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Abstract.

A decade-long rifting episode that began in the Krafla volcanic system, north
Iceland, in 1975 caused substantial, regional, postevent anelastic deformation. This
was modeled as viscous relaxation in an elastic/viscoelastic structure by Hofton and
Foulger [this issue]. The results from modeling the deformation detected in north
Iceland have far-reaching implications both for local and regional processes and
for the fundamental behavior of deformation around spreading plate boundaries in
general. Tilt in the vicinity of the Krafla volcano fits the model well after 1988/1989
which suggests that the volcano magma chamber stopped inflating/deflating in
1988. A viscosity of 0.8 x 10'® Pa s was required to match the local tilt data, less
than that predicted for north Iceland as a whole. Vertical motion measured using
the Global Positioning System (GPS) 1987-1992 around the ice cap Vatnajokull
is inconsistent with isostatic uplift. Using the elastic-viscoelastic model to predict
motion in other regions of Iceland suggests that the deformation effects of the
Krafla episode are significant in many parts of Iceland and should be taken into
account when modeling deformation there. Though not a realistic plate boundary
model, interesting complexities of the elastic-viscoelastic model are highlighted by
deformation modeling of an infinitely long dike. This predicts that the amount of
horizontal displacement close to the dike may exceed the amount of initial dike
opening early in the spreading cycle. A more realistic approximation to the plate
boundary in north Iceland, involving five overlapping segments that experience dike
emplacements at discrete intervals, suggests that the width of the zone within which
transient, time-dependent deformation occurs may be several hundred kilometers
wide, considerably wider than the neovolcanic zone. A kinematic approach to
describing plate motions is not appropriate close to spreading plate boundaries and
elsewhere where the viscosity of the Earth is low.

Introduction

The Northern Volcanic Zone (NVZ) of Iceland is the
locus of the present-day spreading plate boundary in
north Iceland. It comprises five en échelon volcanic
systems, each containing a central volcano within a fis-
sure swarm (Figure 1). Rifting is episodic in Iceland.
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In the NVZ it occurs about every 100-150 years, and
only one spreading segment is thought to be active at
a time [Bjornsson, 1985]. During a rifting episode, sev-
eral meters of extension may occur in the fissure swarm
over a period of a few years [Bjérnsson et al., 197T;
Sigurdsson and Sparks, 1978]. Such a rifting episode
began in the Krafla volcanic system in 1975 and lasted
about a decade [Bjérnsson et al., 1977]. Major dike in-
jections in the Krafla fissure swarm caused as much as
9 m of extension at the surface, accompanied by a sim-
ilar amount of compression of the plates on either side
le.g., Bjornsson, 1985; Gudmundsson, 1995]. Extensive
Global Positioning System (GPS) measurements made
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Figure 1. Map of Iceland showing the GPS points, two of the five en échelon volcanic systems
of the Northern Volcanic Zone (NVZ), the Krafla and Askja volcanic systems, and features and
place names referred to in the text. Inset shows the neovolcanic zone in Iceland.

after the episode in 1987, 1990, and 1992 detected sub-
stantial, regional, anelastic expansion [Foulger et al.,
1992; Heki et al., 1993; Jahn et al., 1994; Hofton and
Foulger, this issue] at rates up to several times the time-
averaged plate spreading rate of 1.8 cm/year [DeMets
et al., 1994].

The deformation field was interpreted as viscous re-
laxation of stress loaded on the region by the recent
dike emplacements [Foulger et al., 1992; Heki et al.,
1993]. Hofton and Foulger [this issue] modeled this
postrifting stress redistribution using a structure in-
volving an elastic layer overlying a viscoelastic half-
space in which gravitational effects were included. A
thickness of ~10 km for the elastic plate, a viscosity
of 1.1 x 108 Pa s, and an effective Maxwell relaxation
time of 1.7 years for the north Iceland region were cal-
culated, along with the dimensions of the dike intruded
during the Krafla rifting episode.

