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Abstract GPS geodetic measurements were conducted
around the Askja central volcano located at the diver-
gent plate boundary in north Iceland in 1987, 1990,
1992 and 1993. The accuracy of the 1987 and 1990
measurements is in the range of 10 mm for horizontal
components; the accuracy of the 1992 and 1993 mea-
surements is about 4 mm in the horizontal plane. Re-
gional deformation in the Askja region is dominated by
extension. Points located outside a 30-45 km wide plate
boundary deformation zone indicate a displacement of
2.4%0.5 cm/a in the direction N99°E +12° of the Eur-
asian plate relative to the North American plate in the
period 1987-1990. Within the plate boundary deforma-
tion zone extensional strain accumulates at a rate of
~0.8 pstrain/a. Displacement of control points next to
Askja (<7 km from the caldera center) in the periods
1990-1993 and 1992-1993 show deflation and contrac-
tion towards the caldera. These results are in accor-
dance with the results obtained by other geodetic meth-
ods in the area, which indicate that the deflation at
Askja occurs in response to a pressure decrease at
about 2.8 km depth, located close to the center of the
main Askja caldera. A Mogi point source was fixed at
this location and the GPS data used to solve for the
source strength. A central subsidence of 11+2.5 cm in
the period 1990-1993 is indicated, and 5.5+1.5cm in
the period 1992-1993. The maximum tensional strain
rate, according to the point source model, occurs at a
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horizontal distance of 2.5-6 km from the source, at the
same location as the main caldera boundary. Discre-
pancies between the observed displacements and pre-
dicted displacements from the Mogi model near the
Askja caldera can be attributed to the regional east-
west extension that occurs at Askja.
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Introduction

The Askja volcanic complex is located within the Askja
fissure swarm at the divergent plate boundary in north
Iceland (Fig. 1). The fissure swarm is 10-15 km wide
and more than 100 km long. The volcanic complex is
built up by subaerially erupted basaltic lava and suba-
quatic - hyaloclastites and pillow lavas (Sigvaldason
1968). In the early Holocene a caldera was formed (Sig-
valdason 1979). The caldera has a diameter of about
8km and an area of about 50 km? The caldera floor
has an elevation of about 1100-1200 m, whereas the
surrounding margins rise about 200-400 m. One major
volcano-tectonic episode is known in the Askja vol-
canic system during the last few centuries. It occurred
in 1874-1876 and included several basaltic fissure erup-
tions in the fissure swarm and a major plinian eruption
of Askja volcano (Sigvaldason 1979; Sigurdsson and
Sparks 1978; Brandsdottir 1992). A new caldera was
formed during this episode, 4.5 km in diameter and
15 km? in area, nested in the south-eastern part of the
old caldera. The caldera floor dropped about 230 m
and is now occupied by Lake Oskjuvatn, Another, less
significant, episode of activity occurred in 1921-1929. It
included several small eruptions around the Oskjuvatn
caldera with an erupted volume of about 0.03 km?, and
a larger fissure eruption south of the caldera with an
estimated lava volume of 0.3 km?® (Sigvaldason et al.
1992). There are some indications that part of this lava
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Fig. 1 a Map of Iceland showing fissure swarms (shaded), central
volcanoes (outlined), calderas (heavy outlines) and recent faults.
Glaciers are also outlined. Location of Fig. 1b indicated by the
box. After Einarsson and Saemundsson (1987). b Map of the
Askja area with GPS points of the 1993 survey. Fissure swarms
are dotted; heavy outline marks the Askja caldera. Thin outline
within the Askja caldera outlines the Lake Oskjuvatn caldera,
and thin outline outside the Askja caldera marks the limit of the
Askja central volcano. Location of the center of subsidence in
Askja according to Rymer and Tryggvason (1993) is shown as a
closed circle

south of the caldera was erupted earlier (E. Tryggva-
son, personal communication 1994). The eruptive fis-
sure is directed ~N30°E, dominated by the regional
stress field which has the axis of minimum compressive
stress perpendicular to the strike of the fissure swarm.
A third episode of activity occurred in 1961-1962 and
consisted of an eruption of 0.09 km? of basalt and two
possible intrusion events (Brandsdottir 1992; Sigvalda-
son et al. 1992).

