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Short Note

The Puzzle of the 1996 Bardarbunga, Iceland, Earthquake: No Volumetric

Component in the Source Mechanism

by Hrvoje Tkalci¢, Douglas S. Dreger, Gillian R. Foulger, and Bruce R. Julian

Abstract A volcanic earthquake with M, 5.6 occurred beneath the Bardarbunga
caldera in Iceland on 29 September 1996. This earthquake is one of a decade-long
sequence of M 5+ events at Bardarbunga with non-double-couple mechanisms in the
Global Centroid Moment Tensor catalog. Fortunately, it was recorded well by the
regional-scale Iceland Hotspot Project seismic experiment. We investigated the event
with a complete moment tensor inversion method using regional long-period seismic
waveforms and a composite structural model. The moment tensor inversion using data
from stations of the Iceland Hotspot Project yields a non-double-couple solution with
a 67% vertically oriented compensated linear vector dipole component, a 32% double-
couple component, and a statistically insignificant (2%) volumetric (isotropic) con-
traction. This indicates the absence of a net volumetric component, which is puzzling
in the case of a large volcanic earthquake that apparently is not explained by shear slip
on a planar fault. A possible volcanic mechanism that can produce an earthquake
without a volumetric component involves two offset sources with similar but opposite
volume changes. We show that although such a model cannot be ruled out, the

circumstances under which it could happen are rare.

Introduction

A remarkable series of seismic and magmatic events be-
neath the Vatnajokull icecap in Iceland occurred in 1996 and
ultimately led to a breakout flood (jokulhlaup) from the
Grimsvotn volcano subglacial caldera lake. A sequence of
earthquakes commenced 29 September starting with a mag-
nitude 5.6 earthquake in the Bardarbunga volcano (Fig. 1).
Similar earthquakes had occurred in this area previously. Ten
earthquakes clustered around the Bardarbunga caldera are re-
ported in the Harvard Centroid Moment Tensor catalog for
the period 1976-1996 (Nettles and Ekstrom, 1998). How-
ever, this time the event was followed by a swarm of small
earthquakes that migrated toward a neighboring volcano,
Grimsvotn, and culminated in a subglacial volcanic eruption
(Nettles and Ekstrom, 1998).

The main event, an M, 5.6 earthquake, displayed an
unusual pattern of seismic radiation, suggesting a non-
double-couple (NDC) mechanism. Studies of the event using
teleseismic long-period and intermediate period surface-
wave data (Nettles and Ekstrom, 1998) and regional Icelan-
dic data, based on a simple one-dimensional wave-speed
model (Konstantinou et al., 2003) gave solutions with large
compensated linear vector dipole (CLVD) components with
approximately vertical oriented tensional major dipoles.
Nettles and Ekstrom (1998) proposed that the derived

NDC source mechanisms result from slip on an outward-
dipping cone-shaped ring fault beneath the caldera, as a re-
sult of a change in pressure in the volcano’s shallow magma
chamber. Konstantinou et al. (2003) also reported an (8.5%)
implosive isotropic component and concluded that it was sta-
tistically significant. In this article, we decompose moment
tensors using the scheme of Knopoff and Randall (1970),
described in section 2.6 of Julian et al. (1998).

Previous Studies of Non-Double-Couple
Seismic Sources

A double-couple (DC) is a theoretical force system that
would generate, in a medium without discontinuity, the same
elastic field as a shear dislocation. It is the conventional rep-
resentation of a shear fault as a point source (e.g., Kostrov
and Das, 1989). A pure DC produces a quadrantal distribu-
tion of the polarities of elastic compressional waves. The
symmetric second-rank seismic moment tensor, M, provides
a general representation of an arbitrarily oriented seismic
source having in general DC, CLVD, and isotropic compo-
nents. The physical source processes that produce NDC mo-
ment tensors are not well understood, but the effort to
interpret them is usually approached by decomposing the
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Figure 1.

Map showing the main tectonic and volcanic features in Iceland. Glaciers are shown in white and spreading segments in dark

gray. Volcanoes are shown with thin lines. The Bardarbunga earthquake is shown with the gray star. Triangles are locations of the 11 Iceland
Hotspot Project broadband stations used in the moment tensor inversion. Lines indicate the locations of the six different one-dimensional

models used between the source and stations.

tensor into DC, CLVD, and isotropic components. We follow
this approach in the present analysis.

