iceland, have
also been documented in southern Alaska, where the uplift
began since the collapse of the Glacier Bay Icefield around
the year 1770 [Larsen et al., 2005]. The viscosity regime in
Iceland is consistent with a “weak mechanical regime” as
presented by Ivins and James [1999]. They suggest that low
viscosities are typical of regions experiencing tectonic
extension and volcanism, such as the Basin and Range
province and Iceland. The authors speculate that low viscos-
ities may exist in southern Patagonia due to the subduction
process and the release of H,O at depth, creating a low mantle
viscosity there [Ivins and James, 1999].

8. Conclusions

[40] Extensive geodetic measurements indicate that glacio-
isostatic adjustment is an ongoing process at Vatnajokull,
causing uplift rates up to 25 mm/yr at sites near the edge of
the ice cap. Finite element modeling of this process, using
an Earth model with uniform Maxwell viscoelastic material
underlying an elastic layer, favor viscosities in the range of
4-10 x 10" Pa s, assuming an elastic thickness between 10
and 20 km. A uniform viscoelastic material is considered,
thus our viscosity estimate corresponds to the effective
value for the lower crust and upper mantle. Our viscosity
estimate is also consistent with results obtained by modeling
post rifting relaxation in northern Iceland [Pollitz and Sacks,
1996] as well as post seismic relaxation study in southern
Iceland [Arnadottir et al., 2005]. On the basis of our current
model of the rheological structure beneath Iceland, we can
predict future uplift rates at the edges of Vatnajokull. If ice
volume decrease due to global warming proceeds at similar
rates as at present, a minimum uplift of 2.5 meters between
2000 to 2100 is expected at the edges of the ice cap. An
uplift of 3.7 m is, however, anticipated if the average
thinning rates this century were to double from 2000 and
remains unchanged until 2100.

[41] Acknowledgments. We thank Helgi Bjérnsson for providing the
estimate of the ice volume loss at Vatnajokull 1890—-2003. We thank
Sigurdur Erlingsson and Halldér Palsson for help with the FEM software.
The first author wishes to thank Ann Bettina Richelsen for support with the
ANSYS software, and Bo Cerup Simonsen for help with earlier finite
element models. We also wish to thank the National Power Company
(Landsvirkjun), the Icelandic Research Council (Rannis), the University of
Iceland Research Fund, and the Icelandic Road Admistration (Vegagerdin)
for supporting this project. Bjérn Lund acknowledges support from the
Swedish Nuclear Fuel and Waste Management Co. (SKB). Sigurjon
Jonsson, Francien Peterse, and Magnuis Palsson helped us during the
fieldwork in 1996 and 2003. We thank the town of Hofn and the Skaftafell
National Park for logistical support.

References

Agﬁstsson, K., and 0. G. Flévenz (2005), The thickness of the seismogenic
crust in Iceland and its implications for geothermal systems, Paper 0743,
Proceedings of the World Geothermal Congress 2005, Antalya, Turkey,
24-29 April 2005, International Geothermal Association.

Allen, R. M., et al. (2002), Plume-driven plumbing and crustal formation in
Iceland, J. Geophys. Res., 107(B12), 2325, doi:10.1029/2001JB000595.

ANSYS Incorporation (2005), ANSYS software version 7.1, online Refer-

_ence Manuals, Theory Reference, Chapter 4.6 Viscoelasticity.

Arnadottir, T., S. Jonsson, F. F. Pollitz, W. Jiang, and K. L. Feigl (2005),

Postseismic deformation following the June 2000 earthquake sequence in

PAGLI ET AL.: GLACIO-ISOSTASY STUDY AT VATNAJOKULL

B08405

the south Iceland seismic zone, J. Geophys. Res., 110, B12308, doi:10.1029/

. 2005JB003701.

Arnadottir, T., W. Jiang, K. L. Feigl, H. Geirsson, and E. Sturkell (2006),
Kinematic models of plate boundary deformation in southwest Iceland
derived from GPS observations, J. Geophys. Res., 111,B07402, doi:10.1029/
2005JB003907.

Belytschko, T., W. K. Liu, and B. Moran (2000), Nonlinear Finite Elements
for Continua and Structures, pp. 274—276, John Wiley, Hoboken, N. J.

Bjornsson, H. (1978), The surface area of glaciers in Iceland, Jokull, 28, 31.

Bjornsson, H. (1979), Glaciers in Iceland, Jokull, 29, 74—80.

Bjornsson, H. (1988), Hydrology of ice caps in volcanic regions, Soc. Sci.
Islandica, 139 pp., University of Iceland, Reykajvik.