In this paper we explore the implications of the elast-
ic-viscoelastic model for both local and regional defor-
mation in Iceland and for plate boundary processes in
general. Models of tectonics at spreading plate bound-
aries have been hitherto heavily influenced by kinematic
models that envisage continuous motion within a plate
boundary region and the concept of events, e.g., earth-
quakes and dike intrusions, occurring in isolation. Ideas
on the interdependence of plate boundary segments,
triggering of events, and cyclic processes have been men-
tioned but rarely modeled quantitatively. The postrift-
ing deformation observed in north Iceland enabled us to
model part of the spreading cycle in detail and suggests
important implications for both local deformation in
north Iceland and plate kinematics in general. The pre-

dictions of this basic model can be tested where other
observational data exist and, in future, using rapidly
emerging new technologies, e.g., laser altimetry, syn-
thethic aperture radar, and seafloor geodesy.

Implications for Local Processes
in Iceland

Apparent Postrifting Inflation and Deflation
of the Krafla Magma Chamber

Since 1986 an array of ground tiltmeters has been
operated continuously in the Krafla area in order to
monitor continued activity in the volcano. Data from
these meters, which are all within 15 km of the Krafla
caldera, indicate uplift and and subsidence that is vari-
able both temporally and spatially [Tryggvason, 1994].
From early 1985, when the Krafla rifting episode es-
sentially ended, to the end of October 1986, vertical
ground movements at stations within 5 km of the Krafla
caldera were negligible. From the end of October 1986
to March/April 1987, uplift occurred with the rate slow-
ing until early 1989 when the sense of motion reversed
and subsidence began. Subsidence continued until 1992.
Stations 5-9 km from the caldera underwent uplift from
1985 to 1989 followed by no motion or very slight sub-
sidence from 1989 to 1992. Stations more than 9 km
from the caldera uplifted from 1985 to 1989 followed by
no detectable motion from 1989 to 1992 [Tryggvason,
1994]. These observations were interpreted as indicat-
ing inflation of the Krafla magma chamber from 1985
to 1989, deflation of this same chamber from 1989 to
1992 accompanied by inflation of some deeper source,
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and subsidence in the fissure swarm from 1985 to 1992
[Tryggvason, 1994].

Much of the ground tilt in the vicinity of the Krafla
magma chamber following the end of the dike injec-
tion episode can be explained by viscous relaxation fol-
lowing the Krafla rifting episode. In order to fit the
local tilt data, it was necessary to model the Krafla
episode in more detail than was required to fit the re-
gional GPS-determined deformation field [Hofton and
Foulger, this issue]. Six discrete dikes, injected over a
5-year period were modeled, corresponding to the De-
cember 1975, October 1976, September 1977, January
1978, July 1978 and March 1980 events [e.g., Trygguva-
son, 1984]. The injection history was in reality more
complicated than this [see, e.g., Gudmundsson, 1995],
but the simplification used here is adequate for mod-
eling purposes. The modeled dikes had thicknesses of
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2.5m,1.2m, 1.5m, 1.2 m, 2.4 m, and 2.3 m and lengths
of 44 km, 23 km, 38 km, 34 km, 35 km, and 34 km, re-
spectively (dimensions inferred from the data of Tryg-
gvason [1984]). The modeling method used was the
same as used by Hofton and Foulger [this issue] to model
the regional deformation field. The vertical motion was
predicted for six, year-long intervals from 1986 to 1992
(Figure 2). A viscosity of 0.8 x 10'® Pa s was required
to match the observed tilt data (Figure 3). This value
is somewhat lower than the viscosity of 1.1 x 10'® Pa s
used for the regional model [Hofton and Foulger, this
issue]. Nevertheless, it is to be expected that the vis-
cosity locally beneath the plate boundary, where hot
material is thought to upwell, is somewhat lower than
the regional average.