A CLVD corresponds to three orthogonal dipoles with
moments in the ratio 2: — 1: — 1, so that there is no net
change in volume. The dominant dipole can be either com-
pressional or dilatational (with the other dipoles of opposite
polarity). A pure CLVD point source has two cylindrical nod-
al surfaces. The isotropic component measures any volume
change in an earthquake. The CLVD component of a tectonic
earthquake typically contains less than 30% of the total
seismic moment. Unusually, in the case of the Bardarbunga
earthquake, the CLVD component is dominant over the DC
component and involves an outward-orientated, vertical
major dipole.

NDC earthquakes with CLVD components have been
attributed to several physical mechanisms. These include
tensile failure (e.g., Julian, 1983; Foulger and Long, 1984;
Julian and Sipkin, 1985; Julian er al., 1997; Miller et al.,
1998; Foulger et al., 2004), complex faulting, for example,
involving multiple ruptures on a transform fault or mid-ocean
ridge (Kawakatsu, 1991), and nonplanar rupture (Frolich,
1994; Kuge and Lay, 1994; Julian et al., 1998). In addition,
dip-slip shear faulting on a conical fault spanning a large
range of strikes theoretically also has an NDC component
(Ekstrom, 1994; Frolich, 1994; Julian et al., 1998). This lat-
ter mechanism is a possible candidate for the 29 September
1996 event. We tested it through numerical simulation of the
finite rupture process for an outward-dipping ring fault using

a three-dimensional finite-difference method and were un-
able to reject the hypothesis (Tkalc¢i¢ et al., 2005).

In parallel with understanding physical mechanisms
responsible for the presence of NDC components in the
moment tensor, several methods have been developed. An
efficient method, called INdirect PARameterization, of deter-
mining simultaneously moment tensor and source time func-
tion in the presence of a high noise-to-signal ratio, was
developed by Sileny and Panza (1991) and Sileny ez al.
(1992). The method utilizes the information from complete
waveforms synthesized by a modal summation and takes into
account the effects of the noise, the mislocation, and the
uncertainty in the velocity structure. It has been tested and
applied in various settings including volcanic and geothermal
(e.g., Panza et al., 1993; Cespuglio et al., 1996; Panza and
Sarao, 2000; Guidarelli and Panza, 2006). Another efficient
method, which uses linear programming to perform complete
moment tensor analysis (including NDC components), was
developed by Julian and Foulger (1996). The method utilizes
the information from amplitude ratios to circumvent the
effects of complex Earth structure on seismic waveforms.
It has been applied to earthquakes at several volcanic and
geothermal areas with great success (e.g., Julian et al.,
1997; Miller et al., 1998; Foulger et al., 2004).

Here, we report the complete seismic moment tensor.
We find no evidence in support of a significant isotropic
component. Because volcanic earthquakes are frequently ac-
companied by the movement of magma and other dynamic
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Comparison of (a) deviatoric and (b) full moment tensor point-source inversion results for the Bardarbunga event. Three-

component displacement seismograms (tangential, radial, and vertical, from left to right) are shown by solid lines and compared to
one-dimensional synthetic seismograms (dashed lines). The lower-hemisphere projection of the P-wave radiation pattern is shown at right.
The strike, rake, and dip of the two nodal planes of the best DC solution, as well as the scalar seismic moment, moment magnitude, and

percentage DC, CLVD, and isotropic, are given numerically at right.

processes such as opening of cracks induced by pressurized
fluids, this result is surprising. We discuss the feasibility of
a volcanic model with a mass-exchange mechanism that
produces no net volume change.

Seismic Data and Wave-Speed Models for Iceland

A useful dataset with which to study the event was
collected by the regional-scale Iceland hotspot seismic

experiment (Foulger ez al., 2001). Studies using these data
have resolved many details of the complex crustal structure
of Iceland. For example, Du and Foulger (1999, 2001) and
Du et al. (2002) used teleseismic receiver functions and
surface-wave dispersion measurements to obtain the laterally
varying wave-speed structure beneath Iceland. Crustal thick-
ness was determined using a combination of seismic profiles,
receiver functions, and gravity profiles (Darbyshire et al.,
2000; Foulger et al., 2003). Another study used seismic



3080

Radial

Tangential

HOT11.data, 300Max Amp=4.62¢-03 cm VR=76.6

HOTI6.data,59 Max Amp=5.22¢-03 cm VR=84.5

HOT19.data,83 Max Amp=6.49¢-03 cm VR=79.2

i’
'\,f\‘/‘()\“/"'- / 7
~ \'

HOTI15.data,32 Max Amp=5.68¢-03 cm VR=T72.8

HOT13.data, 345 Max Amp=9.38¢-03 cm VR=53.5

Figure 3.

