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[1] Global Positioning System (GPS) measurements made in Sulawesi, Indonesia, from
1992 to 1999 detected coseismic and transient postseismic deformation related to the 1
January 1996, Mw = 7.9 earthquake on the North Sulawesi (Minahassa) trench. These
motions are superimposed on the long-term secular motion (40 mm/yr) of the left-lateral
Palu fault in central Sulawesi and continued for about 1.5–2 years. Following the
earthquake, a string of earthquakes (of magnitude >6) migrated along the Minahassa
trench, from west to east. Subsequently, two earthquakes of magnitude >6 occurred on or
near the Palu fault migrating toward the south. Modeling the increase in Coulomb
stress generated by the successive earthquakes agrees with the hypothesis of interacting
events. An unclamping effect, possibly due to fluid migration in the Palu area, is also
suggested by the stress computations and the detected (GPS) displacements. INDEX
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1. Introduction

[2] The Eurasian, Philippine Sea and Australian tectonic
plates in SE Asia converge in a complex area of about 500
km diameter in Eastern Indonesia (Figure 1). The tectonics
of this area include the Sula block, wedged by the Austral-
ian block to the south and the Philippine and Pacific plates
to the east. The Sula block moves to the northwest, where
shortening occurs by the Sulawesi Sea basin subducting
below the northern arm volcanic crust. Sula block motion
occurs on two fault systems: the Minahassa subduction
thrust running east-west at its northern boundary, and the

Palu-Koro strike-slip fault system, roughly running north-
south at its western boundary. Rotation of the Sula block
around a pole located at the tip of the northern arm of
Sulawesi, at a rate of about 4�/Myr, produces 40 mm/yr left-
lateral almost purely strike-slip motion along the Palu fault
[Walpersdorf et al., 1998a; Stevens et al., 1999].
[3] Magnitude (Mw > 6) earthquakes since 1 January 1996

from the Harvard centroid moment tensor (CMT) catalog
[Dziewonski et al., 1981, 1996 and references therein] for
the Sulawesi area reveal propagation of seismicity (Table 1
and Figure 1). The sequence was initiated by the 1 January
1996 Tomini earthquake (Mw = 7.9) on the western edge of
the Minahassa thrust and took place in three phases:
1. The initial phase was a classical thrust earthquake

sequence propagating eastward along the Minahassa thrust
for about two thirds of its length up to the Gorontalo fault
(Figure 1).
2. The second phase started when seismicity jumped

from the east-west Minahassa thrust to the south trending
Palu fault and propagated southward. Two earthquakes with
magnitude Mw > 6 occurred on or near the fault (21 May
1998 Mw 6.6 and 10 October 1998 Mw 6.0). The first quake
was located very close to the fault trace, and its CMT
mechanism is clearly strike-slip, despite the fact that neither
plane aligns well with the strike of the Palu fault. The depth
and mechanism of the second quake are not well
constrained, but its southeast dipping shallow plane and
southeast oriented slip vector suggest that it is a thrust event
(Figure 1).
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3. Once the northwest corner of the Sula block has
moved toward the north, the southeast corner of the same
block produced the largest earthquake recorded in this area
(Mw = 7.7, possibly on the south branch of the Sula-Sorong
fault). More recently, another large event (4 May 2000 Mw

7.5) occurred in a formerly seismically quiet area, near the
ophiolite belt of the old Sula thrust (Figure 1).
[4] Focal mechanisms and depths of the Palu fault

sequence earthquakes are not well constrained in the
CMT catalog. Therefore we reestimated those by perform-
ing a body wave inversion of P and SH wave seismograms
recorded by the Incorporated Research Institutions for
Seismology (IRIS) digital network. Using the algorithm of
[Nabelek, 1985], we inverted for the best double couple
focal mechanism, the scalar moment, the source time

function and the centroid depth. To avoid upper mantle
and core arrivals, we used teleseismic stations in the range
30� to 90�. The velocity structure near source and beneath
the stations was approximated by a half-space with standard
upper mantle wave speeds. In order to have the same
reference instrument response at all stations, individual
instrument responses were removed from the seismograms
and all were convolved with a common instrument
response. Seismograms were integrated to displacement
and band passed with a third-order Butterworth filter
between 1 and 50 s.
[5] The result for the first quake yields almost pure left-

lateral strike-slip mechanism on a plane trending 190� to
200� (dip of 73.6, rake of 19.9), better aligned with the close
to N-S strike of the fault at this latitude (Table 1). The depth

