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Abstract

A promising approach to assessing seismic hazards has been to combine the concept of seismic gaps with Coulomb-stress
change modeling to refine short-term earthquake probability estimates. However, in practice the large uncertainties in the seismic
histories of most tectonically active regions limit this approach since a stress increase is only important when a fault is already close
to failure. In contrast, recent work has suggested that Accelerated Moment Release (AMR) can help to identify when a stretch of
fault is approaching failure without any knowledge of the seismic history of the region. AMR can be identified in the regions
around the Sumatra Subduction system that must have been stressed before the 26 December 2004 and 28 March 2005
earthquakes. The effect is clearest for the epicentral regions with less than a 2% probability that it could occur in a random
catalogue. Less clear AMR is associated with the regions north of Sumatra around the Nicobar and Andaman islands where rupture
in the December 2004 earthquake was less vigorous. No AMR is found for the region of the 1833 Sumatran earthquake suggesting
that an event in this region in the near future is unlikely. AMR similar to that before the December 2004 and March 2005 events is
found for a 750 km stretch of the southeastern Sumatra and western Java subduction system suggesting that it is close to failure.
Should the whole of this stretch break in a single event the magnitude could be similar to the December 2004 earthquake.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The earthquake that resulted from slip along about
1600 km of the Sumatra–Andaman subduction system
on 26 December 2004 has focused attention on the
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tsunami danger posed by such massive submarine
events [1–4]. Although it was known that events
along the Sumatra–Java subduction zone could generate
tidal waves, such a massive earthquake was not
anticipated since the relative paucity of large events
along the arc [e.g. 5,6] led to the conclusion that
substantial parts of the arc were uncoupled (aseismic)
[7,8] (Fig. 1). Prior to the recent events, known
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Fig. 1. Large earthquakes (>M 7.5) along the Sumatra–Java arc.
Estimated rupture regions for historical events are shown in black and
the rupture regions for the 26 December 2004 and 28 March 2005 are
shown in orange.
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historical earthquakes had released little of the slip that
had accumulated along the arc in the preceding 2–
300 yr. In retrospect, it seems that the historical record
was too short to characterize the behavior of the arc [8].

Examining space–time patterns of regional seismic-
ity is increasingly being used as the basis for assessing
seismic hazard. In regions where good historical
information is available, and taking Eastern Turkey
and the Aegean as an example, it has been shown that
the concept of seismic gaps can identify faults likely to
host substantial events over the coming years or decades
[9–11]. The reliability of this approach rests on the
assumption that earthquakes repeat regularly, an as-
sumption that many workers regard as unreliable [e.g.
12–14]. The identification of seismic gaps has been
complemented in such areas by studies of earthquake
stress interactions [e.g. 15,16]. As a result of tertiary
creep, the abrupt change of stress due to an earthquake
enhances the probability of events over time periods of
years in the regions where Coulomb-stress has been
increased [17]. This has been quantified using rate and
state friction to estimate earthquake probabilities for the
period shortly following large events [e.g. 10,18–20].
However, because these studies involve the calculation
of stress changes rather than absolute stress, they are of
limited use unless a reliable recurrence time can be used
to estimate where the region lies in its seismic cycle.

In this paper, we discuss a technique that allows
proximity to failure to be assessed without knowledge of
the seismic history of the region. The approach is to
examine seismic activity in the region that must become
loaded prior to an event. Numerous studies have
suggested that seismic activity increases over a wide
region around a future epicenter, an effect that has been
labeled Accelerated Moment Release (AMR). Many
explanations for these observations have been offered
[21–24] but none established a clear relation between
the fault that would fail and the evolving stress field. For
events in California however, it has been shown that the
increase in activity is found in the regions where stress
must accumulate before motion on the future fault can
occur and that these can be identified after the
earthquake has occurred [25,26]. They also propose
that AMR can be identified before an earthquake if
geological data allows the parameters of a possible
future event to be identified before it happens. Here, we
apply this Stress Accumulation Model [27] to the
Sumatra–Java arc and demonstrate that the slip regions
of both the 26 December 2004 and the 28 March 2005
events showed clear evidence that they were approach-
ing failure prior to the two events. We further show that
the regions of highest slip in the two events correspond
to the sections of the arc that exhibited the most
pronounced AMR. In contrast, the section of the
subduction zone where the 1833 earthquake occurred
shows no reliable evidence of accelerating activity at
present. However, a region of accelerating seismicity
associated with a 750 km stretch of the mapped plate
boundary along southeastern Sumatra and western Java
suggests that this region may be approaching failure.