Deformation at Askja has been monitored since
1966 using several geodetic methods (Tryggvason
1989a, 1989b; Rymer and Tryggvason 1993). In the pe-
riod 1966-1972 vertical deformation was measured
yearly by precision leveling, and by lake level observa-
tions of Lake Oskjuvatn. No measurements were car-
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ried out in the period 1973-1981. Leveling has been
conducted yearly since 1983, and in 1988 and 1990 nine
optical leveling tilt (dry tilt) stations were installed.
Electronic distance measurements were made in 1982,
1985, 1986 and 1993. Microgravity monitoring has been
performed regularly at the Askja volcano since 1988.
Deflation of the volcano occurred at a rate of a few
centimeters per year in the period 1966-1967, inflation
in 1967-1968 and deflation in 1968-1970. In 1970-1972
rapid inflation occurred at a rate of about 20 cm/a. Dur-
ing the period 1972-1983 a net deflation of 20 cm oc-
curred. Since 1983 deflation at a rate of 4-6 cm/a is in-
dicated by the measurements. Most of the ground de-
formation in Askja can be explained as a response to
pressure changes in a shallow magma chamber. A Mogi
point source, located approximately at the center of the
main Askja caldera, is adequate to model most of the
data (Tryggvason 1989a). In particular, on the basis of
tilt measurements in the period 1988-1991, Rymer and
Tryggvason (1993) conclude that 80% of the ground
deformation in Askja can be explained by a source lo-
cated at 65° 3.19'N, 16° 46.10’' W, and at a depth of
2.8+0.3 km (Fig. 1).

Regional GPS surveys were conducted in north Ice-
land in 1987, 1990 and 1992. The aim was to monitor
crustal deformation across the plate boundary in north
Iceland. Some points in the southern part of this net-
work are located in the vicinity of Askja, but most of
them are too far away from the Askja caldera to be af-
fected by deformation caused by a shallow magma
chamber there. Comparison of the 1987 and 1990 data
revealed east-west expansion across the plate boundary
in north Iceland (Foulger et al. 1992; Heki et al. 1993;
Jahn 1992a, 1992b). Widening of up to 5 cm/a across
the Krafla fissure swarm, compared with full plate velo-
cities of 1.9 cm/a according to the NUVEL-1 global
plate motion model (DeMets et al. 1990), has been at-
tributed to post-rifting stress relaxation after the 1975
1984 Krafla rifting episode when a 80 km long segment
of the Krafla fissure swarm widened on average by 4-
6 m (Tryggvason 1984; personal communication 1993).
In this paper we discuss regional deformation near
Askja in the 1987-1990 period, and then present new
results based on GPS data collected on an extended
network near the Askja volcano in 1992 and 1993 (Ta-
ble 1). A horizontal displacement solution for the peri-
od 1987-1990 is used to study crustal widening across
the rift zone in the Askja area. The 1990, 1992 and 1993
coordinate solutions are subsequently used to study lo-
cal deformation of Askja volcano.

GPS measurements 1987-1993

The regional GPS network established in 1987 in north
Iceland consisted of 63 points, centered on the rift zone
in north-east Iceland and extending 130 km into the
plates. Most of the GPS points in the network were re-
measured in 1990, and some new points were added.
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Table 1 Stations occupation in GPS surveys in the Askja area,
excluding the 1992 regional GPS survey. For the years 1987 and
1990, the table only includes GPS points near Askja, not all the
GPS points occupied in north Iceland during these years. Two-
digit numbers for station names are identification numbers used
in 1987 and 1990. All points are shown in Fig. 1 and/or Fig. 3. L is
approximate distance of stations from the DYNG station, our ref-
erence Station

Station name L (km) 1987 1990 1992 1993
Dyng (49) 0 X X X X
42 39.8 X X

43 36.8 X X

47 60.9 X X

51 21.7 X X

52 33.7 X X

54 52.1 X X

55 23.8 X X

56 34.7 X X

63 24.9 X X

64 38.0 X X

65 23.1 X X

66 403 X X

67 30.6 X X

Fjal (48) 18.7 X X
Thor (50) 13.8 X X X
A404 (70) 3.8 X X
Hott (72) 6.1 X X
Loka (73) 13.7 X X
Stam (74) 9.9 X X
Hrim (75) 17.4 X X
3001 37 X X
3008 24 X X
9039 8.1 X X
9043 5.7 X X
8208 2.6 X
A422 4.1 X
Ddal 13.5 X
Hrut 11.1 X
Svar 8.1. X
Drek 3.2 X
Tann 5.7 X
Bats 35 X
Olaf 6.4 X
Jons 8.7 X
Rodg 13.1 X
Myve 9.1 X

