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Crustal deformation near Hengill volcano, Iceland 1993-1998:
Coupling between magmatic activity and faulting inferred
from elastic modeling of satellite radar interferograms

Kurt L. Feigl,! Jérome Gasperi,? Freysteinn Sigmundsson,® and Alexis Rigo'

Abstract. Tectonic activity in the Hengill volcanic area in southwestern Iceland accelerated
in July 1994, when an unusually persistent swarm of moderate-sized earthquakes began.
Although the largest events were magnitude 5, the pattern of upward crustal deformation
at 2 cm/yr indicates that most of the activity is related to inflation of a magma chamber
at depth. To monitor this activity, we analyze synthetic aperture radar (SAR) images
acquired by the ERS-1 and ERS-2 satellites between July 1993 and September 1998
using interferometry. Interferograms composed of images acquired during the snow-free
summer months remain coherent on Holocene lava flows, even after 4 years. Some of the
interferograms show a discontinuity in the fringe pattern, which we interpret as 8 mm of
(aseismic) dip slip on a 3-km-long segment of a N5°E striking normal fault, part of which
had been mapped previously. This slip must have occurred between July 31 and September
3, 1995 (inclusive), and has been confirmed by observations in the field. The predominant
signature in all the interferograms spanning at least 1 year, however, is a concentric fringe
pattern centered just south of the Hrémundartindur volcanic center. This we interpret
as mostly vertical uplift caused by increasing pressure in an underlying magma source.
The volume source that best fits the observed interferograms lies at 7 & 1 km depth and
remains in the same horizontal position to within 2 km. It produces 19 &+ 2 mm/yr of uplift.
This deformation accumulates as elastic strain energy at a rate 2.8 times the rate of seismic
moment release. Accumulated over 5 years, it increases the Coulomb failure stress by > 0.6
bar in an area that includes some 84% of the earthquakes recorded between 1993 and 1998.
Under our interpretation, magma is injected at 7 km depth, just below the seismogenic zone
formed by colder, brittle rock. There the inflation induces stresses that exceed the Coulomb

failure criterion, triggering earthquakes, possibly in a cyclical fashion.

1. Introduction

The Iceland hotspot lifts the Mid-Atlantic Ridge above sea
level, exposing it to view and offering a unique opportunity
to study the mechanical coupling between magmatic activity
and faulting. Here we use interferometric analysis of syn-
thetic aperture radar images (INSAR) acquired by satellite
to test the hypothesis that increasing magma pressure below
the Hengill volcanic area can trigger earthquakes on nearby
faults.

The average spreading rate in south Iceland, 18.6 mm/yr,
affects two parallel rift zones, known as the Western and
Eastern Volcanic Zones (WVZ and EVZ) (Figure 1a). These
zones are connected by a transform zone, called the South
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Iceland Seismic Zone (SISZ). At the Hengill triple junc-
tion, the SISZ and the WVZ meet the Reykjanes Peninsula
oblique rift. Where it crosses the populated lowland the
SISZ is characterized by mapped fault traces, instrumentally
determined epicenters, and historical earthquake damage. It
is 70—80 km long (E-W) and 20—30 km wide (N-S). Here
earthquakes occur on an array of faults striking N-S, perpen-
dicular to the transform trend in “bookshelf faulting” style
[Einarsson, 1991; Sigmundsson et al., 1995].

The Hengill triple junction is named after the Hengill vol-
canic system (He), the current focus of tectonic activity in
the area (Figure 1b). It is associated with a high-temperature
geothermal zone from which hot water is extracted through
drill holes. The Hengill central volcano and its transecting
fissure swarm, extending from the coast south of Hengill to
north of Lake Thingvallavatn, form the Hengill volcanic sys-
tem. Another active but less pronounced volcanic system,
called Hrémundartindur (Hr), lies to the east of the Hengill
system. Here geodetic measurements show uplift and ex-
pansion of the area, consistent with a pressure increase be-
neath the center of this volcanic system [Sigmundsson et al.,
1997a]. A third volcanic system, Grensdalur (Gr), lies to the
south of Hr, but is not as active as either Hr or He.
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Figure 1a. The South Iceland Seismic Zone (SISZ) between the Eastern and Western Volcanic Zones
(EVZ and WVZ), showing mapped, predominantly strike slip, faults (north-south trending solid lines),
volcanic systems (dark shaded areas) with their central volcanos (round, solid curves), glaciers (hatched
curves), and the mid-Atlantic Ridge (dashed line). The large boxes delimit ERS image frame 2313 of
tracks 95 and 367. The small box shows the study area.

The Hengill triple junction exhibits the highest level of
continuous seismicity in Iceland [Einarsson, 1991]. About
half of the earthquake focal mechanisms imply normal and
strike-slip faulting in response to the extensional NW-SE
tectonic stress. The other half are mostly located in areas
of geothermal activity and show evidence of non-double-
couple mechanisms with extensional failure due to circulat-
ing groundwater [ Einarsson, 1991]. Seismic tomography re-
veals a body with high P wave velocity and three pipe-like
structures with anomolously low V,,/V ratios beneath these
three volcanic systems [Miller et al.,1998; A. Tryggvason et
al., unpublished manuscript, 2000].

In July 1994, an unusually persistent swarm of earth-
quakes began at the Hengill triple junction. The swarm ac-
tivity, with most magnitudes < 4, continued through 1999.
Most fault plane solutions are strike-slip on subvertical faults
[Rognvaldsson et al., 1998a]. The epicenters cluster around
the center of the Hrémundartindur volcanic system. Level-
ing and GPS measurement show a few centimeters of uplift
and extension across the area between 1992 and 1995 [Sig-
mundsson et al., 1997a], continuing through 1998 [Hreins-
dottir, 1999].

