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Dynamic Stress Triggering during the Great 25 March 1998

Antarctic Plate Earthquake

by Andrea Antonioli, M. Cocco, S. Das, and C. Henry

Abstract We investigate the coseismic stress redistribution during the 25 March
1998 great Antarctic plate (MW 8.1) earthquake, in which the mainshock consisted
of two distinct subevents separated in time by several tens of seconds. We compute
the dynamic stress time histories for the fault geometry and the rupture and slip
history determined by Henry et al. (2000), using the discrete wavenumber and re-
flectivity method of Cotton and Coutant (1997), both for a homogeneous and a strat-
ified half-space. We first image the coseismic stress evolution caused by the first
subevent on the fault plane of the second one for both the velocity models. We
compute both shear and normal stress changes and a time-dependent Coulomb failure
function (CFF). Our results show that the shear stress changes have larger amplitudes
than the other stress components and hence are the primary control on the evolution
of the CFF. The dynamic stress amplitudes are larger than the static stress pertur-
bations, with the largest positive dynamic stress peak on the second subevent fault
plane reaching slightly less than 0.2 MPa at 60 sec and 65 sec after the nucleation,
for the layered and the homogeneous crustal models, respectively. We suggest that
the dynamic stress changes caused by the first subevent promoted a nearly instan-
taneous failure on the second subevent fault.

Introduction

Different investigations have shown that faults interact
dynamically with one another (see Das and Aki, 1977; Harris
and Day, 1993; and Harris, 1998, and references therein)
and that faulting can be triggered due to dynamic stress
changes (Gomberg et al., 1997, 1998; Belardinelli et al.,
1999). The fact that static stress changes can also promote
failures was suggested by Rybicki (1973) using a dislocation
faulting model and later by Das and Scholz (1981) using a
2D crack model. Since then many investigations have fo-
cused on both static and dynamic triggering (see Harris,
1998; King and Cocco, 2000, and references therein), and
the attention was concentrated in finding constraints and ob-
servational tests. We point out that in the near field, per-
manent and transient stress changes cannot be separated, but
long-range interactions are dominated by dynamic stress
changes associated with the passing of seismic waves (Hill
et al., 1993; Gomberg et al., 1997). In this article, we con-
sider an earthquake that provides examples of both static and
dynamic stress perturbations. The 25 March 1998 Antarctic
Plate earthquake was the largest intraplate event ever re-
corded and the largest strike-slip event since 1977. Its mag-
nitude (MW 8.1) together with the relatively low rate of
seismic activity of the plate make it very interesting for the
study of stress transfer. The epicenter (62.88�, 149.53�) (Na-
tional Earthquake Information Center) is 250 km from the

Antarctic–Australia plate boundary and about 100 km from
the nearest earthquake (MW 5.6, 1981) reported by the Har-
vard CMT catalog (Fig. 1). The stress regime in the main-
shock region is rotated by 90� from that at the plate bound-
ary, leading us to consider this left-lateral strike-slip event
as being isolated from the plate-boundary stresses.

Several investigations have focused on the rupture pro-
cess of this earthquake (Nettles et al., 1999; Antolik et al.,
2000; Henry et al., 2000) and have led to different source
models. Nettles et al. (1999) did not provide a full rupture
history. Antolik et al. (2000) proposed a composite rupture
consisting of separate normal and strike-slip ruptures, which
in combination have a large non-double-couple component.
They reject a pure double-couple mechanism on the basis of
poor fits to body-wave data obtained using the nodal plane
of the Harvard CMT solution. Henry et al. (2000) showed
that the mantle-wave data can be fitted without the non-
double-couple component and that for this earthquake the
best double-couple solution does not correspond to a true
optimal solution. Since the model of Henry et al. (2000) fits
both body- and mantle-wave data better than the more com-
plicated rupture process of Antolik et al. (2000) without in-
voking a non-double-couple component, we use the former
in this article. The moment rate functions found in all three
studies cited previously are similar, showing that the earth-
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Figure 1. (a) (from Henry et al., 2000). Region of the Antarctic plate earthquake,
with the main events (mb � 5) of the period 1 January 1964–31 July 1997 (circles)
and of the period 1 August 1997–24 March 1998 (diamonds). The dark star shows the
epicenter of the 1998 MW 8.0 event. (b) Main features of the mainshock. Arrows show
location and directivity of the two subevents. Times and distances are referred to the
first subevent nucleation point. Boxes a and b indicate the two regions in which we
calculated the stress maps. In the box the moment rate function is shown.

quake consisted of two subevents, the second one initiating
roughly 70 sec after the first.