Table 2 Approximate 1o uncertainty of GPS surveys in north
Iceland

North (mm) East (mm) Vertical (mm)
1987 6 9 16
1990 10 11 19
1992 4 4 7
1993 4 4 8

The surveys were a co-operative project between Uni-
versity of Hannover, the University of Durham and
several Icelandic institutions. Data analysis was con-
ducted in two independent ways; the results have been
described in detail by Heki et al. (1993) and Jahn
(1992b). The Hanover group used the GEONAP soft-
ware (Wiibbena 1989) and the Durham group used the

BERNESE software (Rothacher et al. 1990) to analyze
the data. The two coordinate solutions show satisfacto-
ry agreement, documented by Heki et al. (1993). We
only summarize here the relevant features of the BER-
NESE results chosen for our deformation analysis. The
additional data presented here, from the 1992 and 1993
surveys, have also been analyzed with this software.
Uncertainty is estimated from the session to session
scatter (repeatability), defined as the weighted root
mean square of the differences between the coordi-
nates from individual sessions and a network solution.
In this paper we assume that the session to session scat-
ter is a measure of 1o uncertainty, summarized in Table
2. More detailed error analysis of the 1987 and 1990
data are presented by Jahn (1992b). The derived error
ellipses for the horizontal station coordinates are ap-
proximately circles. The main effect of the improved sa-
tellite constellation on the 1992 and 1993 surveys, when
compared with the earlier surveys, has been to reduce
coordinate errors without modifying the shape of the
horizontal station coordinate error ellipses significant-
ly. The DYNG station served as a reference station in
1992 and 1993 and was occupied continuously during
these surveys; it was also used as a reference station in
1987 and 1990 when the stations next to Askja were
measured. The inclusion of a common reference point
during all the observation sessions, and the calculation
of station coordinates relative to this reference point,
ensures that covariance among the station positions in
the GPS network is minimal.

1987-1990

Seven TI-4100 GPS receivers were used in these sur-
veys. Most GPS points were measured on two different
days. In 1987 the measurement sessions were 3.3 hours
long, and in 1990 they were 4.2 hours long. The obser-
vation interval was 30 seconds. The final coordinates
were derived from ionospheric-free, phase ambiguity
fixed solutions from each session, combined into a net-
work solution. The estimated 1¢ accuracy, based on the
session to session scatter, of the 1987 BERNESE solu-
tion is 6, 9 and 16 mm for the north, east and vertical
components, respectively (Heki et al. 1993). Most of
the stations measured in 1987 were remeasured in 1990,
and the data were analyzed in the same way as before.
Severe ionospheric conditions during this survey made
the resolution of the L1 and L2 ambiguities difficult,
and ambiguity resolution was abandoned in the BER-
NESE solution. The estimated accuracy of the 1990
BERNESE solution is 10, 11 and 19 mm for the north,
east and vertical components, respectively (Heki et al.
1993). Broadcast orbits were used, although some base-
line lengths exceeded 100 km. A comparison of coordi-
nate solutions based on broadcast and IGS (Interna-
tional GPS Service for Geodynamics) precise orbits for
a similar scale regional GPS network in south Iceland
measured in 1992 (Sigmundsson et al. 1995) suggests



that the coordinate accuracy of the 1987 and 1990 sur-
veys could be improved by only a few millimeters by
the use of precise orbits. This has not been carried
out.

1992-1993

The regional GPS network in north Iceland was re-
measured again in 1992, but the results from this survey
are not reported here. The first measurements to densi-
fy the GPS network at Askja volcano were conducted
during a separate survey in 1992. Four new GPS points,
and the DYNG reference station, were measured 26-29
August, 1992, within 11 km of the center of Askja cal-
dera. Unfavorable weather conditions limited the
measurement period to only three days. A more exten-
sive survey was conducted at Askja volcano on 5-20
August, 1993. During this time 24 GPS points were
measured in and near Askja caldera. Twelve of the
points had been measured at least once before, and 12
new points were installed (Table 1). The points mea-
sured in the 1993 GPS survey are within 15 km of the
center of Askja caldera (Fig. 1). The 1992 and 1993
GPS surveys were conducted and analyzed in the same
manner. Three TRIMBLE 4000 SST GPS receivers
were operated almost continuously during the surveys.
The observation interval was 15 seconds. Each day was
devided into three eight hour long sessions to obtain
independent measurements. Tripods were, however,
not reset between sessions. The reference station,
DYNG, was held fixed and occupied during the entire
survey period. Most other control points were occupied
for three adjacent measurement sessions.