The seismicity rate increased again in two separate se-
quences during June and November 1998 [Rognvaldsson et
al., 1998b]. The sequential rupturing of distinct fault seg-
ments in temporally separate clusters may be the result of

stress transfer (Thora Arnadottir, written communication,
1999). We are concerned that such earthquakes may load
even larger, through-going faults, threatening the population.
Such a triggering mechanism may explain the earthquake se-
quences of 1732, 1784, and 1896 in the South Iceland Seis-
mic Zone [Einarsson, 1991] just as observed on the North
Anatolian Fault [Hubert-Ferrari et al., 2000].

In this paper, we focus on Hengill using INSAR to mea-
sure crustal deformation with dense spatial coverage (100
pixels/km?) and monthly sampling in the summer months
between 1993 and 1998. By describing those observations
with an elastic model, we seek to understand the mechanism
driving the deformation, especially how the presumably con-
tinuous magmatic activity can trigger the episodic faulting.

2. Data and Method

We apply radar interferometry, using synthetic aperture
radar (SAR) images acquired by the two European Space
Agency (ESA) European Remote Sensing (ERS) satellites.
The phase difference between two such images acquired at
different times creates an interference (fringe) pattern called
an interferogram [Massonnet and Feigl, 1998). The inter-
ferograms show the change in range from ground to satel-
lite, that is, the component of the displacement vector which
points toward the satellite. Between two fringes of the same
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Figure 1b.  Study area enlarged in Plate 1. The dashed
circles show the three central volcanoes, Hengill (He),
Hrémundartindur (Hr), and Grensdalur (Gr) of the Hengill
triple junction. Crosses show location of volcanic vol-
ume source estimated from various interferograms. Small,
crossed error bars indicate best fitting time-averaged loca-
tion. Triangle indicates location from GPS and leveling [Sig-
mundsson et al., 1997a]. Shaded area (Th) is Lake Thing-
vallavatn.

color, there is 28 mm of range change. Such an interfer-
ogram records crustal deformation during the time interval
between the acquisitions of the two images.

This method has been successfully applied to other vol-
canos as recently reviewed by Massonnet and Sigmunds-
son [2000]. In Iceland, SAR interferometry has measured
significant deformation on the Reykjanes Peninsula [Vadon
and Sigmundsson, 1997] and in the Northern Rift Zone [Sig-
mundsson et al., 1997b].

Like these studies, we use the two-pass approach im-
plemented by the DIAPASON software [Centre National
d’Etudes Spatiales, 1997]. Since the details of this technique
have been described elsewhere, we restrict our discussion
to interpreting the interferogram in terms of crustal defor-
mation. For this, we consider interferometric correlation of
the two radar images, sensitivity to errors in the topographic
model, and atmospheric artifacts.

To produce clear fringes in an interferogram, the two radar
images must correlate well. If the radar backscattering prop-
erties of the ground change between the acquisition dates of
the two images, the fringe pattern breaks down into random,
incoherent noise. This is called temporal decorrelation. To
minimize decorrelation, we selected only images acquired
in the summer months (June through September), when the
ground was free of snow. Although interferometric correla-
tion tends to decrease with time, the barren ground surface
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in Iceland remains fairly constant. We find acceptable coher-
ence over intervals as long as 4 years on lava-covered areas.
This lets us measure subtle secular signals of the order of
one 28-mm fringe per year.

The second issue in interpreting the interferograms in-
volves the interaction between topography and orbital sep-
aration. To quantify this effect, we consider the altitude of
ambiguity h, for an interferometric pair. This is the shift
necessary to produce one topographic fringe [Massonnet and
Feigl, 1998]. The larger the altitude of ambiguity in absolute
value, the fewer residual topographic fringes in the interfer-
ogram. In other words, an error of € meters in the digital ele-
vation model (DEM) used for the topographic correction will
create an artifactual phase change of €/ h,, fringe in the inter-
ferogram. Using 30 images, we calculated 49 interferograms
spanning intervals from 1 day to 5 years [Gasperi, 1999].
Table 1 lists the 15 best interferograms with |h,| > 50 m.
The DEM we use is a DTED-1 furnished by the Icelandic
Geodetic Survey, with a grid interval of 3 arc sec in latitude
and 6 arc sec in longitude (pixel size is roughly 90 by 90 m),
and a nominal vertical precision of € ~ 30 m.

The third issue involves interferometric artifacts due to at-
mospheric propagation effects. Our approach is to identify
any such artifacts by pair-wise logical analysis of the nu-
merous interferograms [Massonnet and Feigl, 1995]. Tropo-
spheric perturbations do not appear to contaminate our re-
sults, presumably because the edifice has < 400 m of topo-
graphic relief. It is quite different from the 3000-m-high
conical form which creates the correlation between tropo-
spheric delay and topographic elevation observed at Mount
Etna [Beauducel et al., 2000].

3. Results

In spite of our careful image selection, correlation is poor
in some parts of the multiyear interferograms. In the rela-
tively flat and wet lowlands of southern Iceland, where agri-

Table 1. Interferograms Included in Deformation Analysis

Interferogram t1 to At he
10532_17255  July 21,1993  Aug. 8,1998  5.00 -52
105327235  July 21,1993  Sept. 7,1996  3.10 -287
1076111973  Aug. 8,1993  Aug. 4,1997 4.00 10022
10761_1452 Aug. 6,1993  July 31,1995  2.00 -54
1076121626  Aug. 6,1993  Sept. 3,1995 2.10 -611
10761-.1953 Aug. 6,1993  Sept. 4,1995  2.10 211
2112522127  July 30, 1995 Oct. 8,1995 020 -226
211256963  July 30,1995  Aug. 19,1996 1.00 529
145211973 July 31,1995  Aug. 4,1997 2.00 54
1452_6963 July 31,1995  Aug. 19,1996 1.00 4381
21626_11973  Sept. 3,1995  Aug. 4,1997  1.90 576
195311973 Sept. 4,1995  Aug. 4,1997  1.90 215
21898.7235  Sept. 22,1995  Sept. 7,1996  1.00 126
245417985 Oct. 9,1995  Sept. 28,1998 290 -2770
6963_.11973  Aug. 19,1996  Aug. 4,1997 1.00 60

