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The Krafla spreading segment, Iceland
1. Three-dimensional crustal structure and the spatial
and temporal distribution of local earthquakes
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Abstract. The geothermal seismicity of the Krafla Volcanic System, NE Iceland,
was monitored for 3 months in 1985 using a dense, local seismometer network.
The seismicity was continuous, and the spatial and temporal distributions were
roughly known prior to monitoring. The instruments could thereby be deployed in
a well-positioned array. A total of 489 locatable events were recorded within the
network, and 1771 arrival times were inverted to calculate the three-dimensional
P-wave velocity structure and hypocentral locations. Low-velocity volumes were
imaged beneath the Krafla and Nédmafjall geothermal areas and indicate zones of
hydrothermal alteration. High-velocity bodies beneath the Krafla caldera rim are
interpreted as gabbroic intrusions. Using a three-dimensional velocity structure
instead of a refraction-based one-dimensional model to locate the hypocenters
significantly improves their location quality and illustrates the shortcomings of
using refraction-based models to locate earthquakes in local, anomalous areas.
Seismic activity was concentrated within the Krafla and Ndmafjall geothermal areas
and in a narrow zone where dike injections had occurred 8 and 5 years earlier. The
activity occurred in the depth range 0-3 km. The seismic rate for the whole area
was one magnitude 3.2 event per year and the b value was 0.77 & 0.10. Most of
the seismicity appears to result from geothermal processes in the manner proposed
for other Icelandic areas (Foulger and Long, 1984; Foulger, 1988b). Seismicity
directly beneath the Bjarnarflag well field within the Ndmafjall area is probably
induced partly by geothermal exploitation. Considerable seismicity also occurred
immediately below Leirhnjikur, a site of intense geothermal activity in the center of
the Krafla caldera that overlies a roof pendant in the magma chamber below. This
volume of high seismicity is probably highly fractured and may provide a conduit
for magma escaping from the magma chamber.

Introduction

Study of the seismicity of accretionary plate bound-
aries is hampered by the fact that most of them are
beneath the ocean. Large earthquakes detectable at
teleseismic distances may be studied [e.g., Sykes, 1967;
Francis, 1968], and ocean bottom seismometers (OBSs)
yield information about microseismicity [e.g., Toomey
et al., 1988]. However, at teleseismic distances only
events of magnitude 5 or so are detectable, and OBSs
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can be deployed for no more than a few weeks and usu-
ally in small numbers. These limitations in our monitor-
ing capabilities result in virtually nothing being known
about the medium-magnitude seismicity of accretionary
plate boundaries, which requires the deployment of re-
gional networks for a few years. In addition, very
little is known about the small-magnitude seismicity,
which requires dense, well-positioned seismometer ar-
rays. These difficulties are serious barriers to our under-
standing of the magmatic and hydrothermal processes,
three-dimensional crustal structure, crustal stress, and
mechanism of rifting at accretionary plate boundaries.

Although the subaerial accretionary plate boundary
of Iceland is anomalous, it nevertheless provides a uni-
que opportunity to study ridge seismicity at close hand
and free from the inconveniences of marine-based work.
The Icelandic landmass is about 300 x 500 km in size and
over 700 km of plate boundary are exposed, including
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more than 20 spreading segments [Semundsson, 1979].
A permanent seismometer network has been recording
for about 20 years, and the detection threshold for the
whole country is about magnitude 2 (P. Einarsson, per-
sonal communication, 1985). Data recorded during a
recent spreading episode in the Krafla segment [e.g.,
Bjornsson et al., 1977; Einarsson, 1978; Brandsddttir
and Einarsson, 1979; Finarsson and Brandsddttir, 1980)
and accompanying the frequent volcanic eruptions that
occur within the neovolcanic zone [e.g., Gudmundsson
et al., 1992] have brought sharply into focus the radical
improvement in our understanding of crustal accretion
that detailed seismological information brings.

In addition to regional networks, dense, local net-
works have been deployed temporarily in areas of in-
terest for short periods [e.g., Klein et al., 1977]. Ice-
landic spreading segments generally contain a central
volcano and associated high-temperature geothermal
area [Semundsson, 1979]. Many of these generate con-
tinuous, small-magnitude earthquake activity with a
fixed spatial pattern that is associated with hydrother-
mal processes [Foulger and Long, 1984]. This offers the
opportunity to conduct well-conditioned studies of the
seismicity, mode of fracture, stress state and crustal
structure of those systems because seismometer arrays
can be positioned with foreknowledge of the distribu-
tion of the earthquakes. Such a study was conducted in
1981 at the Hengill triple junction and geothermal area,
SW Iceland, and yielded unique information about the
hydrothermal area [Foulger, 1988a,b; Toomey and Foul-
ger, 1989; Foulger and Toomey, 1989].

A dense, 28-station seismometer network was de-
ployed in the Krafla volcanic system for a 3-month pe-
riod in 1985, immediately following a spreading episode
that lasted 1975-1984 [Bjdérnsson, 1985]. The experi-
mental objectives were to study the crustal structure
of the system and to test the hypothesis that nonshear
earthquakes occur there. The location of the contin-
uous seismicity was known, and the instruments were
placed around those areas in a regular array. A to-
tal of 489 locatable earthquakes were recorded and a
simultaneous inversion was conducted to calculate the
three-dimensional crustal structure and refined earth-
quake locations. From these, 153 focal mechanisms were
obtained, and these are described by Arnott and Foulger
[this issue].

The simultaneous inversion indicates that a refrac-
tion-derived one-dimensional crustal model that had
been in use prior to this study contains systematically
low velocities which result in calculated local earth-
quake hypocenters being up to 700 m too deep. A
number of anomalous bodies were detected that cor-
relate well with the surface geology, in particular high-
velocity bodies thought to represent intrusions beneath
the Krafla caldera rim. The earthquakes were concen-
trated in the two geothermal areas and in a narrow zone
along the center of the fissure swarm where dike injec-
tions occurred 8 and 5 years earlier. This correlation of
earthquake activity and geothermal activity is typical
of Icelandic spreading segments and suggests that the
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continuous, background seismic activity in the Krafla
segment results from geothermal processes as is thought
to occur elsewhere in Iceland [Foulger and Long, 1984;
Ward and Bjornsson, 1971]. This conclusion is sup-
ported by the observation that some of the events had
nonshear focal mechanisms with large volumetric com-
ponents, which indicate the involvement of fluids and /or
cavities in the source processes [Foulger et al., 1989;
Arnott, 1990; Arnott and Foulger, this issue].