Short Note
Vertical
o Strike=299 ; 101
— 100 -
o, Rake =100;75
Dip =56:35

= Mo =1.74e+24
4 Mw =55
2150sec  percent DC=36

Percent CLVD=64
Percent ISO=0

Variance=1.10e-06
Var. Red=7.25e+01
RES/Pdc.=3.08e-08

2750 sec

’

L]
A
i
!’ i =
"/\/\‘-\’w'_'
27.50 sec

Three component observed and synthetic displacement seismograms for a point-source moment tensor inversion for another,

independent set of stations, whose locations are shown in Figure 1. Compare with Figure 2a.

tomography to constrain the structure under Iceland (Foulger
et al., 2000, 2001). These studies demonstrate the high
degree of complexity of crustal structure beneath Iceland.
In the present study, the most difficult task was
determining Green’s functions. Utilizing a frequency wave-
number integration (FKI) program (Saikia, 1994), we gener-
ated Green’s functions for (a) an average S-wave crustal
tomography model (Allen et al., 2002) and (b) crustal models
determined by jointly inverting teleseismic receiver functions
and surface-wave dispersion curves (Du and Foulger, 1999).
Using a single model for Iceland to compute Green’s func-
tions for all source-receiver paths did not yield good fits to
the observed waveforms, especially when waveforms from
more than two stations were analyzed. We obtained signifi-
cantly better results when we used the separate wave-speed
models of Du and Foulger (1999) to compute Green’s func-
tions. This was true despite the fact that teleseismic receiver
functions are sensitive only to the structure under a seismom-
eter (with some lateral sensitivity), while Green’s functions
depend on the structure along the entire source-receiver path.

The Lack of a Volumetric Component in the
Moment Tensor

We used the full-waveform inversion method described
by Pasyanos et al. (1996). We obtained both deviatoric
(where M is decomposed into only DC and CLVD com-
ponents) and full moment tensor (FMT) solutions. The
FMT inversion allows for an isotropic component (explosive
or implosive volume change). Recovery of a statistically
significant component of this kind is strong evidence for

direct fluid involvement in the source process (e.g., Dreger
et al., 2000).

The method inverts three-component, long-period
(0.02-0.05 Hz) seismograms for the six independent ele-
ments of the seismic moment tensor. A synchronous and im-
pulsive source time function and a point source are assumed,
and depth is determined through an iterative process. Using
this method, we previously demonstrated the existence of
large volumetric components in earthquakes from the Long
Valley caldera, California (Dreger et al., 2000). Several
studies have demonstrated that the method is insensitive
to lateral and vertical inhomogeneities along ray paths and
near-source or near-receiver structure but is sensitive to the
source orientation and depth for the passband employed by
the inversion method (e.g., Dreger and Helmberger, 1993;
Panning et al., 2001).

We examined all the waveform data available from
Iceland Hotspot Project stations. For the bulk of the analysis
we used six stations with excellent azimuthal coverage:
HOTO1, HOT12, HOT17, HOT22, HOT24, and HOT29
(Fig. 1). The deviatoric inversion of data from these stations
yielded an NDC solution with a 67% CLVD component
(Fig. 2a), while the FMT resulted in a similar 66% CLVD
component accompanied by an insignificant volumetric con-
traction (isotropic component = 2%; Fig. 2b). Inversions
using data from other groups of stations confirmed that
the result is stable and well constrained. One such config-
uration of stations with the corresponding best fits and the
results of deviatoric inversion is shown in Figure 3 (both
deviatoric and FMT inversions were performed). Again, the
volumetric part was insignificant, and there was no improve-
ment in variance reduction when volumetric component was
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Figure 4. Jackknife sensitivity test, illustrating the stability of

(a) the CLVD, presented by the value of €, where ¢ is a measure of
the size of the CLVD component relative to the DC, and ); are the
deviatoric eigenvalues of M; (b) the isotropic components, as a
function of the number of stations used in the inversion. The sym-
bols show the mean percent isotropic component £1 standard de-
viation error bars.

allowed in the moment tensor. This consistency of solutions
for different configurations of stations demonstrates the
robustness of the moment tensor solution. This is a conse-
quence of the excellent azimuthal coverage and good struc-
tural models. From the calculated 5 min waveforms, we used
110 sec when inverting for moment tensors.