Interferograms are specified by master and slave orbit numbers;
time span At in years, and altitude of ambiguity h, in meters.
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Plate 2. (a) Structural map showing Vp/Vs wave speed ratio at 4 km depth [Miller et al., 1998]; our
best fitting volume source (crossed square); contours of P wave speed velocity anomaly §Vp = +1%
at 4 km depth (dashed white lines); contours of Miller et al., [1998]; limits of volcanic system (solid
black lines); outlines of three central volcanos (dashed black lines). Circles and dots show earthquake
hypocenters for events between 1993 and 1998 inclusive [Rognvalsson et al., 1998a, 1998b]. The largest
circle is the M,, = 5.2 event of June 4, 1998. Events with magnitude smaller than 2.5 plot as dots. (b)-
(e) Enlargement of two interferograms that span August 1995 (Plates 2b and 2¢) and two which do not
(Plates 2d and 2e) A discontinuity is clearly visible in Plates 2b and Plates 2¢ and is interpreted as a fault
rupturing. We cannot discern a discontinuity in Plates 2d and 2e. The white boxes denote the locations of
the profiles in Figure 3.
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cultural activity abounds, radar correlation breaks down in
less than a season. Indeed, even 35-day interferograms show
poor coherence in this area, which unfortunately includes
most of the faults in the SISZ. On the other hand, coherence
remains good, even after 4 or 5 years, in the mountainous
areas around Hengill. We attribute this to the barren ground
cover of volcanic rocks, especially Holocene basaltic lava
flows. Even when mostly covered by decimeter-thick moss
heath, the lava flows remain coherent. Since the amount of
water contained in the moss varies with time, we attribute
the constant reflectivity to the barren rock outcrops protrud-
ing from the moss.

The principal signal in the interferograms is a concentric
fringe pattern in the Hengill area. All the multiyear interfer-
ograms show roughly circular fringes with similar shape and
location (Plate 1). Their color changes from red to orange to
yellow to green to blue toward the center, indicating that the
radar range change Ap decreases in that direction. We in-
terpret this shortening in the distance between ground and
satellite as secular uplift. The number of fringes increases
with the time interval At. For example, the 4-year interfer-
ogram from August 1993 to August 1997 (Plate 1d) shows
about twice as many fringes as a 2-year interferogram from
September 1995 to August 1997 (Plate 1b).

We can exclude atmospheric artifacts as a cause because
many of interferograms combine several independent im-
ages, For example, the circular fringes appear in the interfer-
ogram spanning August 1993 to September 1995, but also
in the interferogram spanning September 1993 to October
1995. These two interferograms have no images in common.
Moreover, the values of the altitude of ambiguity h, exclude
the possibility of systematic topographic fringes. For exam-
ple, the altitude of ambiguity for the interferogram spanning
August 1993 to August 1997 is h, > 10 km. For an error in
the DEM to create the two fringes observed in the interfero-
gram, it would have to be ¢ = 2h, = 20 km in height and
over 10 km in width.

Thus, ‘we interpret these fringes as deformation on the
ground. The circular fringes, centered on a point south of the
Hrémundartindur volcanic system, correspond to uplift dis-
tributed over a roughly circular area with a radius of 10 km.
In the 4-year interferogram, we count at least two fringes,
corresponding to a relative shortening range of 6 cm in this
area. We interpret this signature as mostly vertical uplift due
to increasing pressure in a magma chamber below the Hro-
mundartindur volcanic system.

3.1. Primary Signal: Magma Injection

To explain the concentric fringe pattern observed in the
coherent interferograms, we assume that magma injection
at depth causes the observed crustal deformation. Alterna-
tive explanations for the uplift exist (e.g., that it is caused by
accumulation of water or gas), but we consider magma accu-
mulation to be the most likely explanation. We approximate
magma injection at depth as an increase in pressure within a
small, sperical source buried in an elastic half-space [Mogi,
1958]. The elastic medium is a Poisson solid for which the
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two Lamé coefficients A and p are equal. Such a solid has a
Poisson’s ratio v = 1/4. Consquently, the ratio of P wave to
S wave speeds is V,,/V; = /3 = 1.73. The approximation
of a Poisson solid appears valid to within 4 % for the crust
in the Hengill area (Plate 2a).

Equivalently, we have used Okada’s [1985] formulation
of a rectangular dislocation as a computational convenience
for the Coulomb modeling described in section 4. We pa-
rameterize the source as tensile opening (Us > 0) on each
of three mutually orthogonal 1-by-1-km dikes intersecting
at their centers with the public domain RNGCHN program
[Feigl and Dupré, 1999]. This approximation produces a
displacement field at the Earth’s surface which is indistin-
guishable from the conventional Mogi [1958] model, as we
show in the electronic Appendix !. Both formulations have
four parameters: latitude, longitude, depth d, and volume
change AV of the source.

Using Okada’s [1985] formulation for three orthogonal
dikes, the volume change AVpyada is 3UsLW, where Us
is the tensile opening, L the length, and W the width of
each dike. In practice, we set L = W = 1 km and
AVokada = bAVogi, Where b is a scaling factor needed to
produce an equivalent displacement field at the surface. In
our case, where the source is buried deep (d > W) within
the Poisson solid, this scaling factor has a value of b = 9/5,
as we derive in the elecronic Appendix. The half-space
model provides a valid approximation because the source
depth (7 km) is much larger than the topographic height of
the edifice (0.4 km), lessening the need for more sophisti-
cated models. Again we assume a Poisson solid since the
expressions for surface displacement are independent of A
and u in this case.