The results show that viscous relaxation following the
Krafla rifting episode can account well for the observed

1987-1988

Vphit (e
QY2 > a5

s %

A

1989-1990

n
<4
/E‘(’
2("
%
pﬂ

1991-1992

Tpiain (o)
A\ TR We M S Y

Flgure 2. Predicted vertical motion during six, year-long intervals from 1986 to 1992 within a
40 km? area around the southern end of the dike intruded into the Krafla segment. The Krafla
central volcano is situated at £ = y = 0. The position of the dike is shown lightly shaded.
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Figure 3. (a) Map of the Krafla area showing optical leveling tilt stations. The center
of the Krafla central volcano is located at = y = 0. Observed ground tilt from 1982 to 1992 and
simulated tilt from Figure 2 are shown at optical leveling stations at distances of (b) less than
5 km, (c) 5-9 km, and (d) >9 km from the center of the volcano. The scale bars center left give
the (variable) tilt scales. Increasing uplift is to the east (top curves) and north (bottom curves).
The solid circles and open stars show the observed and simulated east tilt, and the open circles
and solid stars show the observed and simulated north tilt. The observed tilt data and station
locations are taken from Tryggvason [1994].
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tilt data after late 1988 /early 1989, and indeed, the pre-
dicted motions resemble strikingly those expected for an
active (i.e., inflating and deflating) magma chamber.
The model cannot account for the tilts prior to this
time which must be due to some other process, e.g.,
inflation of the Krafla magma chamber [Tryggvason,
1994]. These results suggest that the Krafla magma
chamber may have ceased its recent phase of activity in
late 1988/early 1989.

Isostatic Uplift Around the Ice Cap Vatnajokull

Isostatic uplift is predicted to be occurring currently
in southeast Iceland [Sigmundsson and Einarsson, 1992
following deglaciation since about 1930 when the ice cap
Vatnajokull (Figure 1) began retreating in the wake of
the Little Ice Age (~1450-1850) [Grove, 1988]. The
area and volume of Vatnajckull are estimated to have
decreased by 300 km? and 180 km?, respectively, since
1930, inferred from estimates of length changes of outlet
glaciers and Landsat images [Sigmundsson and FEinars-
son, 1992]. Modeling the Earth as a Newtonian viscous
fluid half-space overlain by an elastic layer and assum-
ing a spherical ice cap predicts 11.4 cm/year of thinning
within the innermost 35 km of the ice cap, 23 cm/year
between 35 and 47.5 km, and 57 cm/year from 47.5 to
52.5 km. This volume decrease is predicted to result
in surface uplift immediately around Vatnajokull at a
rate of 5-10 mm/year at the present time and tilt away
from the ice cap if the viscosity of the asthenosphere
beneath Iceland is in the range 1 x 1085 x 10!° Pa s
[Sigmundsson and Einarsson, 1992].

Figure 4a shows the vertical motions detected us-
ing GPS for the period 1987-1992, after removing the
effects of the recent Krafla rifting episode and other
tectonic events, described by Hofton and Foulger [this
issue]. For comparison, Figure 4b shows the vertical
motions at the GPS points predicted using the glacio-
isostatic rebound model of Sigmundsson and Einarsson
[1992]. Using a viscosity of 1 x 10'® Pa s, uplifts of
up to 16 cm are predicted for the points closest to the
northern and southern edges of the ice cap (Figure 4b).
Predicted motion decreases with distance to reach zero
at about 50 km from the perimeter of Vatnajokull. The
majority of points in the network are thus unaffected
by isostatic uplift according to this model. Viscosities
of 1 x 10'® Pa s and 5 x 10! Pa s would predict up-
lift of up to 23 and 8 cm, respectively, at the points of
the GPS network and similar patterns of deformation
to that shown in Figure 4b.

A comparison of Figures 4a and 4b clearly shows
that the vertical motions observed for 1987-1992 us-
ing GPS bear little resemblance to those predicted by
the isostatic uplift model. A circular pattern of up-
lift about Vatnajokull is predicted, whereas the domi-
nant observed vertical deformation pattern is regional
tilt up to the NNE. Only the motion at point Hofn
(Figure 1) shows substantial uplift relative to, say, in-
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traplate points distal to the west and east. Observa-
tional evidence cited in support of glacio-isostatic uplift
around Vatnajokull comes from two sources. First, rel-
ative strandline elevations around Lake Langisjor (Fig-
ure 1), a glacial lake at the southwestern edge of Vat-
najokull, indicate recent tilt upward toward the ice cap
[Sigmundsson and FEinarsson, 1992]. Second, recent
shallowing of the harbor at Hoéfn, on the southeastern
edge of Vatnajokull, was suggested to indicate uplift
[Einarsson et al., 1996). The GPS results confirm these
two observations. Uplift of Hofn is observed to have pro- -
ceded at a rate of about 1.5 cm/year for 1987-1992, and
the regional deformation pattern is consistent with up-
lift to the northeast for points southwest of Vatnajokull.
However, the regional deformation pattern provides no
evidence for systematic isostatic uplift centered on Vat-
najokull.