The depth estimate of Nettles and Ekstrom (1998) of
3.5kmis based on abroadband analysis for depth and duration
of moment release. For high frequencies, we estimated the
nucleation depth of the event to be 3.9 km from first-
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arrival-time analysis. At low frequencies, in the moment
tensor inversion, we tested 1.5, 3.5, and 5.5 km depths and
obtained the best results for 3.5 km depth. The depth estimates
obtained using different frequency bands generally agree well.

We performed a sensitivity test to examine the stability
of the CLVD component expressed as the value of ¢, a mea-
sure of the size of the CLVD component (e.g., Dziewonski
et al., 1981; Julian et al., 1998, equation 18; Figure 4a)
and the isotropic component (Fig. 4b) to the number of sta-
tions used in the inversion. We found that six stations can
adequately resolve any possible isotropic component. As
can be seen from Figure 4, after the number of the waveforms
reaches three, the strength of the CLVD component ceases to
vary as new waveforms are added, reaching a value of about
0.35. The overall variance reduction does not decrease sig-
nificantly with the addition of stations. While for a single
station the variance reduction can reach 90%, this number
drops to about 85% for three to four stations and is slightly
over 80% for six stations. On the other hand, the isotropic
component decreases with increasing number of waveforms
used in the inversion.

Clearly, one station is insufficient to estimate the
strength of the CLVD component, and even three stations still
yield relatively strong (and erroneous) isotropic components.
Certain combinations of four stations also give erroneous re-
sults. For example, when HOTO1 and HOT22 are excluded
from the inversion, azimuthal coverage becomes extremely
poor and the result is a strong horizontal CLVD (Fig. 5). De-
spite the fact that it was shown previously that it is possible to
detect explosive earthquake components with as few as three
stations (Dreger and Woods, 2002), the results shown here
illustrate the importance of good azimuthal coverage. A sim-
ilar result was obtained by Sileny et al. (1996), who pointed
out the important roles of azimuthal coverage and minimum
number of stations in the moment tensor inversion. Our re-
sults also indicate the sensitivity of the moment tensor inver-
sion to the quality of the Green’s functions, which supports
earlier findings of Cespuglio et al. (1996) about possible
contamination of the retrieved source mechanism by inaccu-
rate knowledge of the relevant structural models.

We conducted an additional numerical search for pure
DC moment tensors and also ones with DC and isotropic
components, but we obtained significantly poorer fits to
the data. We also investigated the potential biases that could
have been introduced by net forces in the physical process.
Some workers have handled this problem by including three
net-force components in the source representation (e.g.,
Chouet et al., 2003). The existence of a net force, however,
cannot hinder recovery of an isotropic component in our in-
version. The inversion is linear with an isotropic component
allowed, so if there is one, it would have been retrieved.

Volume (Mass) Exchange Mechanism

NDC earthquakes with vertically oriented CLVD compo-
nents occur at Bardarbunga repeatedly (see, e.g., Fig. 1 of
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Nettles and Ekstrom, 1998). Although we are able to model
the observed focal mechanism using slip on a ring fault
(Tkal¢i¢ et al., 2005), in practice, outward-dipping ring dikes
are usually near-vertical, and therefore, not efficient genera-
tors of non-double-couple mechanisms. Cone sheets have
smaller dip angles and would be more efficient, but they
dip inward. It is not well understood under which circum-
stances, and if at all, ring dikes or cone sheets can rejuvenate
to form faults. This argues for exploring an alternative, a
nontectonic source, to explain the lack of volumetric compo-
nents in the moment tensor for this earthquake. In addition,
there are indications from smaller aftershocks whose me-
chanisms we analyzed using the method of Julian (1986)
and Julian and Foulger (1996) that in at least two cases
(for smaller aftershocks) the focal mechanisms are similar
to that for the main event. It is hard to reproduce this kind
of scaling in focal mechanisms with earthquakes generated
by a slip on a nonplanar fault because proportionally a smal-
ler portion of the circumference rupturing will not yield the
vertical CLVD component.