The relatively short time separation of tens of seconds
between the two subevents an the distance between their
epicenters (see Fig. 1b) imply small static stress changes.
Therefore, it is particularly relevant to evaluate the time-
dependent stress perturbation on the second subevent fault
plane to find some evidence of dynamic fault interaction.
Toda and Stein (2000) have investigated the correlation be-
tween the aftershocks and the cumulative stress changes
caused by this composite event by analyzing the static stress
changes in a homogeneous half-space (Okada, 1992; King
et al., 1994). They calculated the induced stress perturbation

adopting the different source models proposed in the liter-
ature. Their results show that a good correlation with the
aftershock locations can be found for most of the source
models: 60% to 94% of the aftershocks were located in the
regions of static stress increase caused by the main event. In
the present study we are interested in computing the dynamic
stress evolution to understand the role played by the transient
stress changes in promoting the second subevent rupture.

Methodology

We compute the dynamic stress evolution caused by an
extended shear rupture by means of the reflectivity method
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Table 1
Adopted Velocity Models

VP

(km/sec)
VS

(km/sec)
q

Mg/m3
d

(km)

Layered Medium
Sediment 1.90 0.80 1.90 0.5
Basement 6.40 3.40 2.90 6.5
Mantle 8.15 4.65 3.35 –

Homogeneous Medium
Crust 7.00 4.00 3.00 –

(Kennet and Kerry, 1979) and the discrete wavenumber de-
composition (Bouchon, 1981) as originally proposed by Cot-
ton and Coutant (1997). This method allows us to describe
the transient (dynamic) and the permanent (static) stress
changes outside a rupturing fault embedded in a horizontally
stratified half-space with cylindrical symmetry. We assign
the distribution of slip on a rupturing fault discretized by a
set of point sources, on which we specify the source time
function and the rupture velocity (see also Belarinelli et al.,
1999). We calculate the six components of the stress tensor
and the Coulomb failure function (CFF) on a set of receiver
points located outside the master fault, which can be re-
solved on a secondary plane described by its rake, strike,
and dip angles. This procedure allows using a nonuniform
slip distribution on the master fault plane as well as com-
putation of Green’s functions for a layered model in which
P- and S-wave velocities, density, and anelastic attenuation
parameters (QP and QS) are assigned in each layer. There-
fore, the proposed methodology includes the effects of the
stratification, allowing more general applications with re-
spect to most of the elastostatic solutions, which are calcu-
lated in a homogeneous half-space. The time-dependent
Coulomb failure function is computed, according to its def-
inition, at a generic point ȳ outside the master fault as

DCFF(ȳ,t) � Ds(ȳ, t) � l� • Dr(ȳ, t), (1)

where l� � l (1 � B) is the effective friction coefficient,
l is the coefficient of friction, and B is the Skempton param-
eter (Simpson and Reasemberg, 1994; Stein et al., 1992). Ds
is the shear stress, and Dr is the normal stress changes, and
the latter is assumed positive for extension. In all the follow-
ing applications we use a value of 0.4 for l� (see King and
Cocco, 2000). We compute shear, normal, and Coulomb
stress changes either on the second subevent fault plane or
on horizontal maps located outside the master fault at a depth
of 8 km as indicated by the dotted boxes shown in Figure
1b. The common interpretation is that positive values of the
DCFF promote failures (see Harris, 1998; Stein, 1999; King
and Cocco, 2000), and this is generally believed to be true
both for static and dynamic stress changes. However, the
application of negative static or dynamic stress perturbations
seems to produce different effects. In fact, while negative
static stress changes tend to inhibit or delay the occurrence
of induced events, negative transient stress does not produce
any effect (Gomberg et al., 1998; Belardinelli et al., 2000).