Figure 1. Tectonic setting of the triple junction area. Inset (top right corner) for reference. Straight
arrows show the magnitude and direction of the Australian and Philippine plates’ velocities relative to
Sundaland. Curved arrows depict the rotation of the Sula block toward the Minahassa trench, and the
associated counter rotation of the South Sulawesi block relative to Sundaland. Focal mechanisms are
from CMT catalog and depict only earthquakes of magnitude larger than 6 between 1 January 1996 and 1
June 2000. Propagation of seismicity is indicated by white arrows.
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remains difficult to determine but can be constrained
between 20 and 30 km. Our modeling of the second earth-
quake, which was actually two events with equivalent
magnitude separated by 3 min, confirms their thrust com-
ponent and constrains their depth to between 10 and 20 km,
which is too shallow for the Minahassa trench. Therefore,
while it is plausible that the first quake ruptured the fault,
except that there is a significant difference in strike, it is
clear that the double event did not. The structure on which
they occurred in the vicinity of the fault is not documented.
[6] Interaction of the Minahassa trench and Palu fault

area is investigated here through Coulomb stress studies and
GPS measurements. Interaction between the northwest and
southeast corners of the Sula block is quite speculative
because the distance between them is so large (around 700
km) that the increase of stress computed by elastic half-
space models is negligible. Thus the physical mechanism
remains unclear, but a plausible description for such long
distance interaction between earthquakes is given by Chery
et al. [2001].

2. GPS Measurements

[7] GPS measurements were carried out at least once
every year on a fault-normal profile in the Palu area from
1992 to 1999 [Stevens et al., 1999; Walpersdorf et al.,
1998b]. Each year the two end sites of the profile were
measured continuously throughout the whole campaign,
while the intermediate transect sites were occupied for 6
to 12 hour sessions. Campaigns usually lasted between 5
and 7 days and each site were occupied for 1 to 4 sessions.
The solution used in this work is computed using the
GAMIT/GLOBK software [King and Bock, 1999; Herring,
1999]. Measurement sessions were reduced to daily posi-
tions using the L3 Ionosphere free combination and fixing
the ambiguities to integer values. We used improved orbits
computed at Scripps Institution of Oceanography (SIO)
[Fang and Bock, 1995] prior to 1994 and precise orbits
from the International GPS Service for Geodynamics (IGS)
afterwards [Beutler et al., 1993]. We also used the IGS-01
phase center model for modeling of antenna phase center
variations. We do not use externally determined meteoro-
logical data but rather use the data themselves to estimate
tropospheric delay parameters at each site (one every 3
hours). Every year, average horizontal baseline repeatabil-
ities (scatter about the root mean square value) were of the
order of a few millimeters for most baselines. Repeatabil-
ities steadily improved from a high of 12–15 mm in 1993

(1992 being slightly better), when the global and regional
tracking network was much sparser, to around 8 mm in
1994 and then to about 4 mm for the 1996 campaign.
Thanks to the improved tracking network, the inclusion of
transect measurements into regional campaigns and more
often repeated longer sessions, the current (1999 for this
work) repeatability is about 2 mm.
[8] Solutions in a consistent reference frame were

obtained by including data from the permanent IGS network
stations [Neilan, 1995] in our daily solutions. These data
were combined with the local data in one single solution
into a loose system using Helmert-type transformations in
which translation, rotation, scale and Earth orientation
parameters (polar motion and rotation) are estimated. The
reference frame is then defined by minimizing the departure
from a priori values, here International Terrestrial Reference
Frame (ITRF) 97 [Boucher et al., 1999], of the positions
and velocities of a set of well determined stations. For the
reference frame realization we used an increasing number of
IGS stations as they became operational, ranging from five
stations (KIT3, TAIW, TIDB, TSKB, YAR1) for the earlier
epochs (1992–1993), to more than 10 stations in 1999. The
misfit to those fiducial stations is 1 mm for positions and 0.7
mm/yr for velocities. Such small values indicate that local
velocities are consistently computed in a stable reference
frame.
[9] Additional data from local Sulawesi campaigns (1997