Tectonics

Iceland Subaerial Regime

The accretionary plate boundary traverses Iceland as
a series of en echelon spreading segments, known as
“volcanic systems” [Semundsson, 1979]. Each contains
a fissure swarm 10-100 km long and up to 20 km wide
consisting of fissures, normal faults, and dikes. Most
volcanic systems also contain a central volcano, high-
temperature geothermal areas, acid and/or intermedi-
ate rocks, and sometimes calderas and magma cham-
bers.

Apart from occasional earthquake sequences, Icelan-
dic spreading segments are mostly quiescent in the
short-term except in the high-temperature geothermal
areas, where continuous, small-magnitude seismicity of-
ten occurs. This contrasts with marine spreading seg-
ment seismicity, where frequent small earthquakes are
generally recorded irrespective of location along the seg-
ment. The seismicity of marine segments thus resem-
bles that of the geothermal areas within Icelandic seg-
ments [Toomey et al., 1988; Ward et al., 1969; Ward
and Bjérnsson, 1971; Foulger, 1982, 1988a].

A detailed seismic study of the Hengill-Grensdalur
geothermal area, SW Iceland (Figure 1, inset), revealed
a close spatial correlation between the seismicity and
the geothermal activity and nonshear focal mechanisms

- with a large explosive component for many events.

They were interpreted as tensile cracking from ther-
mal contraction in the cooling geothermal heat source
and therefore induced by the natural geothermal heat
loss process [Foulger and Long, 1984; Foulger, 1988a].
A simultaneous inversion of the data set for three-
dimensional structure and hypocentral parameters re-
solved several high-velocity bodies that were interpreted
as gabbroic intrusions and a small, low-velocity body
that may contain partial melt [Toomey and Foulger,
1989; Foulger and Toomey, 1989)].

Krafla Volcanic System

Structure and morphology. The Krafla system
is one of five en echelon volcanic systems in northeast
Iceland (Figure 1). It features a NNE oriented fissure
swarm about 10 km wide and 100 km long and a cen-
tral volcano with a caldera 10 x 8 km, formed during
the last interglacial, which ended at 115 ka (Figure 2)
[Semundsson, 1982]. Widespread exposures of rhyolite
around the caldera suggest the presence of an underly-
ing magma chamber.
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Figure 1. Simplified tectonic map of NW Iceland, showing the elongated en echelon volcanic
systems that characterize the neovolcanic zone. Arrow indicates the spreading direction; inset
shows the location of the Krafla area within Iceland (adapted from Bjérnsson [1985]). Box

indicates area shown in Figure 2.

Two high-temperature geothermal areas exist within
this system, the Krafla geothermal area within the
caldera and the Namafjall geothermal area 9 km far-
ther south (Figure 2). Both are exploited, the Krafla
resource for electric power generation and the Namafjall
resource for drying diatomaceous earth. Over 30 geother-
mal wells have been drilled, and many geophysical and
geological studies have been conducted, rendering this
a well-studied spreading segment [e.g., Ragnars et al.,
1970; Stefdnsson, 1981; Armannsson et al., 1987].

The caldera fault has a throw of about 1 km and has
been reactivated many times [Armannsson et al., 1987)
and the caldera is filled with hyaloclastites and sub-
aerial lavas. Below about 1300 m, basalt, dolerite, and
gabbroic intrusives are dominant, and below 1800 m a
gabbro formation underlies the SE caldera rim. The
Krafla geothermal area is about 7 km? in size and
contains a remarkable, intensely geothermally altered
ridge Leirhnjikur containing many hot springs and boil-
ing mud pools (Figure 2). The aquifer-fed reservoir
is divided at a depth of ~1 km into an upper, water-
dominated zone at 205°C and a lower, boiling zone at
300-350°C.

A magma chamber in the depth interval 3-7 km be-
neath the caldera is detected by S wave shadows from
local earthquakes [Einarsson, 1978]. This study sug-
gests that the chamber is divided into two lobes in its
upper part (Figure 2), i.e., that the chamber has a roof
pendant. Bouguer gravity highs of a few milliGals be-
neath parts of the caldera rim relative to the center
suggest that relatively dense intrusives exist there (Fig-
ure 3) [Karlsddttir et al., 1978], which is supported by
borehole data [Armannsson et al., 1987).

The Ndmafjall geothermal area is about 4 km? in size
(Figure 2), and it too contains an intensely geother-
mally altered ridge, Namafjall, on the western side of
which is the main well field, Bjarnarflag. The shallow
structure comprises hyaloclastites and basalts and hy-
drothermally altered rock below about 500 m [Ragnars
et al., 1970]. Continuous, shallow seismicity occurs at
both the Krafla and Namafjall geothermal areas [ Ward
et al., 1969; Ward and Bjérnsson, 1971; P. Einarsson,
personal communication, 1985). '

Recent tectonic activity. A major rifting episode
commenced in the Krafla system in 1975 and contin-
ued for about 10 years. The magma chamber be-
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Figure 2. Map of the Krafla area showing tectonic features, the seismometer network deployed in
1985, the locations of the timed explosions, the velocity grid used for the simultaneous inversion,

and the place names used in the text.

The vertical node spacing was 1 km. Dashed lines

indicate magma chamber lobes delineated by S wave shadows [Einarsson, 1978]. Box indicates
the Bjarnarflag well field. The Krafla geothermal area in the north and the Ndmafjall geothermal

area in the south are shaded.

came activated and repeatedly injected magma laterally
into the crust along the fissure swarm forming dikes
and lava flows. Each dike injection widened the cen-
tral part of the fissure swarm by a few tens of cen-
timeters, eventually totaling up to 8 m of extension.
Contraction of the flanks occurred in response [e.g.,
Bjornsson et al., 1977, 1979; Bjérnsson, 1985]. Vari-
ous kinds of seismic activity accompanied this episode,
including minor seismic failure in the magma chamber
roof during inflation [Bjérnsson et al., 1977], migrat-
ing earthquake swarms that accompanied dike propa-
gation [Brandsddttir and FEinarsson, 1978; FEinarsson
and Brandsdéttir, 1980] and volcanic tremor and low-
frequency events that were probably associated with
surface breakage (P. Einarsson, personal communica-
tion, 1982). During quiescent periods, continuous, small
earthquakes in the geothermal areas continued to occur,
presumably the omnipresent geothermal seismicity.
The recent geological history of the Krafla system is
consistent with repetitive tectonism of the kind that

occurred 1975-1984. Activity during the last glacial
period (115,000-10,000 ka) produced silicic domes and
intrusives within and around the caldera. Postglacial
volcanism, however, has been mostly basaltic, confined
to the caldera and fissure swarm, and occurring at av-
erage intervals of 300-500 years [Thorarinsson, 1960;
Bjérnsson et al., 1977; Armannsson et al., 1987]. A
single historical volcanic episode, the “Myvatn Fires”,
of 1724-1729 is thought to have accompanied a spread-
ing episode similar to that which occurred 1975-1984
[Bjornsson et al., 1977).