The data were analyzed using Version 3.3 of the
BERNESE GPS software using broadcast orbits.
Broadcast orbits were chosen rather than precise IGS
orbits because of the short baselines occupied and to
provide coordinates directly comparable with the 1987
and 1990 coordinates in the WGS-84 coordinate sys-
tem. The original L1 and L2 phase carrier signals were
combined to obtain the L3 and L5 linear combinations.
The L3 linear combination is almost free of ionospheric
effects and the L5 (wide lane) combination has a much
longer wavelength than L1, L2 or L3. The Saastamoin-
en troposphere model, assuming standard meteorologi-
cal conditions, was used to model atmospheric effects.
Carrier phase cycle slips were mostly fixed automatical-
ly using the program MAUPRP. Few remaining cycle
slips were detected manually using the program XSLIP
(UNAVCO 1991) and subsequently fixed. With the
data free of cycle slips, an L3 solution was calculated
for each measurement session, with unresolved phase
ambiguities using the parameter estimation program
GPSEST. The L5 ambiguities (the difference between
the L1 and L2 ambiguities) were then resolved holding
the coordinates obtained in the previous 13 solution
fixed. The L1 and 12 ambiguities were then resolved
using the L5 ambiguities. The final solution for each
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session is an ionospheric-free solution with fixed phase
ambiguities. The ambiguity resolution was successful
for the 1992 data (92% of the ambiguities could be re-
solved to integers) and for the 1993 data (94% of the
ambiguities could be resolved to integers). The ambigu-
ity resolution caused about 50% reduction in the ses-
sion to session scatter for the horizontal components,
but no improvement occurred for the vertical compo-
nents. To produce final coordinates for each survey, we
used the weighted average of station coordinates from
all sessions.

In 1992 and 1993 each station was occupied for at
least three sessions, providing at least three coordinate
values, and we calculated coordinate residuals from the
weighted average value for each station (Fig. 2). The
average rms value of the session to session scatter, oy,
ter» 1S about 2 mm in the north, east and length direction
and 7 mm in the height direction. The session to session
scatter does not take into account antenna setup errors,
Osetup, Which are correlated during different sessions, as
we used only one antenna setup for each point. We es-
timate these to be about 2 mm at all stations. The esti-
mated total one standard deviation uncertainty in a
point location relative to the base station is

o= |/ Ogcatter +2 Ugetup (1)

where o is the estimated one standard deviation uncer-
tainty. The 2 o%emp accounts for antenna setup errors at
both ends of the baselines. This formula applies to all
the coordinate components: north, east, vertical and
length of vectors from the reference site to the other
sites. For oyewmp=2 mm, we estimate the uncertainty to
be about 4 mm in the north, east and length compo-
nents and 8 mm in height for the 1993 survey. For the
1992 survey we estimate a 1o uncertainty of 4 mm in
the horizontal components and 7 mm in the vertical.
We ignore the correlation between the east and north
coordinate components, as the observed session to ses-
sion scatter is the same for these components. We have
also not considered the formal solution coordinate un-
certainties provided by the BERNESE software, These
are an order of magnitude smaller than the session of
session scatter, but are similar for most of the stations.
The improved accuracy of the 1992 and 1993 data when
compared with the 1987 and 1990 data is caused by im-
proved satellite constellation, shorter baselines and by
longer observation sessions in 1992 and 1993 than be-
fore.

Method of interpretation

The coverage of GPS points near Askja volcano was
very limited before the 1993 survey, and the leveling,
optical tilt and lake level observations still provide bet-
ter information on the source of deformation within the
caldera. From these measurements a pressure source
near the center of the main Askja caldera has been
identified; the GPS data are also consistent with a
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Fig. 2 Session to session scatter of the 1993 final results for the
north, east, line length and height versus line length. Coordinate
residuals from the weighted average solution are shown

source in this location. To limit a wide range of models
consistent with the GPS data, because of the limited
number of remeasured GPS points, we used the pre-
viously determined location of the pressure source as a
constraint in our modeling. We fix a pressure source at
65°3.19" N, 16° 46.10’ W, and at 2.8 km depth, the val-
ues reported by Rymer and Tryggvason (1993), and