Secular Deformation in Iceland

Traditional interpretations of motion around plate
boundaries often involve identifying a zone within which
transient, time-dependent motion occurs and outside of
which motion is assumed to be continuous. Consider
the deformation around the Askja volcanic system (Fig-
ure 1). An analysis of a subset of 15 of the GPS points
occupied during 1987-1990 in the Askja region was used
by Camitz et al. [1995] to infer the existence of a 30—
45 km wide zone in the Askja volcanic system, within
which the transient deformation signals of episodic mo-
tion are detected and beyond which points move at the
full spreading rate. However, all of the displacement
in the region can also be explained as viscoelastic stress
redistribution following the recent Krafla rifting episode
at better than the 20 level (Figure 5).

Deformation Elsewhere in Iceland

The best fit viscoelastic stress redistribution model
for the 1987-1992 deformation field in north Iceland
[Hofton and Foulger, this issue] was used to predict mo-
tion from the recent Krafla rifting episode in the Tjornes
Fracture Zone (TFZ), the Askja area, the Eastern Vol-
canic Zone (EVZ), the Western Volcanic Zone (WVZ),
the South Iceland Seismic Zone (SISZ), and the Reyk-
janes Peninsula for 1987-1992 (Figure 6). The displace-
ments in each region are shown relative to an arbitrary
point approximately in the center of each simulated re-
gion. The TFZ was affected most by the recent rifting
episode since it is closest. However, substantial dis-
placements are also predicted in the Askja area and the
EVZ. The WVZ and the SISZ were also affected but to
a much lesser degree than areas closer to the Krafla seg-
ment. Very little motion is predicted as far away as the
Reykjanes Peninsula. Thus the effects of tectonic pro-
cesses in nearby regions should be taken into account
when modeling the total deformation field.
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Figure 4. (a) The residual vertical detormation field for 1987-19Y2 atter subtracting the ettects
of rifting events, large earthquakes, and deflations of the Askja magma chamber [Hofton and
Foulger, this issue]. The lo errors are at the 2-cm level. Measurement points are located at
the intersections of lines and motion in between has been estimated by bilinear interpolation.
The scale bar at right gives vertical displacement in centimeters. (b) Vertical displacements for
1987-1992 predicted for points of the GPS network as a result of isostatic uplift in south Iceland
following the removal of iceload during this century, estimated using the model of Sigmundsson
and Einarsson [1992] for a viscosity of 1 x 10'® Pa s. The ice cap center is at 16.68°W, 64.40°N.
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Implications for the Spreading Process
in General

-  Temporal Evolution of the Large-Scale
r Deformation Field and Crustal Motion Rates

Large-scale, long-term deformation following dike em-
placement is modeled using the elastic-viscoelastic mo-
del and an infinitely long dike. This approach is used

"in order to highlight some of the interesting complexi-
ties of the model only. Our representation of the plate
80 -70 -60 -50 -40 -30 20 -10 0 10 20 30 40 so 6o Poundary asan inﬁn.itely long dike is clea?ly lfr;reali.stic
Distance from 16°45°'W (km) since plate boundaries are segmented, with intrusions

rarely occurring on several segments simultaneously. In

Figure 5. Observed and predicted displacements of the following section the plate boundary is represented
points within the Askja region for 1987-1990 in the di- using the more realistic system of five overlapping dikes
rection N106°E (the NUVEL-1A spreading direction) on which emplacement occurs at discrete time intervals.
against distance. The effects of tectonic events other The model predicts that the deformation field will
than the recent Krafla rifting episode have been sub- vy with time. This is illustrated for the infinitely