Data Set

Introduction

Seismic monitoring of the Krafla system was con-
ducted in the summer of 1985, after the cessation of
the previous decade of tectonic activity. Continuous,
small-magnitude seismicity still persisted in the Krafla
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Figure 3. Residual Bouguer gravity map of the Krafla
area, calculated using a Bouguer density of 2300 kg
m~3 and subtracting a north-south linear regional gra-
dient of 0.5 mGal km~!. Contours in milliGals [after
Karlsddttir et al., 1978].

and Namafjall geothermal areas. The approximate dis-
tribution of the activity was known, and the equipment
was deployed in a good configuration for a focal mech-
anism study. Data from the nearby permanent drum
stations suggested that several hundred locatable events
might be expected during a 3-month monitoring period,
and this was subsequently found to be the case.

Fieldwork and Data Playback

A network of 27 Willmore Mk. III vertical seismome-
ters with natural periods of 1 s was deployed in an
18 x 13 km area that encompassed the Krafla caldera
and the Krafla and Némafjall geothermal areas (Fig-
ure 2). The network was operated for 95 days, and
data were telemetered using frequency-modulated radio
links to GEOSTORE™ recording stations where they
were recorded continuously on analog tape along with
the MSF radio time signal (broadcast from Rugby, UK)
and a clock at each recorder. All the seismometers were
installed on bedrock in shallow pits. At the time of the
experiment the seismic rate in the Namafjall area was
greater than in the Krafla area, and the network was
thus made more dense in the south. Six timed explo-
sions were detonated in the area while the equipment
was operating, a practice indispensable for reliable de-
termination of the polarity of field instruments, which
is critical for focal mechanism studies (Figure 2).
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During playback, events were detected aurally, and
arrival times were measured by hand from paper records
by direct comparison with the radio time pips. More
than 500 small local events were processed. The domi-
nant frequency of the signals was about 10 Hz. Arrival
times were picked to 0.01 s, and it is estimated that
the maximum error in any of the picks, including in-
strumentally introduced unknowns (e.g., tape recorder
head alignments, jet-pen alignments), is about 0.03 s.
An example of a well-recorded event is shown by Arnott
and Foulger [this issue, Figure 2].

Simultaneous Inversion for
Three-Dimensional Structure and
Hypocentral Parameters

Method

The data comprise a large set of earthquakes recorded
on a dense network of seismometers deployed within a
relatively small area. They are therefore well suited to
simultaneous inversion for both crustal velocity struc-
ture and hypocentral parameters. The method of Thur-
ber [1983] was used since this treats the velocity struc-
ture as a continuous function of space and is more ca-
pable of imaging structures with velocity gradients, as
are expected in a volcanic area like Krafla, than sim-
pler representations such as an assemblage of blocks of
constant velocity.

Thurber’s method is described in detail by Thurber
(1981, 1983, 1984, 1986, 1993]. The study volume is
parametrized in terms of seismic speeds at the nodes
of a three-dimensional grid (which define the corners of
blocks), and linear velocity gradients are assumed be-
tween nodes. Starting with a priori values, the program
performs a damped, iterative, least squares inversion for
hypocentral parameters and the three-dimensional ve-
locity structure.

The problem of coupling of the structure and hypo-
central parameters is dealt with by parameter separa-
tion which enables the two components to be treated
independently, thus greatly reducing the computational
burden. The method has been tested extensively using
simulated data [e.g., Kissling, 1988; Thurber, 1981] and
found to significantly improve recovery of the true ve-
locity model and hypocentral parameters over methods
that hold the hypocenters fixed. The best results are
obtained where many ray paths pass through each block
along different trajectories, which requires stations dis-
tributed throughout the study area and a good distri-
bution of events. Initial starting locations within 2-
3 km of the true event positions are desirable [ Thurber,
1993]. Damping is used to suppress large perturbations
in the calculated parameters by a single iteration so
that the assumption of piece wise linearity remains ac-
ceptable. Thurber’s method has been used widely to
study small, seismically active volumes of Earth’s crust,
including a number of volcanic areas, e.g., Kilauea,
Hawaii; The Geysers, California; and Hengill, SW Ice-
land [Thurber, 1984; Eberhart-Phillips, 1986; Toomey
and Foulger, 1989].
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A subset of earthquakes was selected for the inver-
sion on the basis of data quality as indicated by prelimi-
nary location of the events using the program HYPOIN-
VERSE [Klein, 1978] with a one-dimensional crustal
model obtained by modeling nearby refraction shots (P.
Einarsson, personal communication, 1985). Six timed
explosions were used along with 105 earthquakes, most
of which were recorded on 10 or more seismometers and
all of which lay within the network. These provided
1771 P wave arrival times. The locations and origin
times of the explosions were held fixed throughout the
inversions. The area used for the inversion was selected
to compactly enclose the seismometer network and it
and the node grid used are shown in Figure 2.

The hypocentral parameters calculated by HYPOIN-
VERSE, and the original one-dimensional model (P.
Einarsson, personal communicaton, 1985), were used
as initial estimates. A suite of different inversions were
performed to study the effect of different input informa-
tion on the results. The starting velocity model, nodal
spacing, and inversion damping value were varied.

The final velocity models calculated invariably con-
tained significantly higher velocities than the original
starting model at all depths. A refined one-dimensional
crustal model was therefore derived from the results of
several trial inversions (Figure 4). This was used as a
starting model for the final inversion, although the re-
sults were found to be rather insensitive to the a priori
model used. ‘

Velocity (km/s)
2 3 4 5 6 7
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Figure 4. The original one-dimensional velocity model
used for location of the hypocenters, and the refined
one-dimensional model obtained from the simultaneous
inversion.
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The nodal spacing used affects the final results, and
as it is varied, a trade-off occurs between parameter
resolution and data variance reduction. A coarse grid
limits the spatial scale of bodies that may be imaged
and enables good parameter resolution at the expense of
data variance reduction. A fine grid, on the other hand,
allows smaller bodies to be imaged, but parameter res-
olution is lowered, since fewer data constrain each pa-
rameter, while data variance reduction is improved. We
performed inversions with grid spacings in the horizon-
tal/vertical directions of 2/1 km, 3/2 km, and 4/2 km.
For these inversions, the traces of the resolution matrix
were 70, 45, and 32; the variance reductions were 84%,
72%, and 61%; and the RMS residuals decreased from
an initial 0.066 s to 0.027 s, 0.036 s, and 0.043 s.