and 1999) and regional data from the GEODYSSEA cam-
paigns in Southeast Asia (1994, 1996, 1998) [Simons et al.,
1999; Michel et al., 2001] were also used to improve site
positions and define a local Sundaland reference frame.
Velocities in ITRF97 are rotated about a pole that minimizes
the velocities at regional sites within Sundaland platelet. In
this reference frame, Palu transect stations show velocities
aligned with the Palu fault direction at this latitude, and
increasing from west to east. A horizontal translation vector,
equal to the velocity of station PALU (PL15), is then
subtracted from all transect stations. Doing so, we neglect
the small velocity gradient (less than 1 mm/yr per 10 km)
that should be present in the eastern part of the transect, due
to the variable distance between the sites and their common
block rotation pole (Sulawesi northern arm pole, 700 km
away).
[10] Figure 2 shows the velocities across the Palu fault in

this local reference frame before (white arrows) and after
(black arrows) the 1 January 1996 Tomini earthquake. We
excluded from these the 1996 measurements, as they are
affected by coseismic and postseismic deformations as

Table 1. Earthquake Parameters

Date NEIC CMT This Study

Location
Lat, Long

Mw Depth
km

Plane 1 Plane 2 Depth,
km

Plane

Strike Dip Rake Strike Dip Rake Strike Dip Rake

1 Jan. 1996 0.73, 119.93 7.9 24 36 6 54 252 85 94
7 Feb. 1996 1.02, 120.19 6.1 13 61 14 75 257 76 94
16 July 1996 1.02, 120.25 6.6 33 63 14 71 262 76 95
22 July 1996 1.00, 120.45 7.0 33 57 14 63 264 77 96
25 Nov. 1997 1.24, 122.54 7.0 24 98 21 93 275 69 89
21 May 1998 0.21, 119.58 6.6 33 108 64 160 207 72 28 20–30 195 74 20
10 Oct. 1998 �0.40, 119.84 6.0 33 355 31 35 235 73 116 10–20 250 94 96
29 Nov. 1998 �2.07, 124.89 7.7 33 92 63 �28 196 65 �150
4 May 2000 �1.11, 123.57 7.6 26 142 32 32 24 74 118
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demonstrated in this study. The earlier measurements
(1992–1995), identical to those of Stevens et al. [1999],
are less precise than the latest measurements (1997–1999).
Concentrating on the along-strike velocity component, both
sets of measurements show the typical distribution of slip
across a locked fault (maximum of shear strain rate near the
fault trace), with a locking depth of 5 to 15 km and a far-
field velocity of about 40 mm/yr, consistent with Stevens et
al. [1999]. As already noted by Stevens et al. [1999], the
maximum shear is not centered on the geological fault trace
[Bellier et al., 1998], but located 10 km farther east, below
Palu city. Superimposed on the along-strike motions, the
preearthquake measurements at near-fault sites show strong

contraction across the fault, while the recent measurements
(1997–1999) do not show this compression. This feature
could simply come from high east-west uncertainties of the
earlier measurements. In particular, erroneous ambiguity
resolution would mostly map in the longitude determina-
tion. Nevertheless, the earlier stage of intense contraction is
consistent with unexpected extension across the fault
detected by the 1995–1997 measurements [Walpersdorf et
al., 1998b]. This coseismic and postseismic extension partly
compensated for the prior contraction and led to a deforma-
tion regime closer to strike-slip motion on average. Figure 3
shows that the extension after 1 January 1996 compensated
for only part of the prior contraction. Continuous monitor-