Rupture History and Velocity Model

We use the source model for the two subevents pro-
posed by Henry et al. (2000) who analyze broadband body
and mantle waves. The moment rate release shows two dis-
tinct episodes (see Fig. 1b), the second one lasted from 70
to 90 sec after the onset of the first rupture, indicating that
the mainshock is a double event. The fault-plane solution
for the first rupture episode shows a strike angle of 96�, dip

69�, and rake �18�. We consider a simple rupture history
consisting of a Haskell model with constant rupture velocity
of 3.5 km/sec and the nonuniform slip distribution proposed
by Henry et al. (2000). The best estimate of total seismic
moment is 1.2 � 1021 N m, and the estimated rupture ve-
locity ranges between 3 and 4 km/sec. The region of high
moment release extends 115 km west and 25 km east of the
epicenter along the strike direction. The best-fitting solution
suggests that there is little moment release below 15-km
depth. Considering a maximum depth of 15 km and a length
of 140 km yields a static stress drop of 240 bars. The second
subevent fault parameters are less well constrained: its fault
plane begins 220 km west of the epicenter and is roughly 60
km long (see Fig. 1b). We use the same strike, dip, and rake
angles for both subevents and a fault width of 20 km ex-
tending from the Earth surface following Henry et al. (2000).
We assign the distribution of slip on the main fault, discre-
tized by a set of 24 squared subfault (10 � 10 km2) and
compute the stress evolution on a series of receivers placed
on the subevent fault plane and on two regions surrounding
the main fault (shown in Fig. 1b). Unfortunately the crustal
structure in the earthquake region is not well known. We
have computed the stress time histories using both a ho-
mogeneous and the same stratified crustal structure used by
Henry et al. (2000) and taken from Mooney et al. (1998)
(Table 1).

Modeling Results

We have computed the six components of the induced
stress tensor (rij) from which we calculated the normal,
shear, and Coulomb stress changes caused by the first sub-
event on the second subevent fault plane. In Figure 2 we
compare the time histories of the induced Coulomb stress
calculated on receivers located on the second subevent fault
plane at the eastern edge, 220 km west of the main epicenter
(see the sketch in Fig. 2) and at different depths, for the two
velocity models listed in Table 1. As expected the stress time
histories calculated from the homogeneous model do not
change with the receiver depth. Timing of dynamic stress
peaks depends on the crustal velocity model. For the ho-
mogeneous case, the first positive peak is 0.093 MPa and
arrives about 37 sec from the onset of first rupture, whereas
the second positive peak of 0.15 MPa is reached after about
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Figure 2. Time histories of Coulomb stress com-
puted for the velocity models listed in Table 1 at dif-
ferent depths, at the eastern edge of the second sub-
event fault, as shown in the sketch at the bottom of
the figure. The dots show the points in which the com-
putations were performed.

Figure 3. Comparison between shear, normal, and
Coulomb stress changes calculated at a grid point lo-
cated on the eastern edge of the second subevent fault
at 8-km depth and for the velocity models listed in
Table 1 (as shown in Fig. 2). (a) Homogenous model;
(b) layered model.65 sec. The negative stress peak is �0.138 MPa at 52 sec.

On the contrary, in the layered model the deeper receivers
show larger dynamic stress amplitudes than the shallower
ones. For the shallow receiver the second positive peak has
a value of 0.083 MPa at a time of 59 sec, whereas it is 0.161
MPa for the deep receiver (solid line). The static stress value
does not considerably change with the assumed crustal
model, and it is smaller (0.045 MPa) than dynamic stress
amplitudes; it is reached after nearly 100 sec. The difference
between the arrival times of the dynamic stress peaks for the
two velocity structures here considered is of the order of
5–8 sec (Fig. 2c).

In Figure 3 we compare the shear, normal, and Coulomb
stress changes calculated at the grid point located at 8.0-km
depth and for the two velocity models considered in Fig-
ure 2. Figure 3 clearly shows that the normal stress
changes are much smaller than the induced shear stress. For
this reason, the latter represent the dominant contribution to
the Coulomb stress perturbation. This result does not depend
on the adopted velocity structure. This implies that the cal-
culated Coulomb stress changes are not sensitive to the
adopted value of the effective friction coefficient used in
equation (1).