First, we locate the point source by trial and error compar-
ison of observed and modeled interferograms. The horizon-
tal position of the point source does not appear to vary sig-
nificantly from one interferometric time interval to another
(Figure 1b). Averaging over the 5-year interval from 1993 to
1998, we locate the point source at 64.032°N, 21.213°W +
1 km. We assume this location to be constant. It is more pre-
cise than, farther south than, and consistent with the location
derived from leveling between 1993 and 1995 [Sigmundsson
etal., 1997a].

Next, we vary the strength and depth of the source. For
the interval from 1993 to 1998, we find an average depth of 7
+2 km and average uplift rate above the source of hy /At =
19 + 2 mm/yr (Figure 2a). Both these values are consistent
with GPS and leveling measurements over the same period
[Sigmundsson et al., 1997a; Hreinsdottir, 1999].

To evaluate the uncertainty of these estimates, we set the
1o confidence interval to the extreme values of the parame-
ters corresponding to an ensemble of models with an equally

LA supporting derivation is available via Web browser or Anonymous
FTP from ftp://kosmos.agu.org, directory “append” (Username = “anony-
mous”, Password = “guest”); subdirectories in the ftp site are arranged by
paper number. Information on searching and submitting electronic supple-
ments is found at http://www.agu.org/pubs/esupp-about.html.
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Figure 2. (a) Uplift rate in the Hengill area for the 1993-1998 interval determined by fitting the observed
interferograms with an inflationary volume source at 7 km depth. Horizontal bars represent the interval of
time spanned by the interferograms. Black circles show the maximum uplift ko over the pressure source
divided by the time interval At of the interferogram. The uplift rate is fairly constant at 1.9 £ 0.2 cm/yr
as denoted by the dashed line. (b) Uplift ho above the volume source as a function of time determined by
estimating a pseudoabsolute parameter for each acquisition epoch.

good fit. In practice, such models fit the observed fringe pat-  1/10 fringe &~ 3 mm, suggesting that the residual error is not
tern within about one quarter of a fringe, or 7 mm in range. topographic.

This misfit is somewhat larger than the error expected from To clarify the temporal evolution of the strength of the
topographic errors in the DEM alone €/h, ~20m/200m ~ magmatic source, we estimate its “pseudoabsolute” value
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[m1, mg, ...my] at individual points in time (the acquisition
epochs) instead of its relative value [m12, M3, ...Mmp—1 p)
over intervals of time (between the acquisition epochs). This
we do by a simple inversion Ax = d, where the parameters
x pertain to epochs, but the data d pertain to intervals. The
elements in the design matrix A are either —1, 0, or 1. This
procedure is analogous to adjusting a “free network” in clas-
sical geodesy in that the pseudoabsolute estimates are only
determined relative to a single additive constant. It was first
applied to interferograms by Beauducel et al. [2000]. The
results appear in Figure 2b with error bars of £7 mm. The
slope of this line is ho/At = 19 & 2 mm/yr, confirming the
constant uplift rate derived from the relative determination.

3.2. Faulting

Some of the interferograms show a linear discontinuity
superimposed on the circular concentric pattern. Centered
at 64.0281°N and 21.3051°W (%100 m), it is over 3 km in
length and strikes N12 °E in azimuth (Plate 1¢). We can
interpret it using pair-wise logic, since the discontinuity ap-
pears on several interferograms covering different time in-
tervals. We show two interferograms for the case where the
discontinuity appears ( Plates 2b & 2c and Figures 3a & 3b)
and two more for the case where the discontinuity does not
(Plates 2d & 2e and Figures 3¢ & 3d).

The discontinuity is present in all the interferograms span-
ning the interval between the acquisition dates of images
1452 and 21626, i.e. between July 31 and September 3,
1995, inclusive. Furthermore, the discontinuity does not ap-
pear in any of the interferograms before or after this time
interval. This implies that the fringe pattern broke during
this time interval.

Three phenomena could produce such a signature. The
first possibility is an atmospheric effect. It cannot be an at-
mospheric artifact in the image acquired September 3, 1995
(image 21626), because the discontinuity appears in the in-
terferograms including this image and spanning intervals be-
fore this date (Plate 2b), but does not appear in interfero-
grams including this image and spanning intervals after this
date (Plate 2e). The same type of argument excludes atmo-
spheric artifacts for the other interferograms. Moreover, the
crenulated shape of an atmospheric heterogeneity is unlikely
to produce such a sharp discontinuity [e.g., Massonnet and
Feigl, 1995, 1998].

The second possibility is a topographic error in the DEM.
A steep cliff or scarp on the ground might be averaged across
several DEM pixels, causing an unmodeled discontinuity in
the interferometric fringe pattern. Or a scarp-like disconti-
nuity might exist in the DEM but not on the ground. In either
case, the error in the DEM would lead to the same disconti-
nuity in the interferogram.

Three lines of reasoning argue against the hypothesis of a
topographic error in the DEM. First, such an error should af-
fect all interferograms calculated with the DEM. This is not
the case, as observed by the clear fringe pattern in Plate 2d
where the phase is continuous across the line in question.
Second, the discontinuity also appears in interferograms cal-
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culated with an independent, but coarse, DEM. Third, the
discontinuity appears in an interferogram with |h,| > 10 km
(Plate 1d) but also in interferograms with lower |h,| (e.g.,
Plate 2b). In both cases, the phase change is about one quar-
ter of a cycle and so is not proportional to h,,.