Figure 2. Velocities of the Palu transect stations in local Palu reference frame (see text for more
complete explanation). White arrows are for the velocities inferred from 1992, 1993, 1994, and 1995
campaigns (before the 1 January 1996 Tomini earthquake). Black arrows depict the velocities obtained
from 1997, 1998, and 1999 measurements (after the earthquake). Error ellipses show the 95% confidence
level. The insets show the strain rates computed for the same periods, using the whole network (left inset)
or using only the near-field stations which exhibit the higher east-west changes (middle inset).
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ing of future motions should enable us to see whether a
return to contraction is observed and if this could be a
repetitive pattern related to the loading-unloading cycle.
The coseismic extension period could also be related to the
possible unclamping effect detected by the Coulomb stress
analysis (section 3).
[11] Strain rate tensors from the preearthquake and post-

earthquake data allow us to determine whether the change in
contraction is significant. Using the whole network, we find

regional principal horizontal strain rates are not significantly
different before and after the earthquake: 207 and �244
nstrain/yr (±100) with the maximum compressional strain
axis oriented 102� (±25�) before 1 January 1996 and 311
and �291 nstrain/yr (±20) oriented 113� (±2�) after 1
January 1996 (Figure 2). The earlier values are roughly
compatible with a left-lateral shear on a plane trending
N33�W, which is approximately the direction of the Palu
fault. Large uncertainties and the fact that far-field data

Figure 3. Time dependence of baseline length changes across the Palu fault. Solid symbols with error
bars show the epoch measurement values with their associated uncertainties (1s). The numbers on the
right indicate which sites are considered for a particular baseline: PL08, 14, 15 for very short baselines
across the fault; PL03, 04, 09, 10, 12 for near-field baselines; and PL01, 02, 13, 14 for far-field baselines.
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show little contraction account for the misfit of the pre-1996
data to a uniform strain model. The later values are almost
pure shear on a plane striking N22�W, very close to the
N15�W Palu fault strike. Computations based on the near-
field data only (two points removed at both ends of the
transect), give very different estimates: 435 and �2410
nstrain/yr (±300) oriented 82� before 1 January 1996 and
441 and �557 nstrain/yr (±25) oriented 109� after 1 January
1996 (Figure 2). From these numbers it is clear that while
the far-field data show only a slight and maybe insignificant
rotation of the principal strains toward pure shear, the near-
field data show a large change in compression across the
fault. The compression seen before 1 January 1996 is not
present afterward.
[12] Another way of estimating how well the data are fit

is to examine station positions as a function of time (Figure
3), rather than use their linear velocity over a given period
of time. With usual geodetic tools, relative baselines (dis-
tances between stations) are estimated more precisely than
individual station positions. In addition, baseline lengths are
free of errors introduced by unaccounted reference frame
translations and rotations. Because most baselines cross the
fault at high angles, their length variations are more repre-
sentative of changes in motions perpendicular to the fault.
The short baselines (PL08-PL14, PL14-PL15), 20 km south
of the main transect, hardly show any change, especially
given the larger uncertainty of the earlier epochs. The near-
field baselines (ranging from PL04-PL09 = 17 km to PL03-
PL12 = 30 km) all show a common tendency: a change of
trend around 1996. Rapid shortening prior to the Tomini
earthquake is replaced by lengthening afterwards. The total
magnitude of the shortening is not well constrained given
the large uncertainties of the 1992 and 1993 epochs. Never-
theless, the first 3 epochs are well described by a linear
velocity. Far-field baselines (PL02-PL13 = 41 km, PL01 to
PL48 = 60 km) show little change (within the estimated
uncertainties) throughout all epochs. Nevertheless, the lon-
gest baseline (PL01-PL48) measured in early 1996 shows a
small but significant step later in 1996.
[13] To explain these measurements we consider two

possible scenarios:
1. The change in near-fault strain rates is real and related

to the 1 January 1996 Tomini earthquake. It is related to
small but detectable motions perpendicular to the fault in
the far-field (PL01-PL48), and large motions less precisely
measured in the near field. The physical mechanism for
such large and localized strains at the surface remains to be
explained.
2. Contraction in the near field was overestimated due to

errors in the earlier measurements, and therefore the change
in surface strain near the Palu fault is also overestimated.
[14] Nevertheless, however unreliable the near-field data

may be, the end points of the transect also see some of this
change in motions perpendicular to the fault (with a much
reduced amplitude) (Figures 3 and 4, middle). Therefore we
think transient motions perpendicular to the fault indeed
occurred in relation to the 1 January 1996 Tomini earth-
quake. The amplitude of these motions remain uncertain,
but their existence seems certain.
[15] Figure 4 shows the Watatu-Toboli baseline (PL01-