tracted from the observed displacements; 1o error bars R :
are shown. The shaded region highlights the width z]ong f())( ?)1(1)15 le dlkﬁ n Flg'ure}sl 7 z&ndﬁS overl tlnigsca}c(.es of
of the “plate boundary zone” and the solid, straight to 10,000 74, where 7, 1s the eftective relaxation time,

line represents the plate rate inferred by Camitz et al. 7o = 2n/pn, m is the viscosity, and ps is the rigidity of
[1995]. The irregular line indicates the displacements the half-space. The elastic (codike injection) horizontal
predicted by the model of postrifting viscoelastic relax- displacements are large close to the dike and decrease
ation following the recent Krafla rifting episode [Hofton  rapidly with distance (Figure 7a). The postdike injec-
and Foulger, this issue]. tion response shows a general increase in accumulated
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Figure 6. Predicted displacements for 1987-1992 in the Askja area, the Tj6érnes Fracture Zone
(TFZ), Eastern Volcanic Zone (EVZ), Western Volcanic Zone (WVZ), South Iceland Seismic
Zone (SISZ), and on the Reykjanes Peninsula as a result of the recent Krafla rifting episode.
The Krafla dike is shown shaded, with the Krafla volcano positioned at z = y = 0. The outer
boundary of the neovolcanic zone is shown by the dashed line. The scale vector lower right gives
the displacement in centimeters.
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displacement over time at large distances. Very close
to the dike (at distances less than 10 km) the initial
outward direction of postdike injection displacement re-
verses early on, and motion is inward toward the dike
thereafter. At intermediate distances (~20-150 km) the
motion is complex and variable. Large displacements
outward from the dike occur early on, but later (~107,
after the event) the postdike displacement begins to de-
crease (Figure 7a).

Codike injection subsidence is predicted within ap-
proximately 20 km of the dike, which decreases rapidly
with distance (Figure 7b). The postdike injection mo-
tion is in the opposite sense with uplift occurring in the
vicinity of the dike, the amount of which increases with
time. A pattern of local subsidence and uplift farther
away is predicted at 10-150 km on either side of the
dike that migrates out with time. No significant verti-
cal motion is predicted farther than 150 km from the
dike.

Anelastic deformation resulting from the intrusion
of an infinitely long dike causes horizontal displace-

HOFTON AND FOULGER: IMPLICATIONS OF ICELAND SPREADING MODEL

ments outward from the dike to accumulate at all dis-
tances shortly after the intrusion (Figure 8a). This re-
sults in the rather surprising phenomenon of excess dis-
placement in the flank areas (at distances of less than
~150 km from the dike in this case). This appears to be
a result of postdike injection extension in the top of the
viscoelastic region as a result of increased extensional
stresses there caused by the dike emplacement. The
amount of displacement in the flank areas decreases at
various times, depending on distance (Figure 8a), and
after a long period the accumulated displacement at all
distances is approximately equal to the amount of dike
opening. Within 350 km of the dike the amount of dis-
placement is underestimated by a few percent, a result
of the boundary conditions used in the model [Hofton,
1995].

Postdike injection anelastic vertical deformation ca-
uses the initial subsidence to decrease over time in the
vicinity of the infinitely long dike (Figure 8b). Ad-
ditional subsidence accumulates at distances of ~20-
120 km. After a long time, net subsidence is predicted
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Figure 7. Predicted (a) horizontal and (b) vertical displacement including the elastic response
and the postdike injection displacement (¢ > 0) due to an infinitely long dike using the elastic-
viscoelastic model. Model parameters are H = W = 10 km, p; = 2.8 g/cm?, p; = 3.1 g/cm?,
w=2.7x 101° Pa, \; =4.9 x 10!° Pa, up =4.1 x 10'° Pa, A\; =9.9 x 10!° Pa, and 3 = 90° [Hofton
and Foulger, this issue]. The small oscillations in Figure 7b when y > +300 km are due to the
fineness of the integration interval, the level of which is set to produce a practical computation
runtime (no more than a few hours using a Sparc station 10).
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Figure 8. Same as Figure 7, except total (elastic plus viscoelastic) displacement from ¢t = 0 (a)

horizontal and (b) vertical.

within ~100 km of the dike, with local, relative uplift
within ~20 km of the dike.