2. The stress accumulation model

The mechanical processes of the stress accumulation
model (SAM) are discussed in detail by King and
Bowman [27]. They describe a complete seismic cycle
for an isolated sticking patch on an otherwise creeping
strike-slip fault. The model allows synthetic seismic
catalogues to be generated that are closely comparable
to those observed. An idealized representation of the
evolution of stress and seismicity for the last 10% of the
earthquake cycle is shown in Fig. 2. This is similar to the



Fig. 2. The evolution of stress and seismicity for the last 10% of the earthquake cycle for a reverse fault. The fault geometry (not to scale) is shown in
(f). The faults adjacent to the impending earthquake are considered to be early in their seismic cycle and are locked, while the creeping fault at depth
increases in slip from 90% to 100% of the slip required to bring the fault in the seismic gap to failure. Since only slip on the fault at depth increases
below a locking depth until the earthquake occurs, this model is identical to those used to model geodetic data. The values used for the model are
7.5 m slip for the adjacent faults, and the slip on the creeping fault below the seismogenic zone increases from 9 to 10 m. (a), (b), (c) and (d) represent
the last 10%, 3.5%, 1% and 0% of the seismic cycle. It can be seen that during the last 10% of the cycle, activity (represented by small black dots)
rapidly approaches the future epicentre. Following the earthquake the lobe patterns change and the black dots represent aftershocks. The mask to
provide the inheritance stress (see [27]) and the colour range are chosen so that failure stress reaches the future fault when deep slip reaches 10 m. The
colour bar shows normalized stress. The depth of the seismogenic zone is taken to be 15 km (locking depth) and the length of the fault is 30 km. To
produce the artificial earthquakes, random stress variations (referred to as “noise” in [27]) are added to the evolving stress level calculated for realistic
earthquake parameters as described above. For this figure the random variations are exaggerated to make the events easily visible. It has previously
been shown that, using realistic random variations, a model like this can create artificial seismic catalogues exhibiting AMR that is similar to real
earthquake sequences when analysed by the same methods as real catalogues [27].
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model described by King and Bowman [27], but
calculated for a reverse fault. The faults adjacent to
the impending earthquake are considered to be early in
their seismic cycle and are locked. The fault at depth
creeps with slip increasing from 90% to 100% of the slip
required to bring the fault in the seismic gap to failure.
Fig. 2a, b, c and d represents the last 10%, 3.5%, 1% and
0% of the seismic cycle. During the last 10% of the
cycle, it can be seen that seismic activity (represented by
small black dots) rapidly surrounds the future epicentre.
This pattern of activity mimics the so-called “Mogi
Doughnut”, a halo of precursory activity that is
sometimes observed around subduction zone earth-
quakes [28]. Following the earthquake, the stress pattern
changes and the location of the seismicity switches to
the aftershock lobes. King and Bowman [27] show that
realistic values of earthquake stress drops and stress
field inhomogeneities can produce artificial catalogues
with AMR similar to those observed.

The SAM method [25,26] defines the region where
stress must accumulate and pre-event seismicity must
occur during the last part of the earthquake cycle. The
technique is the same as that used to calculate post-
earthquake Coulomb-stress [10,16], but the fault is
slipped with the opposite sense (the “backslip” model
first described by Savage [29]) to identify the form of
the stress field before the earthquake. The form of the
stress field is the same for half-space and plate
calculations, only the decay with distance is changed
[30]. In common with most other Coulomb-stress
change studies a half-space calculation is adopted. Fig.
3 shows the method applied to the segment of the



Fig. 3. Accelerating moment release (AMR) for the great Sumatra earthquake of December (12/26/2004). The cumulative Benioff Strain and the time
(in years) are respectively the y-axis and x-axis. The power law fit (red curve) and the line fit (yellow line) used for the calculation of the c-value are
shown. The c-value is 0.28, which corresponds to a 2% probability that the acceleration could occur randomly. The pre-stress field calculated by the
backslip earthquake method for the high slip part of the 26 December 2004 event is shown in the inset. The red contour (0.02 bars) outlines the area of
events that provides the best c-value. Other contours also result in AMR; the one displayed is the optimum. The fault used corresponds to segments 5,
6, and 7 in Table 1. It has a dip of 11°, a down-dip width of 200 km and each segment is pure dip-slip.
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subduction zone that experienced the largest and most
rapid slip in the 26 December 2004 earthquake. The
inset shows the surface projection of the fault as a black
line. The outlined region corresponds to the 0.02 bar
Coulomb-pre-stress contour for the fault parameters
given in the figure caption. The choice of this value is
discussed in the next section and in earlier papers
[25,26,31], where it is pointed out that the form and not
the absolute value of stress is of importance to identify
the region that must be loaded prior to an earthquake.
The earthquakes (shown by black dots) within this
contour demonstrate AMR. The AMR shown in the
figure is first identifiable in 1977 with activity steadily
increasing until immediately prior to the December
earthquake. It should be noted that the increase in
activity results not from a few larger events near the end
of the period but an overall increase of activity. This
provides some support for the view that the AMR is a
consequence of a general increase of activity (i.e. an
increase of a-value and not a change of b-value in the
Gutenburg–Richter relation) [30,31]. In this example
the backslip earthquake model location and parameters
are defined by the reported parameters of the event [1].