PL48) components versus time for the full period 1992–
1999. Those two points are the reference stations for our

measurement campaigns and therefore are observed much
more than any others. Each year, we measured them simul-
taneously and continuously (24 h/d) for 5–10 days, therefore
spanning different tropospheric conditions, obtaining the
best possible sky coverage, and averaging possible multipath
effects. This operating scheme allows us to obtain at all
epochs since 1995 significant repeatabilities no larger than a
few millimeters on this baseline. In addition, since 1996, the
geodetic monuments at these sites (1 m deep concrete
benchmark in flat soil, anchored at 2 m depth by iron rods)
were equipped with specially designed markers allowing
forced centering of the GPS antennas, avoiding tripod and
optical tribrachs, and yielding a submillimeter accuracy of
recentering. Therefore small horizontal position variations at
those sites cannot be attributed to setup errors. Assuming
that the fault strikes N15�W, the motion of Toboli relative to
Watatu is separated into its three components: parallel and
perpendicular to the fault in the horizontal plane, and
vertical. Being close to the north-south direction, the fault
parallel component is the most precisely determined and
very clearly shows three distinct periods (Figure 4, top): (1)
an initial period from 1992 to 1995 (4 epochs) of steady
displacement at a rate of 25 mm/yr, (2) an intermediate
period between 1996 and 1997 (3 epochs) at a rate higher
than 60 mm/yr, and (3) the present period from 1997 to 1999
(3 epochs), at the original rate. The intermediate period
clearly followed the 1 January 1996 Tomini earthquake.
[16] A first anomalous offset of about 20 mm super-

imposes itself on the normal trend between November
1995 and April 1996 measurements. This step displacement
is the sum of the instantaneous coseismic displacement
generated by the earthquake at 80 km distance and post-
seismic creep during the following 4 months (January to
April). This ‘‘coseismic’’ period has no reason to exhibit
linear motions. For an elastic rheology, the stress step
should produce a step in displacement, not a change in
velocity. If the rheology is viscoelastic, we would expect to
see an exponential relaxation from a displacement appro-
priate for the unrelaxed modulus to a displacement appro-
priate for the relaxed modulus. The early stages of the
relaxation could appear linear. Elastic dislocation model
(following Okada [1992]) matches well this first offset
[Gomez et al., 2000; Walpersdorf et al., 1998b].
[17] The second anomalous displacement, which again

adds 20 mm to the interseismic trend between April 1996
and December 1996, is purely postseismic since no other
earthquake with the adequate magnitude/distance ratio
occurred in the area within this time span. Elastic modeling
of strain generated by the Mw = 7, 22 July 1996 event
farther away on the Minahassa trench, shows insignificant
motion at both Watatu and Toboli. Silent postseismic
deformation release on the trench has also been observed
on the Japan trench after the 1994 Sanriku-Haruka-Oki
earthquake sequence [Heki, 1997]. Similar to the Japanese
case, the postseismic relaxation lasted for about one year,
since the December 1997 measurements (Figure 4, top)
clearly indicate a return to normal trend.
[18] The coseismic and postseismic displacements at this

particular location of Toboli (relative to the stable block
represented by Watatu) are about the same. If the source of
the postseismic motion has the same location as the coseis-
mic source (silent fault after slip or slow earthquake on the

ETG 7 - 6 VIGNY ET AL.: SULAWESI—GPS MONITORS STRESS LOADING



same fracture plane), then it appears that the postseismic
slip approximately equals the coseismic slip. Obviously, this
claim does not hold if we consider viscoelastic relaxation or
a source of deformation different from the coseismic. It is
difficult to discriminate between the two hypotheses without

measurements at other locations closer to the Minahassa
trench during the intermediate period (early 1996 to late
1997). Using the standard definition of a characteristic
Maxwell time for viscoelastic relaxation (t = h / E ), and
using t = 1 year and E = 3 � 1010 Pa for the shear modulus,