Next, we consider the possibility of an artifact related to a
topographic scarp. The southern two thirds of the disconti-
nuity in the interferogram cut across a lava flow in the field.
Although quite blocky and difficult to walk on, this flow is
topographically fairly flat, with no feature exceeding 10 m
from peak to trough, well below the senstivity of the worst-
case interferogram in Plate 2¢ where h, = 226 m. In this
case, the offset across the discontinuity measures one quarter
of a fringe, which would require a DEM error of h, /4 = 56
m, about twice the precision of the DEM. At the field loca-
tion corresponding to the northern third of the discontinuity,
we found a steep slope with 50 m of total relief. Indeed,
this segment is mapped as a normal fault scarp [Saemunds-
son, 1995]. It is a rocky cliff above an oversteepened scree
slope. For such a scarp to cause the discontinuity in the in-
terferogram, it would have to be incorrect or omitted in the
DEM. Yet this steep slope appears correctly on both DEMs
and on the (paper) map with a contour interval of 20 m and
a scale of 1:25,000 [Icelandic Geodetic Survey, 1997]. Thus
we deduce that the discontinuity cannot be the result of a
topographic error in the DEM.

The discontinuity in the interferogram must therefore rep-
resent a discontinuity on the ground, which we interpret as
a fault. We can measure its strike (N12°E) and length (3
km) directly from the interferogram (Plate 2b). The color
changes from red to orange to yellow to green to blue on a
path from west to east toward the center of the concentric
fringes, indicating decreasing range change and increasing
uplift. At the discontinuity, however, the color jumps di-
rectly from red to yellowish green, omitting orange and most
of yellow. The sense of the phase jump is the same as that of
the phase ramp: range decreases to the east. In other words,
the block on the west side of the fault moved away from the
satellite.

To measure the magnitude of the slip vector U, we must
assume its orientation. We consider three simple cases: pure
strike slip (U = [U1,0,0]), pure dip slip (U = [0, Uz, 0]),
and pure tensile opening (U = [0,0, U3)). In the strike-slip
case, the motion is right lateral and the quarter-fringe offset
in phase implies U; = 27 cm of slip. Although right-lateral
strike slip on north striking faults is compatible with earth-
quake focal mechanisms in the current sequence [Sigmunds-
son et al., 1997a], such a large throw is not observed in the
field.

In the dip-slip case the motion implies normal faulting
such that the west side (hanging wall block for the mapped
westward dip) moves downward relative to the east side
(footwall block). This is compatible with the interpolation
of two fault segments on the geologic map [Saemundsson,
1995]. In this case the phase offset implies only Us = 8 mm
of slip for a vertical fault. Although small, this amount of
movement is supported by observations in the field. In July
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fault strike. The change in phase across profiles in Figures 3a and 3b, spanning August 1995, is about one
quarter of fringe or 7 mm of range-shortening motion toward the satellite. We interpret this as 8 mm of
normal-faulting motion with the west side dropping downward with respect to the east side.

1999 we found disturbed soil; fallen, broken, and cracked
rocks; and killed moss and lichen both along the trace of
the normal fault mapped in the overly steep slope and along
its continuation in the Holocene lava field. Although cir-
cumstantial, all these observations appeared fresh enough be
compatible with motion 4 years earlier in August 1995.

Alternatively, if the causal event were instead a dike, then
we would infer Us =17 mm of tensile opening. Although
such opening might explain our observations in the field, we
would expect it to produce a fissure or tension gash. We
observed no such features in the field. Furthermore, such a
feature is not compatible with the mapped normal fault.

Yet this rupture did not register on seismometers because
no earthquake larger than magnitude M; > 3.5 occurred
within 5 km during the interval identified in the interfero-
grams. Yet 8 mm of normal slip on a fault 3 km long and
1 km wide corresponds to a magnitude M =3.9, again as-
suming a shear modulus of p = 33 GPa. For the strike-
slip case the corresponding magnitude would be M = 4.9.
For the tensile opening dike it would be M = 4.2. If it
broke brittle rock, such an event would register in the Ice-
landic Meteorological Office catalog, which is complete to
magnitude 1 or 2, based on the corner in the Gutenburg-
Richter frequency-magnitude distribution for this area and
time. Although such an event might be associated with har-
monic tremor at the time of dike injection, no tremor has

been observed. The detection threshold for earthquakes in
the Hengill area is close to M = 0 since 1997 [Rognvalds-
son et al., 1998a].

Thus we conclude that the break in fringe pattern corre-
sponds to a break in the ground surface sometime in the in-
terval July 31 through September 3, 1995. It is most likely
to be 8 mm of downdip (west side down) slip on the mapped
normal fault. The motion appears to be aseismic and may
involve the only uppermost layer of broken rock.

Similar motion occured on the Almannagja fault, located
in the Hengill fissure swarm north of Lake Thingvallavatn.
Geodetic surveys between 1973 and 1977 suggest that the
near-surface portion of the Almannagja normal fault slipped
9 c¢m, whereas the largest recorded earthquake in the area
during this time interval was M = 3.4 [Tryggvason, 1990].

Our interpretation of such events is that they are slow
readjustments in the semibrittle uppermost layer of broken
rock and/or soil in response to local perturbations in the
stress field of the order of 1 bar. These perturbations may
in turn be caused by a distant earthquake or an underlying
magmatic source. In the particular case of Hengill they re-
late to the uplift process.

3.3. Earthquake Sequence Beginning in June 1998

In June 1998, the rate of seismic moment release acceler-
ated again (Figure 4). The effects of the early part of this se-
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quence appear in the interferogram spanning 1995.8 1998.7
(Plate 1c).

This earthquake ruptured the soil-covered ground surface
in a series of en-echelon cracks and fissures (A. E. Clifton,
oral communication, 1999). The maximum opening of these
fissures is 30 cm, with little or no strike- or dip-slip compo-
nent. We cannot discern them in the interferogram.

Nonetheless, we wish to separate the coseismic defor-
mation field associated with the June 4, 1998 earthquake
from the magmatic inflation for the interferogram spanning
1995.8—1998.7 (Plate 1¢). Toward that end, we consider a
first-order model with a single nearly vertical fault striking
N15°E, as suggested by the focal mechanism estimated from
P wave first-arrival polarities and cosesismic displacement
vectors measured by GPS (Thora Arnadottir, written com-
munication, 1999). It involves 28 cm of right-lateral strike
slip and 15 cm of dip slip. The modeled fault is 11 km long
and extends from the surface to 2 km depth. Although the
interferometric range change calculated from this model is
11 cm, the fringe pattern is very localized. It is also smaller
and less symmetric than the concentric uplift fringes. The
coseismic signature can thus be safely neglected in estimat-
ing the parameters for the magma injection model, especially
since it affects only two interferograms. We do not consider
this earthquake further in this paper.