To highlight further some of the interesting complexi-
ties of the model, the evolution of the displacement field
with time is illustrated (Figure 9). Following a single
event on an infinitely long dike, the same amount of
horizontal displacement eventually occurs everywhere
as a result of stress redistribution in the viscoelastic
half-space. However, the evolution of the displacement
field with time depends on distance from the boundary.
Close to the plate boundary very little transient motion
is observed (Figure 9a), and the majority of the final
displacement occurs at the time of the event. Farther
away from the plate boundary (e.g., at ~15 km), the to-
tal amount of displacement increases until ~107, after
the event. The amount of displacement then decreases
until ~307, at which time the amount of displacement
begins to increase again. The maximum amount of dis-
placement occurs at ~1007, after the event and exceeds
the amount of dike opening by ~35%. This general
displacement pattern occurs at all points out to dis-
tances of ~150 km from the boundary, with the am-
plitude of the displacements decreasing with distance.
Beyond distances of ~150 km from the boundary, e.g.,
at ~210 km, little excess displacement occurs and a

simple pattern of evolution of displacement with time
is predicted. There, the displacement curve can be di-
vided into two stages. In the first stage the displacement
quickly increases to near its maximum value (within
~157, of the event). Following this the rate of motion
greatly decreases as the total displacement reaches its
final and maximum value over the next ~507,.

The vertical field shows that within ~120 km of an
infinitely long dike, net subsidence is predicted follow-
ing a single intrusion (Figures 8b and 9b). Close to the
dike (within ~15 km) uplift then occurs until ~257,,
at which time subsidence resumes. Uplift is again pre-
dicted after ~1007,. Between 30 and 90 km from the
dike axis the amount of subsidence progressively in-
creases to a maximum at ~507,. At distances of greater
than ~120 km vertical motions in response to the in-
trusion are small. '

A deformation rate that is highly variable spatially
and temporally and also varies in sign is thus predicted
by the model. Close to the axis a maximum expansion
rate of ~60 cm/7, is predicted shortly after the event
(Figure 10). This quickly decreases and within ~27, of
the event, contraction at a rate of up to 10 cm/7, is
predicted within ~120 km of the dike. The direction of
motion then reverses again and at 57, after the event
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Figure 9. The variation of total displacement (elastic plus viscoelastic) with time due to a single
dike injection event in (a) the horizontal and (b) the vertical direction from t = 0 for a suite of
distances. Model parameters are identical to those used for Figure 7.

expansion at a rate of up to 9 cm/7, occurs. The rate
of motion subsequently decreases, and at ~50 7, after
the event it decays to ~1 cm/7,. The rate decreases to
zero at all distances within ~1007, of the event. Rever-
sals of the direction of motion occur out to distances of
~120 km.

A Segmented Plate Boundary Model

We now represent the plate boundary in north Ice-
land using a reasonably realistic system of five over-
lapping segments in which dike emplacements occur at
discrete time intervals. Each dike is 120 km in length
and successive dikes overlap by 20 km at each end (Fig-
ure 11a). Five meters of opening occur during each in-
trusion event, except in regions of overlap where 2.5 m
occur. Thus, after a time 5007,, the total amount of
opening is identical at all points along the five segments,
except in the far north and south of the system, where
the model terminates. In reality, the model would con-
nect to other parts of the plate boundary, but these are
not modeled here. Dike intrusions occur every 507,,
from t=0 to t=5007, (Figure 11a). The total horizon-

tal and vertical displacements with respect to time were
calculated, and profiles were plotted through the center
of segment 3 (Figure 11a). This approach is a simplifi-
cation of plate boundary processes and conditions. For
example, only intrusions within a small (520-km-long),
region of the plate boundary are modeled, other orders
of dike intrusion could occur, and regional variations in
structure occur in reality. However, interesting effects
are illustrated by this approach.