Figure 4. Evolution of the Watatu-Toboli baseline across the Palu fault. (top) Component parallel to the
fault (along strike), (middle) component perpendicular to the fault (normal component), and (bottom)
vertical component. Scales are years for time and centimeters for displacements. Squares with error bars
show the epoch measurement values with their associated uncertainties (1s). The solid thick lines give
the long-term average rates obtained for all epochs. Dashed lines indicate the initial rates inferred before
the 1 January 1996 Minahassa earthquake (open squares). The dotted thick lines depict the intermediate
periods of anomalous rates following the 1 January 1996 earthquake (solid squares), which start and end
at different epochs for the different components. The thin vertical dotted lines and the legend strings at
the bottom of the plate mark the dates of the earthquakes in the area of the measurements.
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we find a viscosity h of about 1018 Pa s for the lower crust
or upper mantle in the area. Such a value is reasonable
within a subduction domain and is also very similar to
results from California [Pollitz et al., 2001], but again, other
mechanisms such as a slow earthquake or afterslip on the
Minahassa trench cannot be ruled out. No matter what, the
hypothesis that aseismic slip was triggered on the Palu fault
can be rejected since the near-field points on either side of
the fault do not show relative motions parallel to the fault
during the intermediate period, other than the expected 5
mm/yr of interseismic deformation.
[19] Although less precise, the normal and the vertical

components show similar trends (Figure 4, middle and
bottom). Shortening and subsidence of the eastern part from
1992 to 1996 is followed by a brief, rapid period of opening
(normal component) and uplift from 1996 to 1998, and back
to the original trend since. The normal and vertical compo-
nents are delayed with respect to the strike-slip component.
Therefore, changes in trends start and end at different times
in Figure 4. In particular, the intermediate period of opening
started only after April 1996, when the increase of the
along-strike component started directly after January 1996
earthquake. This intermediate period of opening also lasted
longer since the December 1997 measurements do not show
a return to the initial trend, unlike the along-strike compo-
nent. Those three epochs (early 1996, late 1996, and late
1997) clearly do not lie on the fault-perpendicular inter-
seismic trend. Whether they define one single 18 month
linear rate, two different linear trends, or a more complex
relaxation curve, is impossible to assess with three points
only. It is only after the normal component returned to the
initial interseismic trend that the first Palu fault earthquake
occurred. This delay is possibly related to fluid migration
within the fault plane, triggered by a decrease in the fault
normal stress (unclamping). If so, the time delay could be
related to the characteristic time of fluid migration. The
hypothesis of fluid migration triggered by unclamping is
discussed in section 3.
[20] The average slip rate over the 7 year period (includ-

ing all epochs) is 34 ± 2 mm/yr. This is not the total far-field
rate across the Palu fault since the baseline lies within the
zone of elastic strain accumulation due to the fault being
locked. Following Savage and Burford [1973], we find a
larger long-term total slip rate of between 38 and 42 mm/yr.
Because this rate includes the 1996 measurements, it is
affected by the intermediate period. Removing the coseis-
mic and postseismic offsets leads to rates of 28 mm/yr on
the baseline and 30–35 mm/yr on the fault. This rate is
probably closer to the long-term interseismic and matches
the estimate based on rigid rotation of the Sulawesi northern
arm (4�/Myr about a pole located at its northern tip) and
earlier GPS estimates [Stevens et al., 1999].

3. Coulomb Stress Computations and
Quake Triggering

[21] We use the Coulomb failure function, CFF = |t| + ms,
in which t is the shear stress, s is the normal stress, and m is
the friction coefficient, to estimate if a given earthquake has
brought nearby faults closer to or farther from failure
[Harris, 1998]. If CFF is positive, then the change in shear
stress is ‘‘dragging’’ the fault toward motion. Since the

initial state of stress on the fault is unknown, we consider
here the change of CFF: �CFF = �|t| + m�s. In this study
we neglect the effect of cohesion and pore pressure, the
implication being just a correction of the friction coefficient
which in fact is largely unknown.
[22] With this simple failure criterion we estimate stress

transfer by an earthquake using the slip in a rectangular
dislocation in an elastic half-space [Okada, 1992]. Knowing
the earthquake’s moment and the fault area that ruptured
during the earthquake, and assuming some typical values of
the elastic modulus (Poisson ratio of 0.25, shear modulus of
3 � 1010 Pa), we derive the coseismic slip on the fault and
estimate the stress transfer by the earthquake on the fault.
Assuming a value of m (m = 0.4), we calculated�CFF at every
point in the elastic half-space. The parameters (magnitude,
orientation, depth, rake and dimensions of the fault) used for
the main shock come from Gomez et al. [2000]. For our
computations, we use the DLC dislocation code [Reasenberg
and Simpson, 1992; Simpson and Reasenberg, 1994].
[23] Figure 5 shows the Coulomb stress increase generated