4. Triggering of Earthquakes
by Magma Injection

The magmatic inflation responsible for the concentric pat-
tern we observe in the inter ferograms can perturb the stress
field enough to trigger earthquakes. This has been suggested
previously, for example, on the Izu Peninsula [Thatcher and
Savage, 1982]. Using a Mohr-Coulomb criterion, these au-
thors find that the stress changes of a few bars induced by
inflation are in the correct sense to trigger the failure that oc-
curred in large earthquakes in 1930 and 1978, but not 1980.
In Iceland, magmatic activity appears to have triggered the
1987 Vatnafjoll earthquake [Agustsson et al., 1999]. In Long
Valley, California “the observation of significant volumetric
expansion components in the moment tensors of the 1997 ...
seismicity indicates a direct relation between at least some
of the seismicity and hydrothermal or magmatic processes”
[Dreger et al., 2000, p. 125]. That volcanic eruptions can
trigger earthquakes highlights the sensitive mechanical cou-
pling between the two processes, as suggested by the signifi-
cant temporal correlation between eruptions of Vesuvius and
earthquakes in the Apennines [Nostro et al., 1998]. Indeed,
temporal sequences in the opposite sense, suggesting earth-
quakes triggering eruptions, have been documented at both
the local and global scales [Malone et al., 1981; Bautista et
al., 1996; Linde and Sacks, 1998].

Here we hypothesize that the inflation at 7 km depth trig-
gers earthquakes in the brittle crust just above, as suggested
previously on the basis of GPS and leveling surveys [Sig-
mundsson et al., 1997a). To test this hypothesis, we cal-
culate the change in Coulomb failure stress induced by the
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same small volumetric source model used to fit surface de-
formation field recorded by the interferograms. We per-
form this calculation using version 1 of the Almond software
written by G. C. P. King. This program employs the three-
dimensional formulation derived by Okada [1992]. We have
multiplied the resolved stresses by a factor of 2 to account
for the notational glitch described by Hubert-Ferrari et al.
[2000].

We model the source as three mutually orthogonal dikes
intersecting at a point 7 km below the center of the concen-
tric fringes. Each dike is 1 km square and opens as a tensile
crack with Us set to 12 m, corresponding to 5 years’ accu-
mulation of the average volume change rate, as estimated
from the interferograms.

We assume the apparent coefficient of friction u; to be
0.4. This value has become conventional for this type of
triggering study because it minimizes the calculation error
to & 25 % [King et al., 1994; Stein, 1999]. It is equivalent to
a coefficient of static friction of 0.75, like the values of 0.6
to 0.8 used by Thatcher and Savage [1982] on the basis of
laboratory experiments on crustal rocks [Byerlee, 1978].

We then calculate the Coulomb stress change that would
be resolved on a fault if it were optimally oriented. The op-
timal strike is the one that maximizes the Coulomb stress.
It depends on the friction coefficient and the regional stress
field. The magma injection increases the Coulomb failure
stress in a circular area. The diameter of this circle increases
with the volume of the volcanic source and decreases with
its depth. The stress increase is several times greater at 4 km
depth, where most of the earthquakes occur.

To reproduce the narrow NE-SW pattern in the seismic-
ity map, we include the effect of a regional stress field in
which the axis Hf maximum compressive stress (1) is hor-
izontal and directed roughly NE-SW and the axis of mini-
mum compressive stress (o3) is also horizontal and directed
NW-SE. Their magnitudes are both set arbitrarily to 1 bar.
The third component of the imposed regional stress field has
zero magnitude along a vertical axis. Our modeling results
are not very sensitive to the orientation or magnitude of the
regional stress field.

Summing the Coulomb failure stress perturbations caused
by the volume source and the regional stress field creates a
circular pattern superimposed on four quadrants. The four
quadrants resemble the shear strain field calculated previ-
ously [Sigmundsson et al., 1997a]. Their orientation de-
pends on the azimuth assumed for the regional stress field.
The result is four lobes whose size depends on the relative
magnitudes of the two input stress fields. The NE and SW
lobes exhibit a positive Coulomb stress change (increase) ex-
ceeding 2 bar (0.2 MPa), favoring earthquakes there. These
include right-lateral strike slip on N-S striking vertical faults,
as indicated by focal mechanisms in the Hengill area [Sig-
mundsson et al., 1997a] and the adjacent Southern Iceland
Seismic Zone [Sigmundsson et al., 1995] as well as struc-
tural trends [Einarsson, 1991; Luxey et al., 1997, Bergerat
et al., 1998].

Plate 3a shows the Coulomb stress change on a horizontal
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each of three dikes with length L = 1 km and width W = 1 km; the apparent coefficient of friction u'f
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of the stress tensor, and its magnitude |o;| = 1 bar, and the two Lame’ constants ¢ = A = 33 GPa.
Earthquakes hypocenters (circles and dots) are as in Plates 1 and 2. (b) Coulomb failure stress change on
optimally oriented vertical faults shown in a vertical cross section passing East-West through the center

of the modeled volcanic point source (crossed square). Model parameters and plotting conventions as in
Plate 3a.
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slice at 4.3 km depth, the average value for earthquakes in
the 1994—1998 swarm. Plate 3b shows a vertical cross sec-
tion. Most (84%) of the earthquakes recorded between 1993
and 1998 occur in areas where the Coulomb stress increases
by > 0.6 bar, indicating that they were indeed triggered by
the magmatic injection. Conversely, however, the Coulomb
stress increase is large in many areas where no earthquakes
occur. In other words, the locus of earthquake hypocenters
is offset to the northwest of the volume source (square in
Plates 3a). We will consider several explanations for this
observation below.