The pattern of motion varies with time and distance
from the axis (Figures 11b and 11c). Horizontal mo-
tion at the boundary is highly episodic, with most of
the motion occurring at the time of an event on seg-
ment 3 and little or none when the neighboring seg-
ments spread (Figure 11b). Farther away (e.g., ~30 km
from the boundary) rapid, step-like motion occurs at
the time of an event on segment 3 and variable though
smoother motion at the times of intrusions on other
segments. At larger distances (e.g., ~90 km) from the
boundary a similar though attenuated pattern of mo-
tion occurs, and at distances of over 200 km from the
plate boundary, the motion when segment 3 undergoes
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intrusion is little different from that when the other seg-
ments spread.

Close to the dike subsidence is predicted at the time
of an event on segment 3, with small amounts of up-
lift ocurring when neighboring segments spread (Fig-
ure 11c). Farther away uplift is predicted at the time
of intrusions on all segments, and the pattern of mo-
tion is not greatly affected by which segment underwent
spreading.

Using this model, the total horizontal displacement
at all distances is not the same (Figure 11b). When
y > 0, motion is underestimated. This is because of
the absence of events outside of the modeled 520-km-
long section of the plate boundary. Nevertheless, the re-
sults give valuable insights into deformation around real
spreading plate boundaries. Within 200 km of the plate
boundary the pattern of motion is strongly affected by
which segment spread. High rates of motion occur just
after spreading on the segment across which the profile
is measured, and lower rates occur if a segment farther
along-strike on the boundary spread. This distinction
becomes small 200 km from the plate boundary. Motion
is nevertheless predicted to be variable out to at least
200 km from the boundary, with rapid motion following
a dike intrusion and little or none just before the next
intrusion.

A relaxation time of ~1.7 years is indicated for north
Iceland by the best fit model to the 1987-1992 GPS
measurements [Hofton and Foulger, this issue]. The
event recurrence time in the NVZ is thought to be about
100-150 years [Bjornsson, 1985] and five en échelon
systems exist in this region; thus our simple model is
broadly analogous to the morphology and behavior of
the NVZ. Recent preliminary results from GPS mea-
surements in 1993 and 1995 indicate motion rates of up
to 4 cm/year for the period 1993-1995 from -200 km to
+150 km either side of the plate boundary, i.e., twice
the time-averaged spreading rate (C. Volksen, personal
communication, 1996). These observations support the
results of this modeling.

Discussion
Crustal Deformation and Tectonics in Iceland

Postrifting viscous stress redistribution on a regional
scale can explain the tilt observations in the Krafla area
since 1988/1989. These tilt measurements were pre-
viously interpreted as continued activity in the Krafla
magma chamber or in some deeper chamber [ Tryggva-
son, 1994]. The current analysis indicates, however,
that the recent phase of activity may have ended in
1988/1989. A few centimeters of uplift near to Krafla
may thus have occurred as a result of magma chamber
inflation there between 1987 and 1988/1989 and should
be taken into account in future modeling of the 1987—
1992 deformation field.

Stress redistribution following large volcano-tectonic

events may be taken to indicate that the volcanic haz-
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ard is greater than it really is. This is because tran-
sient viscoelastic motion may cause surface deforma-
tions that resemble and are mistakenly interpreted as
magma chamber inflation and deflation. Clearly, the
contribution to surface deformation of viscous stress re-
distribution following the movement of molten rock sub-
surface, for example, into a magma chamber or forming
dikes, should be taken into account before concluding
that a volcano still constitutes a great volcanic hazard
long after the eruptive/intrusive activity is over.

Significant, unexplained vertical motion observed a-
round the ice cap Vatnajokull during 1987-1992 fits
very poorly the model of isostatic uplift centered on the
present ice cap suggested by Sigmundsson and Einars-
son [1992]. Future measurements of the GPS points in
this area to improve the accuracy of the vertical veloc-
ity field will be important in confirming or otherwise the
occurrence of isostatic adjustments around Vatnajokull.