The structures obtained using different grid spacings
were broadly similar (Figure 5), though some variations
in the locations, shapes, and sizes of the anomalies are
evident. The coarser parametrizations yield structures
on a broader scale than the finer parametrization, a re-
sult of velocity averaging. This is clearest in the south of
the area, where the two coarse-grid models (Figures 5b
and 5c¢) show broad areas of high and low velocities,
whereas the most finely gridded model (Figure 5a) fea-
tures alternating zones of high and low velocity. In this
part of the area the scale of features resolved is simi-
lar to the nodal spacing. In the north of the area the
most finely gridded model resolves larger-scale bodies
and resembles more the coarser models. The grid spac-
ing selected for the final inversion on the basis of these
trials was 2/1 km in the horizontal/vertical directions
since this corresponded approximately to the surface
station spacing, gave a variance reduction down to ap-
proximately the estimated maximum data error, and
yielded a final model broadly consistent with those from
the coarser grids. ‘

Inversions were performed with a suite of damping
values. The results were insensitive to values in the
range 0.1-2, with RMS errors after seven iterations in
the range 0.032-0.036 s. A value of 0.2, which gave
the largest variance reduction, was selected for the final
inversion. This inversion involved 420 hypocentral and
350 velocity model parameters, iterated seven times and
reduced the RMS residual from 0.066 s to 0.027 s. The
inversion terminated when additional improvement in
the variance reduction with each iteration became less
than 7%. The final velocity structure and associated
measures of quality are shown in Figures 6 and 7 and
Plate 1.

The question of the quality of the final model may
be addressed by investigating model uncertainty, res-
olution, uniqueness, and accuracy. The formal uncer-
tainty of the model (the standard error) is expressed by
the roots of the parameter variances, a measure that
is usually over-optimistic. Thurber [1981] showed that
in the case of the method used here, the standard er-
rors may underestimate the true errors by a factor of
~2. The formal uncertainties are mapped alongside the
final results in Figure 6. These errors are mostly less
than 0.15 km s, indicating a true error of up to about
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Figure 7. Cross sections from west to east through the velocity model. Lines of section are shown in
Figure 2. The contour interval is 0.5 km s™*. Poorly resolved areas (DWS < 50) are hatched. (a) y =
16 km, (b) y = 14 km, (c) y = 12 km, (d) y = 10 km, () y = 8 km, (f) y = 6 km, (8) y=4km, (h) y
= 2 km. Hypocenters of events relocated using the three-dimensional crustal model are shown on some

sections. See Figure 8d for lines of section.

twice this, or 0.3 km s~!, throughout most of the study
volume.

Parameter resolution expresses the degree to which
each parameter estimate is contaminated by the values
of others. Nodal wave speeds are estimated at each
iteration by linearly combining the observations, which
are assumed to be linearly related to the true parameter
values by the operation

i = R7, 1)

where Z is the vector of estimated values, R is the res-
olution matrix, and T is the vector of true values. Each
row is an averaging vector, which defines how the true
values of all the parameters are combined to estimate a
single parameter, and therefore they describe internodal
contamination. The compactness of each averaging vec-
tor is a good indicator of the scale of features that can
actually be resolved. We use the derivative weight sum

(DWS) to assess compactness of the averaging vectors
[Toomey and Foulger, 1989]. The DWS is defined as

DWS(an) =N / wn(Z)ds, 2)

rays path

where N is a normalization factor that accounts for the
volume influenced by o, is the influence coefficient used
in the linear interpolation and depends on coordinate
position. It is defined as

v (T)
day,

wp(T) = 3)
A large DWS indicates that the velocity at the grid
point is based on a large body of data. The DWS is
a superior indicator of ray distribution than the “hit
matrix” since it is affected by the distance of the rays
from the velocity node. Empirical studies indicate that
a DWS of 50 km or greater corresponds to a compact
averaging vector with a spread of up to about 2 km
[Toomey and Foulger, 1989]. Those parts of the final
model resolved more poorly than this are hatched in
Figures 6 and 7. These volumes are peripheral to the
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study volume, are constrained by few data, and are
therefore also intuitively the least reliable parts of the
model.

The uniqueness of the results is the stability of the
final model as the input data and inversion parame-
ters are varied. Inversions performed varying the start-
ing crustal model, nodal spacings, and damping value
within reasonable values all gave broadly similar results.
This indicates that the broad features of our final model
are stable and that it is unlikely that substantially dif-
fering, reasonable minima exist in our data set.

The most important question concerns the accuracy
of the final results, i.e., how closely they approximate
the truth. This is also the most difficult problem to
address since the truth is never known exactly for field
experiments. A number of studies have been performed
using synthetic data generated using a known model,
and these have confirmed the validity of the method
for suitable experimental setups [e.g., Kissling, 1988;
Thurber, 1981]. In the case of field experiments, the
best approach is to compare the results with those from
independent geological and geophysical work. Good
correlation exists between some major features of our fi-
nal model and information from drilling, gravity studies
and surface geological mapping (see discussion section
below). Smaller features of the model that are unsup-
ported by independent evidence should be considered
to be less reliable.

Results

Overall structure. Our refined one-dimensional
velocity model differs systematically from the origi-
nal model based on regional-scale refraction lines inas-
much as it contains higher velocities at all depths (Fig-
ure 4). It agrees well with models from other simultane-
ous inversion studies of spreading segments in Iceland
[Toomey and Foulger, 1989; Bjarnason et al., 1993],
and with the results of a recent refraction profile within
the Krafla caldera (B. Brandsdéttir, unpublished data,
1993), taking into consideration that our 0-depth veloc-
ities correspond to sea level, whereas the Krafla area is
at an elevation of about 500 m above sea level.