solve only for the source strength using the GPS data.
The Mogi model assumes a small sphere with varying
pressure, a point source, in an elastic half-space. The
horizontal, Ad, and the vertical, Ak, displacements on
the surface are (Mogi 1958)

d

_ f
Ah=C (f2+ dz)s/z (3)

where f is the depth to the point source, C is the
strength of the source and d is the horizontal (radial)
distance at the surface from the point source. The
strength parameter equals 3a® AP/4 u where a is the ra-
dius of the spherical source, AP is the change in the
pressure at the source and u is the rigidity of the elastic
half-space. The strength parameter, C, is related to the
vertical displacement at the surface directly above the
point source, Ak, such that C=Ahyf?. The Mogi model
is valid when the ratio (a/f)°<1 (McTigue 1987). As
(a/f)® is still only 0.03 when f=2a, the Mogi equations
apply fairly well for finite sized magma chambers, as
well as for point sources. We use a least-squares criteri-
on to find the best-fitting Mogi source strength, using
both horizontal and vertical displacements relative to
our base station. We vary the value of C to minimize
the x? merit function

N r()bs r) — }Jre r; 2
Xzz'zl <5 P () :" ( C))

4)

where r; is the horizontal location (latitude and longitu-
de) of control point i, &r¢**(r;) is the observed three-
dimensional relative displacement vector at location r;,
and orf™ (r; C) is the predicted relative displacement. N
is the number of relative displacement vectors, and o; is
the uncertainty in 8% (r;). The minimum value for x*
occurs at the bestfitting value for C. If the model is
consistent with the data, and measurement errors are
normally distributed, y? is distributed as a chi-square
distribution with 3 N — M degrees of freedom. 3 N is the
number of vector components that we model and M is
the number of adjustable model parameters, one in this
instance. A variation in C from the best-fitting value,
which will cause an increase in y? from yZ%;, by one, is
an estimate of the 1o uncertainty in the value of C (Be-
vington 1969:243). As the covariance among station
positions during individual surveys is small, because of
the inclusion of a common reference point during all
observation sessions, the covariance of station displace-
ments is also small and ignored here.

Deformation

1987-1990

Comparison of the 1987 and 1990 coordinates reveals
east—west expansion across the plate boundary in north
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Fig. 3 Horizontal displace- T

ments in the period 1987- : isplacement
1990. Modified from Heki et | Lororo: displacem
al. (1993). Circles are ap- (Fieki et al. 1993)
proximate 1o uncertainties, ’
based on formal solution er-
rors of the Heki et al. (1993)
solution scaled to reflect the
session to session scatter.
The radius of the circles rep-
resents the average of the
north-south and east-west
components of errors. In
most cases both components
are similar
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Fig. 4 Horizontal displacement vectors for the period 1987-1990,
excluding points within the plate boundary deformation zone.
The vectors are plotted with a common origin. All vectors point-
ing to the east are from the Eurasian plate, and vectors pointing
west are from the North American plate. Internal deformation
within the plates is insignificant as the approximate 1o error cir-
cles overlap. By averaging the displacements we deduce a spread-
ing rate of 2.4%:0.5 cm/a in the direction N99°E £12° of the Eur-
asian plate relative to the North American plate

Iceland (Fig. 3). We studied a subset of 15 points occu-
pied during these surveys: three are located west of the
plate boundary (on the North American plate), eight to
the east (on the Eurasian plate) and four points are
considered to be located within a plate boundary defor-
mation zone. When displacement vectors are plotted
with a common origin (Fig. 4), it is evident that the ap-
proximate 1o error circles overlap in the areas east and
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Fig. 5 Displacements, with 1o error bars, in direction N106°E,
the NUVEL-1 spreading direction, for the period 1987-1990. Dis-
placements are plotted versus distance from 16°45’ W (a north—
south line crossing Askja). The observed full spreading rate is
2.4 cm/a. We infer that the plate boundary deformation zone is
approximately 30 km wide (shaded). If a constant strain rate is
assumed within this zone, displacements increase linearly with
distance within it. The point within the plate boundary deforma-
tion zone not falling on the same line as the others is affected by
the shallow magma chamber at Askja