In order to investigate the spatiotemporal evolution of
the induced stress field we image the Coulomb stress
changes both on a map (which coincides with the horizontal
layer indicated by box a in Fig. 1b and located at 8-km depth)
and on the assumed fault plane. Figure 4 shows different
snapshots (every 10 sec) of Coulomb stress changes on this
layer at 8-km depth. This figure shows that the largest am-
plitudes of Coulomb stress changes in the area of the second
subevent are reached after 60 sec for the stratified model and
70 sec for the homogeneous one. The second subevent is
located about 220 km west from the first subevent nucleation
point along its strike direction, and the similarity between
the two fault-plane solutions explains the observed increase
of Coulomb stress. This is more evident analyzing the Cou-
lomb stress evolution on vertical sections: Figure 5 displays
the snapshots of stress changes every 10 sec on the second
subevent fault plane. It is evident that the increase of Cou-
lomb stress within the first 30 sec is followed by a sharp
decrease due to the passage of the negative stress pulse. In
the layered model this is more concentrated at depths rang-
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(a) (b)

Figure 5. Snapshots of Coulomb stress changes on the fault plane that ruptured
during the second subevent. The stress is computed from 20 sec after the first subevent
rupture time and every 10 sec. The maximum stress is reached (a) after about 65 sec
for the stratified and (b) after about 60 sec for the homogeneous model, respectively.

ing between 5 and 15 km. Figure 5 emphasizes the depth
dependence of Coulomb stress changes for a layered crustal
structure. The presence of a low-velocity layer near the Earth
surface modifies the stress pattern with respect to a homo-
geneous half-space. Within nearly 20 sec the negative stress
pulse propagated along the fault plane. The highest stress
amplitudes are reached after nearly 60 sec (peak value is
about 0.17 MPa) for the stratified model and after 65 sec
(peak value is 0.15 MPa) for the homogeneous crust. The
difference between the arrival times of stress peaks for the
two velocity structures considered in this article is well be-
low the uncertainties in the origin time of the second sub-
event. The coincidence between the timing of peak stress on

the eastern edge of the fault plane and the nucleation of the
second subevent, as resulting from the moment rate function
(see Henry et al., 2000) (Fig. 1b), suggests a nearly instan-
taneous triggering.

Discussion

It is widely accepted that faults interact with each other,
promoting as well as inhibiting impending earthquakes.
Fault interaction has been studied by looking at static stress
changes calculated solving the elastostatic equation in ho-
mogeneous or stratified half-spaces (see Harris, 1998; Stein,
1999; King and Cocco, 2000, and references therein). Many



902 A. Antonioli, M. Cocco, S. Das, and C. Henry

Figure 6. (a) Contribution to the stress time his-
tory resulting from the two subevents and computed
at the grid point indicated by the star in the map
below. (b) Static stress changes calculated for grid
points inside the box b of Fig. 1. Relocated 1-week
aftershocks are shown as circles, with the first 24
hours shown as diamonds.

applications have been focused on the analysis of aftershock
locations and mechanisms (see Harris and Simpson, 1992;
King et al., 1994) and on seismicity-rate changes over longer
time periods (see Reasemberg and Simpson, 1992; Stein,
1999, and references therein). Toda and Stein (2000) per-
formed a similar modeling for the aftershocks of the 1998
Antarctic earthquake. We have calculated in the present
study the dynamic stress changes caused by the main com-
posite event in the area where most of the aftershocks are
located (indicated by box b in Fig. 1b). We illustrate the
results of our calculations in Figure 6, where we show the
Coulomb stress changes calculated on fault planes having
the same mechanism of the mainshock; we point out that the
focal mechanims of the five largest aftershocks are very
similar to that of the main event (Toda and Stein, 2000).
This figure confirms that aftershocks occurred in the area of
static stress increase, in agreement with the results of Toda
and Stein (2000). The static stress changes shown in Figure
6 represent the Coulomb stress perturbation 200 sec after the
mainshock nucleation. In the same figure we also plot the
time history of Coulomb stress changes (in a receiver point
indicated by the star in the map) caused by either the com-