Bjornsson, H., F. Péalsson, M. T. Gudmundsson, and H. H. Haraldson
(1998), Mass balance of western and northern Vatnajokull, Iceland,
1991-1995, Jokull, 45, 35-58.

Bjornsson, H., F. Palsson, and H. H. Haraldson (2002), Mass balance of
Vatnajokull (1991-2001) and Langjokull (1996—-2001), Iceland, Jokull,
51,75-78.

Bjornsson, H., F. Palsson, O. Sigurdsson, and G. E. Flowers (2003), Surges
of glaciers in Iceland, Ann. Glaciol., 36, 82—90.

Cathles, L. M. (1975), The Viscosity of the Earth’s Mantle, Princeton Univ.
Press, Princeton, N. J.

Einarsson, P. (1988), Intraplate earthquakes in Iceland, in Earthquakes at
North-Atlantic Passive Margins: Neotectonics and Postglacial Rebound,
edited by S. Gregersen, and P. W. Basham, 329-344, Springer,
New York.

Einarsson, P. (1991), Earthquakes and present-day tectonism in Iceland,
Tectonophysics, 189, 261-279.

Einarsson, P., F. Sigmundsson, M. A. Hofton, G. R. Foulger, and W. Jacoby
(1996), An experiment in glacio-isostasy near Vatnajokull, Iceland, 1991,
Jokull, 44, 29—45.

Flowers, G. E., S. J. Marshall, H. Bjornsson, and G. K. C. Clarke (2005),
Sensitivity of Vatnajokull ice cap hydrology and dynamics to climate
warming over the next 2 centuries, J. Geophys. Res., 110, F02011,
doi:10.1029/2004JF000200.

Flugge, W. (1975), Viscoelasticity, Springer, New York.

Hards, V. L., P. D. Kempton, R. N. Thompson, and P. B. Greenwood
(2000), The magmatic evolution of the Snaefell volcanic centre: An
example of volcanism during incipient rifting in Iceland, J. Volcanol.
Geotherm. Res., 99, 97—121.

Herring, T. A., R. W. King, S. C. McClusky (2006), GAMIT Reference
Manual, Software Release 10.2, Mass. Inst. Technol., Cambridge.

Ivins, E. R., and T. S. James (1999), Simple models for late Holocene and
present-day Patagonian glacier fluctuations and predictions of a geodeti-
cally detectable isostatic response, Geophys. J. Int., 138, 601—-624.

Jacoby, W. R, S. Burger, P. Smilde, H. Wallner (2001), Temporal gravity
variations observed in SE Iceland, International Ridge-Crest Research:
Arctic Ridges, 10, 52—-55.

Kaban, M. K., O. G. Flovenz, and G. Palmason (2002), Nature of the crust-
mantle transition zone and the thermal state of the upper mantle beneath
Iceland from gravity modeling, Geophys. J. Int., 149, 281-299.

Kaufmann, G., and P. F. Amelung (2000), Reservoir-induced deformation
and continental rheology in vicinity of Lake Mead, Nevada, J. Geophys.
Res., 105, 16,341-16,358.

Kaufmann, G., P. Wu, and G. Li (2000), Glacio isostatic adjustments in
Fennoscandia for a laterally heterogeneous Earth, Geophys. J. Int., 143,
262-273.

LaFemina, P. C., T. H. Dixon, R. Malservisi, T. Amadéttir, E. Sturkell,
F. Sigmundsson, and P. Einarsson (2005), Geodetic GPS measurements in
south Iceland: Strain accumulation and partitioning in a propagating ridge
system, J. Geophys. Res., 110, B11405, doi:10.1029/2005JB003675.

Larsen, G., A. Dugmore, and A. Newton (1999), Geochemistry of historical-
age silicic tephras in Iceland, Holocene, 9, 463—-471.

Larsen, C. F., R. J. Motyka, J. T. Freymuller, K. A. Echelmeyer, and E. R.
Ivins (2005), Rapid viscoelastic uplift in southern Alaska caused by post-
Little Ice Age glacial retreat, Earth Planet. Sci. Lett., 237, 548—560.

Lund, B. (2005), Effects of deglaciation on the crustal stress field and
implications for endglacial faulting: A parametric study of simple Earth
and ice models, Technical Report, TR-05-04, Swedish Nuclear Fuel and
Waste Management Co, Stockholm, Sweden.

Marshall, S. J., H. Bjérnsson, G. E. Flowers, and G. K. C. Clarke (2005),
Simulation of Vatnajokull ice cap dynamics, J. Geophys. Res., 110,
F03009, doi:10.1029/2004JF000262.

Menke, W., and V. Levin (1994), Cold crust in a hot spot, Geophys. Res.
Lett., 21(18), 1967—1970.