The two interpretations presented of the motion a-
round Askja, the “continuous plate motion” model of
Camitz et al. [1995] and that of viscous relaxation pre-
sented here, correspond respectively to kinematic and
physical modeling approaches. The kinematic approach
is merely a method of describing many velocity observa-
tions in greatly summarized form. It has been shown by
geological studies to be appropriate for motion over very
long (geologic) times, and by Very Long Baseline Inter-
ferometry (VLBI) and Satellite Laser Ranging (SLR)
measurements to well describe the relative motion be-
tween distant plate interiors. The present work suggests
that such an approach may be inappropriate to closely
spaced points in zones bounding the plate boundary,
in as much as it may fit the deformation field poorly
and only at certain times, and has no predictive capa-
bility. Furthermore, such an approach gives no phys-
ical insight. The results from the Askja system for
1987-1990 demonstrate that motion that coincidentally
agree approximately with the average plate rates may
be observed at certain places and times between rifting
episodes. The regional deformations detected in north
Iceland for 1987-1992 shows that motion may deviate
radically from these rates [Foulger et al., 1992; Hek: et
al., 1993; Jahn et al., 1994; Hofton and Foulger, this
issue].

The model predictions show that the effects of the re-
cent Krafla rifting episode are significant in many parts
of Iceland and should be taken into account when mod-
eling deformation there. Other large, historical events
will also contribute to current deformation in various
parts of Iceland, for example, large, historical earth-
quakes in the SISZ.

The results of this analysis suggest that plate motion
is variable out to distances of at least 200 km from the
spreading plate boundary in north Iceland. Thus GPS
surveying there and in similar regimes should not be di-
rected at refining estimates of time-averaged spreading,
nor should the results be interpreted as such. The time
since the last very large event may be more important.
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The amount by which viscoelastic stress redistribution
perturbs the “continuous plate rate” becomes smaller as
the relaxation time increases. Thus this process is most
important for areas with low viscosity (short relaxation
times) and of lesser importance where the viscosity is
high (long relaxation times), e.g., continental areas.

Style of Deformation at Spreading Plate
Boundaries

The pattern of deformation at spreading plate bound-
aries is predicted to be much more complicated than
hitherto expected, including “dynamic overshoots” wh-
ere the amount of displacement exceeds the amount of
initial dislocation and a subsequent decrease in displace-
ment. This pattern of motion needs to be tested by ob-
servations. If correct, it suggests that subsidiary “op-
posite” tectonics may occur (transient compressional
deformation at spreading plate boundaries, transient
extensional deformation at compressional plate bound-
aries). The width of the zone of cyclic stress around
spreading plate boundaries may be of the order of hun-
dreds of kilometers wide, depending on viscosity and the
thickness of the elastic layer, and this has implications
for tectonic interpretations of seafloor morphology and
assumptions about the width of the tectonically active
zone.

The periodic decreases in magnitude of horizontal
motion predicted to follow dike injection is a very sur-
prising result that is predicted by the physics of the
model [Hofton, 1995]. The correct working of the pro-
gram was verified by exhaustive tests of behavior at the
limits and comparison with the analytical formulae of
Okada [1985) [Hofton and Foulger, this issue]. We are
therefore confident that the results are correct and not
an artifact of the programming, but they are surprising
and counter intuitive. Confirmation of the results by
duplication using an independent method or by contin-
ued field observations of the Krafla postdike injection
deformation field are thus important areas for future
research.

Conclusions

1. Modeling postrifting deformation in north Ice-
land has important implications for local and regional
processes and for the behavior of deformation around
spreading plate boundaries in general.

2. The recent phase of activity of the Krafla volcano
stopped in 1988/1989.

3. A slightly lower viscosity is predicted locally be-
neath the Krafla volcano than for north and east Iceland
as a whole.

4. The 1987-1992 GPS results reported by Hofton
and Foulger [this issue] do not support isostatic uplift
centered on the ice cap Vatnajokull.

5. The elastic-viscoelastic model predicts that excess
horizontal motion occurs in some areas following the
. emplacement of an infinitely long dike, followed by a
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decrease in magnitude of the motion, such that after a
long time the average horizontal motion at all points is
the same. Subsidence is predicted within ~120 km of
the dike for a 10-km-thick elastic layer.

6. Motion out to at least 200 km from the plate
boundary in north Iceland is variable, with rapid motion
following a dike intrusion and the rate of motion being
small just before the next intrusion. Within 200 km the
pattern of motion is affected by which segment of the
plate boundary spread.
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