High-velocity bodies. At 1 km depth (Figure 6b),
three significant high-velocity volumes are imaged, un-
derlying the western, northern, and eastern edges of
the Krafla caldera. The western anomaly, centered
at (11,14,1) has velocities up to about +2 km s~!
higher than the surrounding crust (i.e., velocities up
to 6.5 km s™1). Tt extends from the surface down
to about 2 km depth (Figure 7b and Plate 1). The
eastern anomaly extends from the surface at about
(3,10,0) down to 2 km depth, where it reaches its maxi-
mum extent at about (3,16,2) and its maximum velocity
anomaly of about +2 km s~!. The northern anomaly
extends from about (6,16,1), where it displays veloc-
ity anomalies of up to +1.5 km s™1, to 2 km depth.
There it merges with the eastern anomaly. The western
and eastern bodies correlate qualitatively with residual
Bouguer gravity highs of up to about 5 milliGals around
the caldera rim (Figure 3). The northern body does not
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correlate well with the gravity field and is more poorly
resolved, so it should therefore be considered less reli-
able. It is interesting to note that beneath the caldera
rim, high-velocity bodies appear to define a ring struc-
ture at 1 km depth, which is fragmented at deeper and
shallower depths.

A fourth high-velocity body is imaged in the south
of the area and also has velocity anomalies of up to
+2 km s~1. It is centered at about (7,0,1), lies imme-
diately beneath the ash cone Hverfjall (Figure 2) and
extends from the surface down to about 2 km depth.
Because it is on the periphery of the imaged volume,
its lateral extent cannot be resolved to the south. It
is well-resolved at 0 and 1 km depth, and the model
covariances for this volume suggest that it is statisti-
cally significant. However, no supporting geophysical
evidence is available so it should be regarded as less re-
liable than the western and eastern high-velocity bodies
beneath the caldera rim.

Low-velocity bodies. Five volumes of relatively
low velocity were imaged. The body with the most ex-
treme velocity contrast underlies the Bjarnarflag well
field within the Namafjall geothermal area. It reaches
its minimum at 2 km beneath the well field at (7,4,2)
and has velocity anomalies up to —1.5 km s~! (Fig-
ure 7g). A significant low-velocity body lies within the
Krafla caldera and extends from about 2 km depth, cen-
tered at (8,14,2), to the surface in the form of two pipes
with velocity contrasts of up to —1 km s~! (Figures 6a,
6b, and 7b and Plate 1). They crop out on the western
flank of Mount Krafla (5,14,0) and about 1 km west-
northwest of Leirhnjikur (9,14,0). In between them,
velocities are slightly higher. This structure is qualita-
tively mirrored by the residual Bouguer anomaly field,
which indicates an isolated Bouguer high in the center
of the caldera at Leirhnjikur, flanked by lower grav-
ity values (Figure 3). The structure inside the Krafla
caldera could also be described as a low-velocity body
with a small, high-velocity core underlying Leirhnjikur
in the depth range 0-2 km.

Bodies with smaller velocity anomalies occur in be-
tween the caldera and the Namafjall geothermal area to
the south. Two are visible at 1 km depth. One is cen-
tered at about (10,8,1), is about 4 km in diameter, and
has a velocity anomaly of up to —1 km s~! (Figure 6b).
The other extends from about (4,2,1) to about (2,6,1)
and has a velocity anomaly up to —0.7 km s~!. A third
minor low-velocity body is imaged, centered at about
(7,5,0). It has a velocity anomaly up to —0.7 km s
The latter two bodies correlate with relatively low grav-
ity values, which suggests that they may be reliable
(Figure 3).

Temporal and Spatial Distribution of
Local Earthquakes
Temporal Distribution

During the 95 days that the network was operated,
489 earthquakes locatable inside the network were re-
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corded. The seismic rate for the whole area and the
rates in different parts of the area were fairly continu-
ous with time. No major swarms occurred during the
monitoring period.

Location Method

The- initial HYPOINVERSE [Klein, 1978] locations
were improved in two stages. First, the whole earth-
quake set was relocated using the refined one-dimension-

al model based on early, simultaneous inversion re- .

sults. Second, the events were relocated using the three-
dimen- sional crustal model obtained from the simulta-
neous inversion. (This was done without performing ad-
ditional iterations of the crustal structure.) The effects
on the computed locations of successive refinements to
the crustal model are illustrated in Figures 8 and 9.

Final Locations

The final locations calculated using the three-dimen-
sional crustal structure show that local seismicity dur-
ing the monitoring period was most intense beneath the
Bjarnarflag well field in the Namafjall geothermal area
(Figures 7g and 8d). Here it forms a tight epicentral
cluster less than 500 m wide. Activity extended 4 km
NNE along the fissure swarm from Bjarnarflag in a nar-
row linear zone, referred to here as the “dike zone” ac-
tivity (Figures 8d and 7f). An aseismic “gap” about
3 km long separates the northernmost end of the dike
zone activity from the diffuse cluster of earthquakes be-
neath the Krafla caldera. The most active central part
of this cluster directly underlies the geothermally al-
tered ridge Leirhnjikur (Figures 7b and 8d).

The events occupy the depth range 0-3 km (Fig-
ure 9d). The dense cluster beneath the Bjarnarflag
well field lies between 1.4 and 2.8 km depth (Figure 9d)
and is widest at about 2.5 km depth, where it is about
400 m wide along the strike of the fissure swarm and
300 m wide perpendicular to it (Figures 7g and 9d). It
is bounded sharply to the north by a subvertical plane
that intersects the surface north of the well field. The
sharpness of this contact suggests that the relative loca-
tion error of the earthquakes may be as little as 100 m
horizontally.

Along the dike zone the events occupy the depth
range 1.2-3.1 km (Figures 7f and 9d). The apparent
width of the seismic zone perpendicular to the fissure
swarm is about 500 m (Figure 7f). Beyond the seismic
gap, the cluster of events that underlie Leirhnjikur oc-
cupies the depth range 0-2.3 km (Figures 7b and 9d).
The densest part of this cluster lies at a depth of ap-
proximately 1.8 km and has a diameter of about 700 m.

Effect of Crustal Model Refinements
on Event Locations

The effects on the locations of refining the crustal
model were studied by comparing the locations ob-
tained using the original one-dimensional model, the re-
fined one-dimensional model and the three-dimensional
model (Figures 8 and 9). Improving the one-dimension-
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al model introduces a systematic change, and a largely
systematic effect on the event locations would be ex-
pected. Moving to the three-dimensional model pro-
duces a less systematic change and would be expected
to have a more complicated effect on the locations.