Pagli, C. (2006), Crustal Deformation Associated with Volcano Processes in
Central Iceland, 1999-2000, and Glacioisostatic Deformation Around
Vatnajokull, Observed by Space Geodesy, Ph.D. thesis, University of
Iceland, Reykjavik, Iceland.

11 of 12



B08405

Pinel, V., F. Sigmundsson, E. Sturkell, H. Geirsson, P. Einarsson, M. T.
Gudmundsson, and T. Hognadoéttir (2007), Green’s function estimates of
the Earth response to variable surface loads: Application to deformation
of the subglacial Katla volcano, Iceland, Geophys. J. Int., in press.

Pollitz, F. F., and S. Sacks (1996), Viscosity structure beneath northeast
Iceland, J. Geophys. Res., 101, 17,771-17,793.

Prestvik, T., S. Goldberg, H. Karlsson, and K. Gronvold (2001), Anoma-
lous strontium and lead isotopes signature in the off-rift Oraefajokull
central volcano in South-East Iceland. Evidence from enriched endmem-
ber (s) of the Iceland mantle plume?, Earth Planet. Sci. Lett., 190, 211 —
220.

Sigmundsson, F. (1991), Post-glacial rebound and asthenosphere viscosity
in Iceland, Geophys. Res. Lett., 18, 1131—-1134.

Sigmundsson, F. (1992), Crustal deformation studies in sub-aerial parts of
the World Oceanic Rift System: Iceland and Afar, Ph.D. thesis, University
of Colorado, Boulder, Colo.

Sigmundsson, F. (2006), Iceland geodynamics crustal deformation and
divergent plate tectonics, Springer, New York.

Sigmundsson, F., and P. Einarsson (1992), Glacioisostatic crustal move-
ments caused by historical volume change of the Vatnajokull ice cap,
Iceland, Geophys. Res. Lett., 19, 2123-2126.

Sjoberg, L. E., M. Pan, E. Asenjo, and S. Erlingsson (2000), Glacial
rebound near Vatnajokull, Iceland, studied by GPS campaigns in
1992 and 1996, J. Geodyn., 29, 63—-70.

Sjoberg, L. E., M. Pan, S. Erlingsson, E. Asenjo, and K. Arnason
(2004), Land uplift near Vatnajokull, Iceland, as observed by GPS
in 1992, 1996 and 1999, Geophys. J. Int., 159, 943—-948, doi:10.1111/
j-1365-246X.2004.02353 x.

Thoma, M., and D. Wolf (2001), Inverting land uplift near Vatnajokull,
Iceland, in terms of lithosphere thickness and viscosity stratification, in
Gravity, Geoid and Geodynamics 2000, 97—102, Springer, New York.

PAGLI ET AL.: GLACIO-ISOSTASY STUDY AT VATNAJOKULL

B08405

Thorarinsson, S. (1958), The Oraefajékull eruption 1362, Acta Nat. Isl. II,
5-99.

Wolf, D., F. Barthelmes, and F. Sigmundsson (1997a), Predictions of
deformation and gravity change caused by recent melting of Vatnajokull
ice cap, Iceland, in Gravity, Geoid and Marine Geodesy, 311-319,
Springer, Berlin, Germany.

Wolf, D., F. Barthelmes, and F. Sigmundsson (1997b), Predictions of
deformation and gravity variation caused by recent change of Vatnajokull
ice cap, Iceland, C.R.J. Luxemb. Geodyn., 82, 36—42.

Wu, P. (1992), Deformation of an incompressible viscoelastic flat earth with
power-law creep: A finite element approach, Geophys. J. Int., 108, 35—
S1.

Wu, P. (1993), Postglacial rebound in a power-law medium with axial
symmetry and the existence of the transition zone in relative sea-level
data, Geophys. J. Int., 114, 417—432.

Wu, P. (2004), Using commercial finite element packages for the study of
earth deformations, sea levels and the state of stress, Geophys. J. Int.,
158, 401-408.

T. Amadéttir, F. Sigmundsson, and E. Sturkell, Nordic Volcanological
Center, Institute of Earth Sciences, University of Iceland, Reykjavik,
Iceland.

P. Einarsson, Institute of Earth Sciences, University of Iceland,
Reykjavik, Iceland.

H. Geirsson, Icelandic Meteorological Office, Reykjavik, Iceland.

S. Hreinsdottir, Department of Geosciences, University of Arizona,
Tucson, AZ, USA.

B. Lund, Department of Earth Sciences, Uppsala University, Uppsala,
Sweden.

C. Pagli, Faculty of Sciences, Technology and Communication,
University of Luxembourg, Luxembourg. (carolina.pagli@uni.lu)

12 of 12