We use the “triggering percentage” as a statistic to evalu-
ate the soundness of our assumptions. It is a reasonable way
to score various models despite the fact that it does not ac-
count for the fact that smaller earthquakes are more likely
than large ones to be mislocated in the seismological cat-
alog. Yet a scoring scheme weighted by earthquake magni-
tude would favor large events, which are no more likely to be
triggered by the magmatic source than small events. This is
because the Coulomb failure mechanism does not necessar-
ily imply a correlation between triggering stress and earth-
quake magnitude.

A slightly smarter scoring scheme would give a higher
score to events triggered in areas of high Coulomb stress
increase than to areas of stress decrease. For this score, we
multiply the number of earthquakes with magnitude larger
than 1 in a cell by the Coulomb stress change there. This
yields a value in units of pressure which we call the “trigger
score” S.

We consider several sets of assumptions, as listed in Ta-
ble 2. Our preferred model is the one described above and
shown in Plate 3.

Table 2. Results of Various Tests on Triggering
Model Parameters

Wy ) |o1|, bar Percent S, bar
04 70° 1 83. 6974.
0.4 70° 0.1 87. 7062.
0.4 70° 10 64. 5122.
04 70° 30 47. 2404.
04 20° 1 84. 6978.
04 30° 1 84. 6980.
04 60° 1 83. 6998.
04 70° 1 83. 6974.
04 80° 1 83. 6976.
0.0 30° 1 87. 7146.
04 30° 1 84. 6980.
0.6 30° 1 84. 7254.
0.8 30° 1 84. 7718.
1.0 30° 1 84. 8306.

We varied the values for: the apparent coefficient of friction .,
the azimuth ¢ (measured clockwise from north) of the most com-
pressive principal value o of the stress tensor, and its magnitude
|o1|. The percent gives the triggering percentage of earthquakes
which occur in areas of Coulomb stress increase > 0.6 bar. The al-
ternative scoring statistic .S’ of the number of earthquakes in a map
cell times the Coulomb failure stress change there in bars. The first
row describes the preferred model shown in Plate 3.
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5. Discussion

Before interpreting our results in terms of volcanic pro-
cesses, we review the energy fluxes in the Hengill volcanic
system. The magma source is inflating at a fairly constant
rate of 3.9+ 0.4 x 10°m3 /yr, using the Mogi approximation
in a Poisson solid. This accumulates as elastic deformation
energy in the host rock. The scalar moment for such a source
is My = 3uAV = 4nphod? (M. Bonafede, written commu-
nication, 1999, correcting a topographic error in Langbein et
al. [1993]). We also assume the conventional value p = 33
GPa, as we will discuss below. Under these assumptions we
find the rate of moment accumulation to be 3.9 £ 0.4 x 1017
N m/yr over the 1993-1998 interval (Figure 4). This value
is 2.8 times faster than the rate of seismic moment release,
1.4 x 10'7 N m/yr. For comparson, this rate ratio is over 40
at Long Valley Caldera [Langbein et al., 1993].

If we expect the seismic and volcanic processes to bal-
ance, we should consider different values for the shear mod-
ulus. The basaltic rock in the geothermally active Hengill
area must contain fissures, fluids, and altered minerals. All
three of these will lower both the density p and the P wave
velocity Vp from the typical values of 2.6 to 3.3 g/cm3
and 4.5 to 6.0 km/s, respectively, measured in the basaltic
sections of the Oman ophiolite [Christensen and Smewing,
1981]. By assuming severe alteration, we might find a den-
sity as low as p = 2.4 g/cm? and a P wave velocity as low
as Vp = 4.0 km/s. These values are compatible with the
seismic tomography study at Hengill [Miller et al., 1998].
In this case, we find a shear modulus of p = pV2/3 = 13
GPa. To make the two rates balance would require a shear
modulus of 4 = 12 GPa. Such low values are compatible
with P-wave velocity Vp values as low as 3.2 to 3.5 km/s
measured at room temperature in fresh Icelandic basalt after
thermal fracturing at 800°C (P. Meredith, written communi-
cation, 2000).

If the shear modulus is higher than 12 GPa, then there is
an imbalance in power. We consider three possible expla-
nations in order of decreasing likelihood. If the crust is not
elastic, then the inflationary deformation does not accumu-
late as elastic strain energy. Instead, it dissipates inelastically
as heat. For example, if the injected magma induced viscous
or plastic flow in the lower crust, then the value of My we
calculate from the Mogi model would overestimate the mo-
ment. That the rheology is more complex than a simple elas-
tic solid is also suggested by the deviations in Vp/Vs from
the value of 1.73 expected for a Poisson solid (Plate 2a).

Second, the deformation may be accumulating as elastic
strain energy to be released in a future earthquake. The rate
of moment released by earthquakes during the active interval
1997—-1998 is 3 x 10'7 N m/yr (Figure 4). In this case, the
seismic deficit accumulated between 1993 and the end of
1998 is roughly 13 x 10'® N m, equivalent to a magnitude
6 earthquake. Since our model calculates static stresses, it
cannot say anything about the timing of such an event.

Third, the accumulating elastic strain energy may be re-
leased in a future volcanic event. In light of the small deficit
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of ~ 10'® J, such an event is likely either to be fairly small
or to occur in the distant future.

Unfortunately, neither our data nor our models can distin-
guish between these three cases.