Improving the one-dimensional model generally re-
sulted in epicentral movements of no more than about
500 m, which is of the same order as the horizontal
error (the 32% probability range) in the original HY-
POINVERSE locations [Klein, 1978] (Figure 8b). The
epicenters of events in the Bjarnarflag cluster and the
dike zone moved systematically northwards by about
100-200 m. Most of the events shallowed by 600-700 m,
which in many cases is larger that the ERZ (the error
in the vertical) of the HYPOINVERSE locations (Fig-
ure 9b).

Relocation using the three-dimensional model result-
ed in the events in the Bjarnarflag cluster moving west-
wards by an average of about 200 m (Figure 8c) and a
further shallowing by about 500 m of the deepest events
and somewhat less of the shallower events (Figure 9c).
Events to the south of Bjarnarflag moved northwards by
about 500 m. Within the dike zone the events generally
migrated westward by 200-500 m. Within the caldera
the events in the Leirhnjikur cluster moved unsystem-
atically. Many events moved in towards the center of
the cluster and shallowed by 500 m to 1.0 km, though
this effect was not as systematic as occurred by refining
the one-dimensional model only.

The major effect on the epicentral locations of re-
fining the original refraction-based crustal model to a
three-dimensional model is the systematic NW move-
ment by 200-300 m of the events in the Bjarnarflag
cluster and the dike zone. These seismic volumes also
became narrower normal to the fissure swarm, and they
and the Leirhnjikur cluster shortened parallel to the
fissure swarm. The Bjarnarflag cluster became com-
pacted vertically, occupying the depth range 1.9-2.8 km
compared with the original 2-4 km, and the region of
maximum width shallowed from about 2.7 to 2.2 km
(compare Figures 9a and 9d). Activity within the dike
zone was also compacted and the minimum depth of
the events was decreased by about 500 m from 1.7 to
1.2 km.

The calculated spatial distribution of events beneath
Leirhnjikur changed considerably as a result of the
crustal model refinements. The vertical extent reduced
from 0-3.5 km to 0-2.3 km and an apparent northward
dipping lirieation, which is visible in Figure 9a, was sub-
dued (Figure 9d).

The significance of the location changes resulting
from use of the three-dimensional model may be as-
sessed either statistically, using errors calculated from
the data or logically using independent constraints. The
largest change is the shallowing of many calculated
hypocenters by about 1 km as a result of the systematic
increase in velocity of the whole structure, and these re-
vised depths are only as reliable as the revised crustal
model. As discussed above, our final crustal model is
robust, constrained by a large body of data, reduced
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Figure 8. Epicenters of earthquakes used in the simultaneous inversion. (a) Locations obtained using
HYPOINVERSE [Klein, 1978] and one-dimensional crustal model derived from regional refraction profiles
(P. Einarsson, personal communication, 1985). All events have ERH and ERZ (errors in the horizontal
and vertical) <1.0 km. (b) Migration of locations resulting from using the refined one-dimensional model.
Vectors emanating from the epicenters indicate how the locations moved from the original position (tail)
to the new position (dot). (c) Migration of locations resulting from replacing the refined one-dimensional
model with the three-dimensional model. Vectors emanating from the epicentérs indicate how the location
moved. (d) Final locations obtained using the three-dimensional model. Faults and fissures of the Krafla
fissure swarm are shown, along with the caldera rim. Shading denotes the geothermal areas and dashed
lines indicate the surface projections of the magma lobes [from Einarsson, 1978]. Solid line indicates the
shore of Lake Myvatn. The lines of sections shown in Figures 7, 9, and 13 are indicated.
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Figure 9. Hypocenters of earthquakes used in the simultaneous inversion, along the section B1-B4
(Figure 8d). No vertical exaggeration. (a) Locations obtained using HYPOINVERSE (Klein, 1978] and
a one-dimensional crustal model derived from modeling nearby refraction lines (P. Einarsson, personal
communication, 1985). (b) Migration of locations resulting from replacing the original one-dimensional
model with the refined one-dimensional model. Vectors emanating from the hypocenters indicate how the
locations moved. (c) Migration of locations resulting from replacing the refined one-dimensional model
with the three-dimensional model. Vectors emanating from the epicenters indicate how the location
moved. (d) Final locations obtained using the three-dimensional model.

the data variance to the estimated data error level, and
is in good agreement with a local refraction study and
the gravity field. The general, systematic shallowing of
the events is therefore well supported.

The degree of clustering of events is a nonstatisti-
cal indication of the relative accuracy of locations. Re-
peated earthquakes often occur in small volumes, but
small random errors in the calculated locations make
those volumes appear larger than they actually are. In-
creased clustering may thus be viewed as evidence for
improvement in the locations. The events located us-
ing the three-dimensional crustal model cluster much

more closely in space than those located using the orig-
inal one-dimensional model, particularly in depth (Fig-
ure 8d). The level of clustering gives some idea of the
relative location accuracies of the events, which varies
throughout the network.

The absolute accuracies can only be assessed by relo-
cating events with known hypocenters and origin times.
Two of the total of six explosions were detonated cen-
trally within the network and close to the seismogenic
volumes. Epicenters calculated for them using both the
original one-dimensional model and the three-dimen-
sional model were within a few hundred meters and
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hypocentral depths were within 1 km of the true values.
Although the locations changed little, the average RMS
residual for the explosions reduced from 0.183 s before
inversion to 0.060 s after inversion. Surface explosions
are not an ideal indicator of absolute earthquake loca-
tion accuracies, since they sample only the shallow lay-
ers. However, they provide the best indication available
of absolute accuracy.

Magnitude History and b Values

A coda length magnitude scale is available for the
permanent Icelandic seismograph station RI, operated
by the University of Iceland (Figure 2). This had
been derived by comparison with the body wave am-
plitude magnitude scale of the World-Wide Standard
Seismograph Network (WWSSN) station at Akureyri
and downward extrapolation to smaller magnitudes (P.
Einarsson, personal communication, 1985). Coda length
magnitude scales were derived in a similar way for three
stations of our temporary network by comparison with
station RI [Arnott, 1990].

Figure 10 illustrates how events of different mag-
nitudes are distributed in time. There is very little
evidence for swarm activity, and many of the events
are technically mainshocks [Sykes, 1970]. The largest
events occurred in the Bjarnarflag cluster, where five
events of My, > 1.0 and two events of M, > 2.0
were located. Within the Krafla caldera, only three
events occurred with My, > 1.0 and no events with
M;ip, > 2.0 occurred. In the dike zone, no events with
M1, > 1.0 occurred, and all but one event had magni-
tudes Myy, < 0.2.