posite or the first subevent rupture. The static stress caused
by the first rupture only is larger than the value caused by
the composite event because the receiver point is in the stress
shadow of the second subevent. This result emphasizes the
importance of considering fault complexity and slip hetero-
geneity over large spatial scales in computing the induced
stress field. Moreover, it also confirms that after a few min-
utes the dynamic induced stress reaches the static configu-
ration, as also emphasized by Belardinelli et al. (1999) for
the 1980 Irpinia earthquake. During the first 80 sec there is
the simultaneous contribution of static and dynamic stress
changes to the total induced stress field. For this particular
application the dynamic stress amplitudes are larger than the
static stress level. The problem of dynamic triggering has
been investigated in recent years by different authors (e.g.,
Harris and Day, 1993; Gomberg et al., 1997, 1998; Belar-
dinelli et al. 1999; Kilb et al. 2000; Voisin et al., 2000).
Among these, Kilb et al. (2000) suggested that dynamic
stress changes can trigger earthquakes not only at remote
distances (see Hill et al., 1993) but also in the near field.
Our observations and modeling results support, for short-
term interactions, the Kilb et al., (2000) interpretation of
earthquake dynamic triggering. Belardinelli et al. (2000) an-
alyzed the response of a spring slider system to dynamic and
static stress changes including inertia. They concluded that
although static stress changes can hasten as well as delay
impending failures, dynamic stress perturbations can only
cause nearly instantaneous triggering. This means that a dy-
namic stress perturbation can promote a failure in a short
time interval after the application of the induced load (a very
short triggering delay). Following the results of Belardinelli
et al. (2000), we have calculated the response of a spring
slider system to an induced load represented by the stress
time history shown in Figure 2, and we have found induced
failures only as instantaneous triggering in correspondence
of the arrival of the highest second dynamic stress peak. In
other words, the spring slider response is always stable ex-
cept when a nearly instantaneous failure occurs as the re-
sponse to the positive dynamic stress pulse. Although the
subjective choice of the constitutive and initial parameters
makes this modeling attempt not general, it provides a nu-
merical corroboration that dynamic stress changes induced
from the first subevent can promote the triggering of the
second subevent with a very short time delay.

Conclusions

We have computed the spatiotemporal evolution of
stress changes caused by the first subevent of the great MW

8.1 Antarctic earthquake of 25 March 1998. The stress time
histories have been calculated using two different Earth
models (listed in Table 1): the homogeneous model yields
Coulomb stress that does not change with depth, whereas
differences are present for the layered model (see Fig. 2).
Because shear stress changes are greater than normal stress
changes, our results do not depend on the adopted l� value
(Fig. 3). We mapped the temporal evolution of Coulomb
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stress changes both on a horizontal layer (see Fig. 4) and on
the second subevent fault plane (Fig. 5) for the two different
Earth models here considered. The snapshots of induced
Coulomb stress show that the highest stress increase in the
area of the second subevent fault occurs between 55 and 65
sec at the fault edge closest to the first subevent depending
on the assumed crustal structure. The value of the stress peak
on the second subevent fault is 0.17 MPa for the stratified
model. We must note, however, that since our calculations
are bandlimited at high frequencies, this value can only rep-
resent a lower bound. Both the map view and the stress evo-
lution on the second subevent fault plane shows positive and
negative stress amplitudes depending on the different phases
in the stress grams. It is evident, however, that there are
persistent positive CFF amplitudes in the area surrounding
the second subevent fault, before and after the passing of the
negative stress pulse. The static stress level is reached after
about 90 sec, and it is positive. The off-fault aftershocks lie
in a region of positive static stress changes (see Fig. 6). The
total stress perturbation in the aftershock area caused by the
two subevents is lower than that generated by the first one
alone. The difference between the arrival time of the second
positive stress peak on the subevent fault plane and the in-
ferred origin time lies within the uncertainties. Our interpre-
tation of these modeling results suggests that the dynamic
stress changes caused a nearly instantaneous triggering of
the second subevent with a negligible delay. Moreover, our
simulations support the conclusion that the fault constitutive
laws are insensitive to negative stress pulses.
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