Although the orientation of the maximum compressive
principal stress o is essentially NE-SW, the estimates vary
somewhat. Focal mechanisms around Hengill indicate an
average azimuth of N53°E for oy [Rognvaldsson et al.,
1998a]. Yet borehole studies near the eastern end of the
SISZ, over 50 km from Hengill, suggest azimuths ranging
from N21°E to N8Q°E [Stefansson et al., 1999]. Here we
have attempted to estimate the orientation of oy by trial-
and-error use of the stress triggering model, assuming that
the best fitting model is the one which best predicts the lo-
cations of earthquakes. Yet neither of the two statistics for
quantifying such a fit, triggering percentage or the stress-
weighted score S, is particularly sensitive to the orienta-
tion or magnitude of the regional stress field. Almost any
reasonable regional stress field with horizontal compression
o g oriented NE-SW will produce a four-lobed pattern which
breaks the circular symmetry of the volcanic source.

The magnitude of the assumed regional stress field is even
less well determined by our modeling. Values from 0.1 to 10
bar all provide acceptable fits, as shown in Table 2.

All of the models in this class predict high, positive val-
ues of Coulomb failure stress change in the quadrants to the
northeast and southwest of the magma source. Yet most of
the earthquakes occur in the northwest quadrant, under the
Hengill volcanic system, and almost none occur in the south-
east quadrant, under the Grensdalur volcanic system. Why?

One (partial) explanation is that the earthquakes occur
preferentially in cold, brittle rock. Indeed, seismic tomog-
raphy reveals such a structure centered on, but a few kilo-
meters above, our estimated position of the volcanic source
[Miller et al., 1998]. They find a large (10-km-wide), posi-
tive anomaly in P-wave velocity, which they interpret as so-
lidified intrusions between about 1 and 5 km depth (dashed
white contours in Plate 2a). Many earthquake hypocenters
lie within this volume, presumably because it is cold and
brittle. This structure is fairly symmetric about the volcanic
source (like the area of increased Coulomb stress), with a
maximum P wave velocity anomaly of 6Vp > +0.4 km/s
in the northeast quadrant at 3 to 4 km depth. Yet the round
positive Vp anomaly is almost 4 times larger than the earth-
quake cluster. In other words, the cold brittle material, even
when loaded, does not nucleate many earthquakes. It must
also contain faults or through going fissures susceptible to
rupture. If properly oriented, such structures could rupture
by brittle failure in earthquakes with double-couple mecha-
nisms, as predicted by our triggering model.

The other structural correlation is that the earthquakes
seem to cluster in a volume where Miller et al. [1998] find
a branch-shaped negative (—4%) anomaly in the ratio of P
wave to S wave speeds (V,/V; < 1.73). Located in the
geothermal area in the uppermost 4 km of the crust in the
quadrant northeast of the volume source, this anomaly ap-
pears red in Plate 2a. According to Miller et al., [1998,
p. 309] the V,/V, anomaly “correlates with the geother-
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mal field, but is too strong to be caused solely by the effect
of temperature upon liquid water or the presence of vapor,
and requires in addition mineralogical or lithological dif-
ferences between the geothermal reservoir and its surround-
ings”. These pipe-like structures look like the plumbing of
the geothermal area. One such pipe sits directly above the
position of the volcanic source estimated from the interfero-
grams. Another intersects the cluster of earthquake hypocen-
ters (Plate 2a). Indeed, many of the earthquakes, including
two of the three largest events, cluster near the minimum
Vp/Vs < 1.73 aromaly. We believe that the geothermal
pipes include fissures and faults that provide the zones of
weakness necessary for earthquake rupture.

The caveat to this explanation is that fissures and dikes in
the geothermal area might be expected to change the rock
volume. These would be non-double couple earthquakes
with a significant component of tensile opening, which “may
be fluid flow into newly formed cracks” [Miller et al., 1998,
p. 309]. The tensile component of such earthquakes is not
accounted for by the shear Coulomb failure theory implicit
in the stress-triggering model. Some 75% of the 70 well-
constrained events that were captured in 1991 around the
Hengill area had “significantly non-double couple mecha-
nisms” [Miller et al., 1998, p. 309]. On the other hand, the
majority of the earthquakes recorded for the swarm begin-
ning in 1994 are consistent with the doublecouple model,
although some nondoublecouple events cannot be excluded
[Rognvaldsson et al., 1998a, 1998b].

Our model suggests that magmatic inflation can trigger
earthquakes, with stress rising slowly to failure and then
dropping instantaneously in an earthquake:. Thus a plot of
stress as a function of time on a given fault forms a saw-
tooth pattern. Prior to an earthquake, on the leading edge
of the sawtooth, the stress increases at a rate of the order of
~ lbar/yr. After accumulating for a time interval At years,
the stress then decreases abruptly in an earthquake with
stress drop d7. For the magnitude 5.2 earthquake of June
4, 1998, we take a mean stress drop of the order of 7 ~ 20
bars, assuming that u =33 GPa and 67 = pU(LW)Y/2. If
this rupture returns the state of its stress to its initial level,
then the accumulation interval is of the order of At ~ 20
years. If this process is cyclical, then this interval is the re-
currence time of a characteristic earthquake. It suggests that
inflation of a magma chamber can furnish the primary driv-
ing force to actually break rocks on a fault in an earthquake.

6. Conclusions

INSAR can span 4 years in Iceland on bare volcanic rocks
using images acquired during the snow-free summer months.
The interferograms apparently record aseismic motion on a
short segment of normal fault in August 1995, which slipped
by 8 mm, corresponding to a geodetic moment magnitude
of 3.9. Otherwise, the dominant signature is secular uplift,
which we interpret as the result of increasing pressure caused
by magma accumulation. An inflating volume source at 7
km depth in an elastic half-space describes the concentric
deformation pattern well. The INSAR results determine the



FEIGL ET AL.: MAGMA-FAULT COUPLING AT HENGILL, ICELAND

source position to within =1 km and the uplift rate to be
19 &+ 2 mm/yr. Both parameters are constant from 1993 to
1998, although the seismic activity is episodic. Calculations
of Coulomb failure stress suggest that injection of magma
into the shallow crust may trigger fault slip.
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