west of the plate boundary, consistent with little inter-
nal deformation within the plates. We average the vec-
tors in these areas to estimate the divergence of the
North American plate relative to the Eurasian plate.
The divergence is 24%+0.5cm/a in direction
N99°+£12°E. The NUVEL-1 global plate motion model
(DeMets et al. 1990) predicts a divergence of 1.90 cm/a
in the direction N106°E, a value which is within our
uncertainty limits. Based on the GEONAP displace-
ment solution for the period 1987-1990, Jahn (1992a,
1992b) estimates the divergence to be 2.2+0.3 cm/a in
agreement with our findings. A plot of displacement
versus east-west distance from Askja (Fig. 5) shows
that the full spreading rate is obtained at an east-west
distance of about 15-30 km. We infer that the plate
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boundary deformation zone is about 30-45 km wide at
the present time. The DYNG station close to Askja cal-
dera indicates contraction towards the caldera, but only
at the 1o uncertainty level, caused by deflation in the
1987-1990 period. Within the plate boundary deforma-
tion zone not affected by deflation of Askja volcano,
displacements increase from zero to the full spreading
rate to accommodate the regional extension. As there
are only four GPS points within the plate boundary de-
formation zone, there is limited information on the
shape of the displacement profile within the zone: To a
first approximation we assume a constant strain rate
within the plate boundary deformation zone; accord-
ingly, displacements will increase linearly with distance
from the center of the zone. For a zone 30 km wide
with plate movements of 2.4 cm/a, the strain rate within
the zone is 0.8 pstrain/a.

1990-1993

We initially calculated the displacements of GPS points
relative to the DYNG station, our base station. We
then fitted a Mogi source model to these relative dis-
placements. For each vector component, the 1o dis-
placement uncertainty is estimated as (03900 + 05993) "%,
where o19000 and oy903 are the uncertainties in the 1990
and the 1993 locations. The 1o displacement uncertain-
ties estimated in this way are 12 mm in the horizontal
and 21 mm in the vertical directions. We used five dis-
placement vectors relative to the base station for the
1990-1993 displacement analysis. The minimum y? val-
ue was 13.6 for C=—0.86+0.2x10° m? and the corre-
sponding maximum subsidence, Ahy, was 11%+2.5cm
for the three year period (1o uncertainties). A statisti-
cal chi-square test shows the GPS data are consistent
with the model. The best-fitting model predicts a dis-
placement for the base station of 2.01 cm in direction
266°. This displacement is added to all the relative dis-
placements. The estimated horizontal displacements in
the period 1990-1993 then show contraction approxi-
mately towards the center of the caldera, for two points
located close to the volcano (Fig. 6). More distant
points show displacements more influenced by the re-
gional extension across the plate boundary. The best-fit
Mogi curves show a reasonable agreement in the hori-
zontal component, but a much poorer fit for the vertical
component.

1992-1993

Five points are common to the 1992 and 1993 surveys.
The 10 uncertainties of the displacements for the peri-
od 1992-1993 are estimated 6 mm for the horizontal
component and 11 mm for the vertical. Using the same
approach as for the 1990-1993 displacements, we find
Xnin=10.0 for C equal to —0.43%+0.12x10°m>. The
corresponding maximum  subsidence, Ahy, is
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Fig. 6 a Horizontal displacements in the period 1990-1993. A dis-
placement of 2.01 cm in direction 266° is assumed for the refer-
ence station DYNG, in accordance with a best-fitting Mogi model
as explained in the text. Circles represent approximate 1 ¢ uncet-
tainties based on the average session to session scatter. b Mea-
sured horizontal displacements 1990-1993 versus distance from
point source. Best-fitting Mogi curve, estimated regional defor-
mation based on the 1987-1990 data, and combined Mogi and re-
gional deformation in the spreading direction. ¢ Vertical displace-
ments in the period 1990-1993 versus distance from the point
source

5.5%1.5 cm. The best-fitting vector for the DYNG sta-
tion is 1.01 cm in direction 266°. The general trend of
the deformation is a deflation with increasing vertical
displacement towards the caldera. Three points close to
the caldera show contraction towards the caldera center
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Fig. 7 a Horizontal displacements in the period 1992-1993. A dis-
placement of 1.01 cm in direction 266° is assumed for the refer-
ence station DYNG, in accordance with a best-fitting Mogi mod-
el. Circles represent approximate 1o uncertainties based on the
average session to session scatter. b Mecasured horizontal dis-
placements 1992-1993 versus distance from point source. Best-fit-
ting Mogi curve, estimated regional deformation based on the
1987-1990 data, and combined Mogi and regional deformation in
the spreading direction. Notice a different scale than in Fig. 6. ¢
Vertical displacements 1992-1993 versus distance from point
source

(Fig. 7), but two more distant points show displace-
ments away from the plate boundary due to regional
extension. The best-fit Mogi curves show a good fit for
both the horizontal and the vertical components.