by the 1 January 1996, Mw = 7.9, earthquake over a selected
area of Sulawesi. Keeping in mind that their occurrence on
the Palu fault itself is not certain, both of the so-called ‘‘Palu
fault aftershocks’’ (21 May 1998 Mw 6.6 and 10 October
1998 Mw6.0) occurred in areas where the Coulomb stress
was much increased (4.5 bars) for the first one and still
significantly increased (0.7 bars) for the second one.
[24] The regularly spaced gridded ‘‘beach balls’’ indicate

the preferred mechanism for an earthquake at this place. That
is, an earthquake with this focal mechanism would use 100%
of the Coulomb stress increase at this location. We suggest
that earthquakes should occur where a fault available for
rupture is compatible with the preferred mechanism. The
first aftershock did not take place farther north on the Palu
fault where stress increase was larger, but the preferred
mechanism is not compatible with the fault there. Therefore
it took place within the area of stress increase, but only
where the preferred mechanism was compatible with the
existing fault. In this area, the preferred mechanism exhibits
a strike-slip component like the actual one (see the gridded
beach ball immediately left of the observed one). The second
aftershock has a smaller stress increase to take advantage of,
and its mechanism is not well aligned with the preferred
mechanisms around (left-up and left-down).
[25] For a rigorous comparison, the regional preexisting

stress pattern should be taken into account, since the after-
shock will release both preexisting and main shock-induced
stresses in the area. Unfortunately, the preexisting stress
level is largely unknown in this area due to the lack of local
seismic stations and the complexity of the local structure.
However, seismicity as recorded by global and local Indo-
nesian networks indicates a low level of shallow seismic
activity in central Sulawesi [e.g., McCaffrey and Sutardjo,
1982; Beaudouin, 1998]. Nevertheless, in this case the
match with the increase of Coulomb stress alone is already
reasonable. It shows that in at least the case of the first Palu
fault aftershock, that fault was brought closer to failure by
the 1 January 1996 earthquake.
[26] The earlier aftershocks which occurred along the

trench during 1996 also took place in an area of significant
Coulomb stress increase. The most favored mechanism
there is also fully compatible with the subhorizontal fault
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plane along the trench, suggesting that those events were
also triggered by the main shock.
[27] Figure 6 shows stress increase on the Palu fault plane

computed for a friction coefficient of 0.4 on the fault plane.
Both aftershocks are again within an area of Coulomb stress
increase, which does not go deeper than 20–25 km (Figure

6a), and where the stress loading favors left-lateral mecha-
nisms (Figure 6b), which are the expected mechanism for a
left-lateral fault. The two aftershocks are also in an areawhere
the normal stress increases (Figure 6c), which means opening
according to the sign convention. Such an unclamping may
also have induced fluid migration into the fault plane itself.

Figure 5. Coulomb stress transfer generated by the Mw7.9 1 January 1996 Minahassa Earthquake,
computed at 15 km depth on optimally oriented planes. The color scale is in bars and is linear. Full
‘‘beach balls’’ depict the CMT focal mechanisms for the main shock and the two aftershocks, when the
gridded beach balls depict the focal mechanism of the earthquake most compatible with the �CFF at
specific locations. The rectangle shows the assumed rupture plane of the main shock. The two aftershocks
took place in an area of significant Coulomb stress increase.
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Presence of overpressured fluids in the fault plane is known to
change the normal stress by changing the pore pressure in
such a way that it probably facilitates its rupture.
[28] This phenomenon may explain the time delay of the

intermediate period displacement of the normal component
(Figure 4). Coulomb stress modeling indicates that the
Tomini earthquake generated immediate unclamping on
the Palu fault, but this did not generate instantaneous
motions perpendicular to the fault: the April 1996 measure-
ment clearly lies along the normal trend (Figure 4, middle).
Our interpretation is that unclamping may have triggered
fluid migration in the fault plane, which in turn may have
generated an opening motion across the fault.
[29] Fluid migration in the fault plane may also explain