We studied spatial and temporal variations in the b
value [Gutenberg and Richter, 1941], which is half the
fractal dimension of the seismic activity [ Turcotte, 1993,
p. 37]. Variations in b are thought to be related to inho-
mogeneity of the crust, or changes in the state of stress
(b inversely proportional to stress) [Scholz, 1968]. Such

Magnitude
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variations would be expected in areas of inhomogeneous
crustal structure or different earthquake generating pro-
cesses.

Frequency-magnitude plots for the whole data set and
for the Bjarnarflag, dike zone, and Krafla caldera sub-
sets are shown in Figure 11. Figure 12 compares b val-
ues calculated for the linear part of the plots, i.e., that
part above the detection threshold, using the maximum-
likelihood method [Page, 1968].

A value of b = 0.77 £ 0.10 was obtained for the whole
area and is not significantly different at the 1o level from
the value of 0.84 & 0.29 obtained by Ward et al. [1969)
for the Krafla area using P wave amplitudes. If the
seismic rate during the monitoring period was typical,
the magnitudes of the expected daily and yearly events
are approximately My, = —0.4 and 3.2, respectively.

The value of b for the dike zone (1.25 + 0.30) is sig-
nificantly different at the 1o level from that of the
Bjarnarflag area but not from the Krafla caldera. If
b is inversely related to stress, it might be concluded
that stress along the dike zone is lower than beneath
the Bjarnarflag well field.

Discussion
Genesis Process

Our study was conducted immediately following a
decade of tectonic activity and spreading in the Krafla
volcanic system. It is therefore possible that the seis-
micity reported here resulted from continuing tectonic
activity. This explanation is unlikely, however, since
the earlier, tectonic seismicity comprised short, inten-
sive swarms accompanying dike injections and magma
chamber inflation [e.g., Bjérnsson et al., 1979]. The b
value of 0.77 4+ 0.10 we obtain for our data set also con-
trasts greatly with that of 1.7+0.2 obtained by Einars-
son and Brandsdottir [1980] for a swarm accompanying
a dike injection north of the volcano in 1978. At the
time of our study, the system was tectonically quiescent

H

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Recording day

Figure 10. Temporal distribution of local earthquakes plotted against M/, (local Icelandic) magnitude

for the entire data set.
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(e.g., tilt rates were low), and the events we recorded
were continuous and small magnitude. We therefore
reject the hypothesis that the activity resulted from a
continuation of the spreading episode.

Continuous, small-magnitude earthquake activity
characterizes the high-temperature geothermal areas of
Iceland, and it has been proposed that it is induced by
geothermal processes [Ward et al., 1969; Einarsson and
Szmundsson, 1987; Foulger, 1988a; Foulger and Long,
1984]. This is the explanation we favor for the seismic-

_ Dike
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- Bjarnarflag
0

Figure 12. The variation in b value over the area.
Vertical bars indicate the 1o standard error for each
value.

ity we report here. This conclusion is supported by the
observation that some events have nonshear focal mech-
anisms [Foulger et al., 1989; Arnott, 1990; Arnott and
Foulger, this issue], a phenomenon observed in other
Icelandic geothermal areas and attributed to geother-
mal heat loss [Foulger, 1988b].

Effect of Crustal Model Refinements
on Calculated Earthquake Locations

Substituting a three-dimensional crustal model for
the original one-dimensional refraction-based model re-
sulted in relatively minor changes in calculated epi-
centers but major changes in focal depths. The cal-
culated maximum depth of the earthquakes decreased
by about 1 km from 3-4 km to 2-3 km. This il-
lustrates that substantial mislocations may occur if
a regional crustal structure is used to locate earth-
quakes in a local, anomalous area. Earlier estimates
of hypocentral depths in the Krafla segment, especially
those that used local stations and upgoing rays, may
thus have been overestimated, e.g., earthquakes accom-
panying the September 1977 dike injection may have
been substantially shallower than the 3-7 km reported
[e.g., Brandsddttir and Einarsson, 1979]. Hypocentral
depth estimates for events in other anomalous, local
areas made using regional crustal models may also con-
tain errors from this source, e.g., studies of marine black
smokers that use refraction-based crustal models.
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Krafla Area

The earthquakes occurred mostly in the intrusive for-
mation that underlies the surface subaerial lava and
hyaloclastite layers and between the two low-velocity
pipes imaged (Figures 7b and 13). They directly un-
derlie Leirhnjikur, in the center of the fissure swarm
and between the two magma chamber lobes [Einarsson,
1978] (Figure 2), i.e., directly above the magma cham-
ber roof pendant. This location also marks the center of
magma chamber inflation [e.g., Bjérnsson et al., 1979).
If the events are induced by geothermal cooling, then
they define the hot rock body that fuels the Leirhnjikur
fumaroles. The seismic volume corresponds mainly to
the lower, boiling zone of the geothermal reservoir.
Temperatures measured in boreholes 1.5-2 km east of
the main area of seismicity indicate temperatures of
>250°C for this zone [Armannsson et al., 1987], though
care should be exercised in extrapolating this directly to

(a)
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the volume beneath Leirhnjikur since lateral tempera-
ture gradients may be very large in volcanic geothermal
areas.

Several factors suggest that the volume directly be-
neath Leirhnjikur is intensely fractured and may con-
tain a magma conduit that provides a pathway for the
flow of magma when the chamber discharges. (1) Con-
tinuous earthquake activity occurs there and may main-
tain a system of permeable cracks. (2) A WNW trend-
ing fault passing through the center of the seismic vol-
ume has been identified by drilling [Armannsson et al.,
1987]. (3) The roof pendant in the magma chamber may
have resulted from localized, deep cooling by geother-
mal fluids circulating through fractures. (4) This local-
ity overlies the recent center of inflation of the magma
chamber and thus experiences great extensional stress
during magma-chamber inflation. (5) It is in the cen-
ter of the fissure swarm where extensional stresses and
fracturing are probably greatest and intensive dike in-
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Figure 13. Plot of earthquake hypocenters and geology as deduced from borehole studies (adapted
from Armannsson et al. [1987]). (a) WNW-ESE section A2-A3, vertical exaggeration 1.2: 1. Vertical
lines indicate drill holes. (b) NNE-SSW section B3-B2, vertical exaggeration 0.6: 1. Vertical lines
indicate faults. See Figure 8d for locations of lines of section.
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trusion occurred recently. (6) Leirhnjikur was the site
of fissure eruptions both during the recent episode and
that of a historic episode 1724-1729.