143

Discussion

These deformation data are consistent with two defor-
mation processes acting in the vicinity of Askja volca-
no: extension across the plate boundary and radially
symmetrical deflation caused by pressure decrease at a
shallow depth near the center of the caldera. The 1987-
1990 horizontal displacements of the few control points
within the plate boundary deformation zone are consis-
tent with the linear increase in displacement with dis-
tance from the center of the zone (Fig. 5). The exten-
sional strain rate, &.;, within the zone is then constant

L )

Eext I3

where L is the width of the plate boundary deformation
zone and L is the rate of extension across the zone. For
L=30km and L=2.4cm/a we find &,,=0.8 pstrain/a
in the spreading direction. We have not used the dis-
tance to the center of the Askja fissure swarm (which
strikes about N20°E) in our presentation, rather the
east-west distance to a north-south line going through
the Askja caldera. The reason for this is that the fissure
swarms in north Iceland are arranged in an en echelon
pattern, and we expect the plate boundary deformation
zone to have a more north-south orientation than the
Askja fissure swarm. The NUVEL-1 model predicts a
spreading rate of 1.90 cm/a in direction N106°E at
Askja. Our results imply extension of 2.4+0.5 ¢m/a in
direction N99°+12°E, compatible with the NUVEL-1
model.

The current width of the plate boundary deforma-
tion zone at Askja, 3045 km, is about twice the width
of the Askja fissure swarm. It is much less than the cur-
rent width of the deformation zone at the Krafla fissure
swarm in north Iceland (Heki et al. 1993). Crustal velo-
cities measured there exceed the NUVEL-1 velocities
out to a distance of more than 100 km from the plate
boundary, attributed to post-rifting stress relaxation
after the 1975-1985 Krafla rifting episode (Bjornsson
1985; Foulger et al. 1992; Heki et al. 1993). The dis-
placements observed in the Askja area are not caused
by rifting at Krafla, however. The displacements pre-
dicted by Heki et al. (1993) are very small in the Askja
area, and they are mainly directed northwards. We at-
tribute the difference in the velocity fields at Askja and
Krafla to differences in time since the last rifting epi-
sode in the two areas. The velocity field next to the div-
ergent plate boundaries is expected to be highly time
dependent; high velocities are expected after a rifting
episode and low velocities are expected before a rifting
episode (Heki et al. 1993). At Askja we could be at an
intermediate stage between major rifting episodes, the
last one occurring in 1874-1876. At intermediate times
between rifting events, full plate velocities might be ex-
pected at smaller distances from the plate boundary
than at other times,

The deflation of Askja results in contraction towards
the caldera, whereas the regional deformation is exten-
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sional. We model the two deformation processes as if
they were independent of each other. Points located
approximately along the central axis of the plate
boundary should only be affected by local deformation.
The total horizontal displacement field, on a profile
crossing Askja in the spreading direction, is found by
adding the predicted regional displacements to the
Mogi model displacements. Points at a larger distance
from the point source approach the resulting curve very
well for the 1992-1993 displacements (Fig. 7b), but less
well for the 1990-1993 displacements (Fig. 6b). The
more distant points in the 1990-1993 comparison are
not oriented in the spreading direction N106°E from

the point source, and the displacements of these points .

are thus expected to be less. According to these mod-
els, horizontal displacements on a line from the point
source in the spreading direction are directed outward
from Askja at a distance of >6.5 km for the 1990-1993
data, and >7.5 km for the 1992-1993 data. The exact
location of the cross-over distance is sensitive to the de-
flation rate. This description of the interplay between
local and regional deformation applies between rifting
events. During rifting events this interplay will be mod-
ified when magma is injected to form dikes, causing
compression at the flanks of the rift zone.