why it took 2.5 years to rupture the fault area after the initial
earthquake, and why it did not rupture within the 1.5 years
during which the additional postseismic along-strike defor-

mation occurred. Using a classical diffusion law where the
migration distance is proportional to the root square of time
d ¼

ffiffiffiffiffi
Ct

p� �
, and typical values for the poroelastic constant C

in this material (around 1 m2 s�1) [Etheridge et al., 1984],
we find d = 9 km for a period of 2.5 years. This distance of 9
km matches quite well the locking depth of the fault.
Therefore it may be speculated that the fault ruptured only
after the full plane depth was penetrated by fluids. This
occurred around the same time the normal component
‘‘intermediate’’ period opening finished, roughly 1 year after
the end of the along-slip intermediate period increase.
[30] This idea of time delay controlled by fluid migration

remains hypothetical. In particular, if the unclamping indu-
ces fluid flow by lowering the pore pressure in the fault,
thus setting up a pressure gradient, the fluid will move into
the fault zone until the pressure gradient is gone. At this
point the pressure in the fault zone will be the same as

Figure 6. Stress increase generated by the Mw7.9 1 January 1996 Minahassa earthquake, computed
along the Palu-Koro fault plane with friction coefficient of 0.4. (top) Coulomb stress, (middle) shear
stress (parallel to the fault plane), and (bottom) normal stress (perpendicular to the fault plane). Scale is in
bars and color contouring is logarithmic. The numbers in circles indicate the positions of (1) the 1
January 1996 main shock and (2) the first 21 May 1998 and (3) the second 10 October 1998 aftershocks.
The two aftershocks took place in an area where the Coulomb stress was increased, left-lateral shear
stress was added, and unclamping was effective.
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outside the fault zone and the same as it was before the
unclamping. Then a subsequent elevation of the pore
pressure, or an increase of shear stress is needed to drive
the system toward failure beyond the immediate effect of
the unclamping.

4. Conclusion

[31] Coulomb stress analysis shows how the magnitude
7.9, 1 January 1996 earthquake in northwest Sulawesi could
have triggered large aftershocks in the area. Moreover, GPS
measurements also detected both the instantaneous coseismic
displacement and transient motions associated with viscoe-
lastic relaxation or afterslip. The Coulomb stress computa-
tions are in good agreement with the strain measured by GPS.
In particular on the Palu fault where the strain generated by
the Minahassa earthquake added to the long-term strike-slip
accumulation and generated opening of the fault contrary to
the long-term motion but in agreement with the orientation of
the computed normal stress. This unclamping effect may be
critical in triggering the Palu fault sequence since it lasted
longer than the along strike component effect, as attested by
the position of the November 1997 epoch (Figure 4). It was
only after the maximum opening was reached that rupture
occurred in the Palu fault area. Last but not least, the Palu
fault poses an acute seismic hazard for the Palu city area since
it will take the equivalent of aMw� 7 or larger earthquake to
release the accumulated strain over the past several decades at
a rate close to 40 mm/yr [Stevens et al., 1999]. The latest
sequence of earthquakes on or near the northern part of the
Palu fault did nothing else but increase the probability of an
earthquake farther south in the near future.

[32] Acknowledgments. We are grateful to everyone involved in the
long-term collaboration on the Palu-Koro GPS transect since 1992. Special
thanks to all surveyors from BAKOSURTANAL and DSMM. SIO and RPI
initiated the program supported by NSF grants EAR-9114349 and EAR-
9114864. The bulk of this work has been achieved to a large part in the
framework of the GEODYSSEA project under contract CI1*-CT93-0337
between the European Commission and the GFZ in Germany. The most
recent part has been achieved in a collaboration between DEOS and ENS
for Europe, ITB Bandung and BAKOSURTANAL for Indonesia, and
DSMM for Malaysia. We would also like to thank the anonymous
reviewers of this manuscript and the JGR Associate Editor. Their detailed
comments and writing suggestions greatly helped in improving this article.

References
Beaudouin, T., Tectonique active et sismotectonique du sysème de failles
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