The simultaneous inversion detects relatively low ve-
locities beneath the caldera, in particular, two vertical
columns on either side of Leirhnjikur from 0 to 2 km
depth where they merge together in the same volume
as the seismicity. The eastern column coincides with
the most intensively exploited part of the geothermal
reservoir, on the western slopes of Mount Krafla, and is
interpreted as a hydrothermally altered volume. It rep-
resents the main pathway of geothermal fluid flow to the
boreholes. Seismicity at the base of this zone suggests
cooling there in addition to that beneath Leirhnjikur.
The low-velocity column west of Leirhnjikur may also
represent hydrothermal alteration, but the absence of
long-lived surface heat loss or low resistivity there sug-
gests that this zone is currently geothermally inactive.

Large, high-velocity bodies imaged beneath the west-
ern and eastern parts of the caldera ring fault correlate
with Bouguer gravity highs and indicate high-density
bodies. Boreholes have encountered gabbro at depths
greater than 1800 m beneath the eastern part of the
caldera. A granular gabbro at a depth of about 2 km
and pressure of about 5 x 10% Pa would have a seismic
velocity of about 7.1 km s~ [Kroenke et al., 1976]. This
is higher than the 6.5-7.0 km s~! imaged, but slightly
depressed velocity estimates may result from velocity
averaging in the inversion, uncertainties, and the in situ
rock differing from the homogeneous gabbro studied by
Kroenke et al. [1976]. Given these uncertainties, the
velocities we image are consistent with gabbro at that
depth. The high-velocity bodies may represent intru-

sions that occurred in the neighborhood of the caldera -

ring fault because it provided a weak zone. Gabbro in-
trusions are exposed in the eroded roots of old, extinct
central volcanoes in Iceland which is consistent with our
interpretation [e.g., Walker, 1974].

The high-velocity body that underlies Hverfjall in the
south of the area could also be a gabbroic intrusion.
Hverfjall is an ash cone with a resurgent dome, and the
intrusioni may have accompanied its formation. How-
ever, this feature is peripheral to the model, therefore
poorly resolved, and should be considered tentative.

Namafjall Area

Within the Ndmafjall geothermal area, the majority
of the earthquakes lay in a tight cluster at 1.4-2.8 km
depth beneath the Bjarnarflag well field. This cluster
has an east-west width of about 300 m and has a sharp
northern edge. The b value for these events is relatively
low (0.62 & 0.14), suggesting a high-stress state. The
seismicity coincides with a low-velocity zone imaged by
the simultaneous inversion (Figure 7g).

The coincidence of the seismicity and the well site
suggests that some earthquakes may be induced by
geothermal fluid mining activities, as they are, for ex-
ample, at The Geysers, California [Stark, 1992], though
detailed correlations of seismicity and development are
unavailable. This is supported by the character of
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the stress field, derived from focal mechanisms, which
showed no preferred orientation of the axes of princi-
pal stress, suggesting that systematic tectonic forces are
hot responsible for the earthquakes [Arnott and Foulger,
this volume]. In addition, the few days of preproduc-
tion monitoring available suggest a higher seismic rate
in the Krafla caldera than the Ndmafjall area [Ward
et al., 1969; Ward and Bjérnsson, 1971], whereas that
situation was reversed in 1985. This feature of the seis-
micity in this volcanic system contrasts with that of
other geothermal areas in Iceland, e.g., the Hengill area,
where all the seismicity appears to be induced by natu-
ral heat loss [Foulger, 1988b]. Geothermally induced
seismicity is known elsewhere, however, e.g., in The
Geysers geothermal area, California |Eberhart-Phillips
and Oppenheimer, 1984].

In addition to heat, large volumes of fluid are be-
ing withdrawn from beneath Bjarnarflag. Possible in-
duction processes therefore include both thermal con-
traction and volume removal. In either case, the seis-
mic volume is the source of the heat being mined at
Bjarnarflag. The low velocities imaged are probably
due to hydrothermal alteration. The sharp northern
edge of the seismic volume projects up to the surface
at the well field and may represent a fault along which
geothermal fluids flow to the surface. Dikes injected in
1977 and 1980 passed through Bjarnarflag and contin-
ued 4 km to the south, and continued stress relaxation
in the neighborhood of those dikes may thus also con-
tribute to the 1985 seismicity there.

Dike Zone

The narrow, bladelike seismic zone at 1.2-3.1 km
depth along the fissure swarm coincides with dikes in-
jected southward in 1977 and 1980. This spatial cor-
relation and the continuous nature of the earthquakes
suggest that they result from an ongoing, natural pro-
cess associated with the young dikes there. There is no
evidence for geothermal activity at the surface, the total
width of dikes injected was about 3 m [Bjornsson et al.,
1979; Bjornsson, 1985], and about 5 years elapsed be-
tween injection and our seismic monitoring. It is proba-
ble that the dikes and neighboring rock were thoroughly
cooled by the time of our monitoring and that the earth-
quakes do not result from continued cooling. We sug-
gest that they are associated with minor stress release
on a small scale as the crust returns to equilibrium in
the neighborhood of the new dikes.

Conclusions

1. After the cessation of major tectonism in the
Krafla volcanic system in 1984, seismicity comprised
continuous, small-magnitude earthquakes concentrated
in the Krafla and Nédmafjall geothermal areas and the
southerly zone of recent dike injection.

2. Crustal models based on regional refraction pro-
files may inadequately model local, anomalous areas
and introduce serious errors into the computed focal
depths of earthquakes. The use of a three-dimensional
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crustal structure may significantly improve the resolu-
tion of structures such as seismically active faults.

3. High-velocity, high-density, gabbroic intrusions
underlie the caldera ring fault.

4. Volumes with low seismic velocities beneath the
geothermal areas are interpreted as zones of hydrother-
mal alteration and pervasive fracturing.

5. Seismicity beneath the Krafla system is confined
to the 0-3 km depth interval and lies mostly within the
boiling zone of the hydrothermal system.

6. The seismic rate during a 3-month monitoring pe-
riod was one magnitude 3.2 event per year with a b value
of 0.77 +0.10.

7. The seismic activity results dominantly from geo-
thermal processes. The activity berieath the Bjarnarflag
well field may also be partly induced by exploitation
and by stress relaxation at the southern tip of recently
injected dikes.

8. The seismic volume beneath Leirhnjikur is prob-
ably highly fractured and may provide a pathway for
magma flow out of the Krafla magma chamber during
active periods.

9. Seismicity at the locus of recent dike injections in-
dicates that the crust there had not completely returned
to stress equilibrium after 5 years.
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