The radial strain rate, the derivative of the horizon-
tal radial displacement rate, due to pressure changes in
a shallow magma chamber regarded as a point source
is

, _ C(f*-2d%
Emogi = ( fz + d2)5/2

On a profile perpendicular to the spreading direction
across Askja, this is the only expected strain. On a pro-
file parallel to the spreading direction across Askja, the
regional strain rate adds to the expected strain rate

(6)

)

A plot of the radial strain rate predicted from the best-
fit Mogi model for the period 1992-1993, and the re-
gional strain rate perpendicular to the rift zone ob-
tained from the 1987-1990 measurements, shows that
the regional strain dominates at a distance of ~10 km
from the shallow magma chamber (Fig. 8). High exten-
sional strain occurs in the interval 2.5-6 km from the
magma chamber with a maximum at a distance of ap-
proximately 3.5 km. This is the approximate distance to
the caldera boundary from the point source. Askja has
been regarded as a typical caldera collapse structure
(Saemundsson 1982; Gudmundsson 1988; Sigvaldason
et al. 1992), but based on gravity data Brown et al.
(1991) conclude that downfaulting of a large central
block has not occurred at Askja. Instead the margins
may have partly grown by fissure eruptions, an idea
first proposed by Sigurdsson and Sparks (1978). Both
the hypotheses demand a maximum in the horizontal
tensional stress at the caldera boundary, in a similar lo-
cation to that in which we observe the maximum exten-

Stot = é}nogi + (.C:ext
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CN Tension
L
= 54
2 -10 _E Compression
& 3
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Fig. 8 1992-1993 strain rate according to the besi-fit Mogi model,
and extensional strain rate across the plate boundary according to
the 1987-1990 data (0.8 pstrain/a)

sional strain. The source of the current deflation ap-
pears to be in the same location as the source that
caused the formation of the main caldera of Askja-

The deflation at Askja is caused by a pressure de-
crease at shallow depth, but the cause of the pressure
decrease is still speculative. Tryggvason (1989a) sug-
gested that the observed inflations and deflations at
Askja reflect oscillations of the intensity of convective
currents within the Icelandic mantle plume, requiring
pressure oscillations in the mantle plume to be trans-
mitted to a shallow magma chamber at Askja. Another
explanation may be provided by Einarsson’s (1987a,
1987b, 1991) idea that activity at one volcanic system
influences the activity of neighboring systems. He sug-
gested that the inflation of the Krafla volcano before
and during the Krafla rifting events of 1975-1984 led to
a pressure drop in the mantle, which led to the defla-
tion of the crustal magma chambers of neighboring vol-
canoes. The model was suggested to explain the appar-
ent deflation of the Bardarbunga volcano (shown in
Fig. 3), 110 km south of Krafla, but may equally well be
applied to Askja, which is located between Krafla and
Bardarbunga. Other explanations should also be con-
sidered for pressure changes at shallow depth at Askja,
explanations that do not require magma to leave a shal-
low magma chamber. These include the effects of crys-
tallization and cooling of the magma and host rock,
which will cause volume contraction and pressure de-
crease. Also, tensional stress concentration around a
shallow magma chamber at Askja due to regional ex-
tension across the plate boundary could cause the de-
flation of Askja volcano. Magma chambers of volca-
noes on extensional plate boundaries are continuously
being pulled apart to some degree, so long-term contin-
uous subsidence might be the natural state of such vol-
canoes, even if no magma leaves their magma cham-
bers.



Conclusions

East-west expansion across the Askja fissure swarm in
the period 1987-1990 is estimated to be 2.4£0.5 cm/a in
the direction N99°+12°E, and the plate boundary de-
formation zone in the Askja area is currently 3045 km
wide. Point source modeling applies well to horizontal
displacements near Askja in the period 1990-1993, and
to horizontal and vertical displacements in the 1992-
1993 period. The maximum inferred subsidence in the
three year period 1990-1993 is 11£2.5cm, and
55%+1.5¢cm in the period 1992-1993. The variation in
deflation rate between the two periods is insignificant,
within the 1o uncertainties. According to previous
geodetic work in the area, continuous deflation of Askja
has been in progress at least since 1983. A maximum
in extensional strain accumulation, according to the
best-fit Mogi model, occurs at a distance of 2.5-6 km
from the point source, in a similar location to the main
caldera boundary. Horizontal displacements of points
more than 8 km from the caldera center are clearly in-
fluenced by the regional stress field, and currently the
regional plate boundary strain field dominates the local
magma chamber strain field at a distance of about
10 km or more from Askja.
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