We, therefore, considered a mass-exchange process that
can yield a NDC mechanism and still produce a negligible
volumetric component. This could be two magma chambers,
a deeper and a shallower one, with exchange of magma or
pressurized liquid between them (Fig. 6a) or a magma cham-
ber and an opening crack (Fig. 6b). The major difference be-
tween this mechanism and that proposed by Nettles and
Ekstrom (1998) is that the NDC radiation by magma move-
ment eliminates the need for fault segments slipping, and at
the same time, explains the lack of volumetric components in
the moment tensor. This is an attractive hypothesis because it
would be also possible to reproduce the observed vertical

(a) /M

No net. COMPLEX
volumetric MAGMA CHAMBER
change

-—

No net
volumetric
change

CRACK
OPENING

Figure 6. Sketch of tested models with two compensating
sources reproducing a vertically oriented CLVD in dilatation (where
volumetric exchange is equal and opposite in sign): (a) a complex
magma chamber and (b) an implosive source and a vertical, hori-
zontally opening crack above.
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Figure 7.  As Figure 2 but showing (a) deviatoric and (b) full moment tensor inversions using a model of two fully compensating sources,
an implosive source 4 km deep, and a horizontally opening crack 2 km deep. The waveforms corresponding to these sources are shown by
solid lines and are used as synthetic data. 10% noise is included. The modeled waveforms are one-dimensional Green’s functions based on
slightly imperfect wave-speed models (dashed lines) and a depth of 3 km. Statistically significant improvement in waveform fits is obtained

and a large volumetric component is retrieved for a full moment tensor inversion.

CLVD by different configurations and depths of inflating and
deflating pairs of magma chambers or a single magma cham-
ber and an opening crack. It would be possible for this mech-
anism to be accompanied by tectonic events with reverse
focal mechanisms in the case of a shallow magma chamber
pushing on the inner side of the caldera walls downwards.

Using the regional moment tensor inversion method (see
previous section), we performed a synthetic data grid search

analysis of models with various levels of volume compensa-
tion (the explosive component of the first source being com-
pensated by the implosive component of the second) and
distances between the two sources. Such volume compensa-
tion is required to explain the lack of statistically significant
volumetric component in the observed waveforms. The grid
search results showed that, given a reasonable uncertainty in
source depth and using imperfect Green’s functions with
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noise, a vertically offset horizontal crack and deeper volu-
metric source could result in a large observed isotropic com-
ponent even with the long-period waveforms used. Also, it is
likely that this large isotropic component would be statisti-
cally significant, which is inconsistent with the observations
for the Bardarbunga earthquake. For two completely mutu-
ally compensating sources (i.e., when the explosive compo-
nent of the first source equals the implosive component of the
second), a grid search using 1 km steps in source depth and
with the vertical distance between the two sources less than
or equal to 3 km, yields 69 cases. In 59 of these cases, the
isotropic component obtained is more than 10% of the total
moment. In 41 of the cases, an isotropic component is re-
solved and is statistically significant at the 90% level or
higher.

Figure 7 shows examples of the deviatoric (Fig. 7a)
and full moment tensor (Fig. 7b) inversion results for two
mutually compensating sources: an implosion at 4 km depth
and a horizontal, vertically opening crack at 2 km depth. This
corresponds most closely to the diagram shown in Figure 6a
and produces a mechanism such as that of the Bardarbunga
event. The waveforms corresponding to this configuration of
sources are shown by solid lines. 10% of random noise was
introduced, which is comparable to the noise level for the
Bardarbunga earthquake data. Synthetic waveforms are one-
dimensional Green’s functions, based on slightly imperfect
wave-speed models (shown by dashed lines) and a depth
of 3 km. As Figure 7b shows, statistically significant im-
provement in waveform fits and large, yet false isotropic
component is retrieved from the inversion. This is op-
posite from what was observed for the 1996 Bardarbunga
earthquake.

Conclusions

We used regional seismic waveforms and a detailed
structural model to invert for the full moment tensor of
the 1996 Béardarbunga earthquake. The deviatoric inversion
yields a non-double-couple solution, in which the moment
tensor is dominated by a vertically oriented compensated lin-
ear vector dipole component (67%). The full moment tensor
solution shows a similar, 66% compensated linear vector
dipole component, 32% double-couple component, and a
statistically insignificant 2% volumetric (isotropic) contrac-
tion, indicating the lack of net volumetric component. This is
a puzzling result from a volcanic environment. A possible
volcanic mechanism that produces such an earthquake in-
volves two offset sources with similar but opposite volume
changes. We show that although such a model cannot be
ruled out, it is unlikely.

Data and Resources

Seismograms and station information are available from
the Incorporated Research Institutions for Seismology Data
Management Center at www.iris.edu (last accessed June
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2009). Figures were made with the General Mapping Tools
(www.soest.hawaii.edu/gmt [last accessed July 2009];
Wessel and Smith, 1995). Synthetic seismograms are com-
puted using a wave-number integration program by S. Saikia.
Together with other software used in this study, it is listed in
the references.
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