To examine AMR along the whole arc we divide it
into segments. The quality of earthquake catalogues in
the Sumatra–Java region places a practical constraint on
the size of the segments. In California, where catalogues
are complete down to a magnitude of 3.5, it is possible
to retrospectively demonstrate AMR before events for
M=6.5 events whose rupture parameters have been
established [25,26]. However, catalogues in the Suma-
tra–Java region are not homogeneous below magnitude
4.5, so that it is unreasonable to expect to find AMR
even for known events smaller thanM∼7.5 (fault length
∼150 km). With this constraint in mind, the subduction
zone is divided into segments ∼250 km long to search
for AMR before future events. This segmentation length
means that only future events significantly greater than
M=8.0 will be detected.

3. Quantification of accelerating moment release
(AMR)

A number of studies have suggested that AMR can
be modeled by fitting a simple power law time-to-failure
equation of the form

eðtÞ ¼ Aþ Bðtf−tÞm ð1Þ
where tf is the time of the large event, B is negative and
m is usually about 0.3. A is the value of ε(t) when t= tf



Fig. 4. AMR for the Sumatra–Java arc. For each segment the c-value is
indicated and shaded in accordance with the colour bar in the inset.
Beside each segment the length of time over which AMR is identified
is indicated in years. The segments are numbered and the
corresponding c-values, duration of AMR and probability that the
AMR is non-random is shown in Table 1. The co-ordinates of the ends
of the segments are also provided. Each segment has a dip of 11°, a
width of 200 km and is pure dip-slip with a nominal displacement of
20 m.
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[32,33]. The cumulative Benioff strain at time t is
defined as

eðtÞ ¼
XNðtÞ

i¼1

EiðtÞ1=2 ð2Þ

where Ei is the energy of the ith event and N(t) is the
number of events at time t. To quantify the AMR, we use
the c-value [22] defined to be the ratio between the root
mean square of the power law time-to-failure fit (Eq.
(1)) and the root mean square of a linear fit to the
cumulative energy of events. If the c-value tends to zero,
a power law best approximates the curve and AMR is
observed. If the c-value tends to unity then no AMR is
seen. For a specified source (known or proposed) the
program Nutcracker (http://geology.fullerton.edu/dbow-
man/downloads/NutcrackerX.1.zip) automatically
searches for low c-values within a range of Coulomb-
stress contours and a range of catalogue start-times.
From this matrix, start-times and stress levels can be
identified that exhibit AMR, together with sensitivity of
the AMR to parameter changes.

The stress levels identified in this procedure are used
to define the shape of the stressed region (see Fig. 3).
For any given azimuth, the extent of the pre-stress
region depends on the fault slip. If known fault slip is
used following an earthquake, the stress contours
correspond to stress change at the time of the event.
Where events have not yet happened, a nominal fault
slip is selected and the values of the stress contours
should be taken only as a rough guide. Clearly variations
in modulus such as that between ocean and continental
crust will modify stress contours, but such an effect is
minor compared to other limitations of the approach
addressed in the discussion.

Since the algorithm automatically seeks regions of
low c-value, some degree of AMR will nearly always be
found. To determine if the acceleration is due to a ‘real’
physical process or is merely a result of random
clustering, we have used the Monte Carlo technique to
examine the likelihood of AMR in random catalogues.
Because any AMR found in these random catalogues
cannot be due to a physical process, they provide a way
of estimating the reliability of any give AMR sequence
[34] (further information can be found in the Appendix).
For the example in Fig. 3 the technique suggests that
there is less than a 2% possibility that the observed
AMR is due to random processes. In the study of the
Sumatra–Java arc that follows, the reliability of the
observed AMR is assessed by direct observation,
examining the start-time versus stress matrix and the
c-value (see Appendix). The total time over which the
acceleration is observed is also an important guide. The
length of the AMR is related to the length of the seismic
cycle [27] and consequently a short total time suggests
that the AMR is incomplete and the region not yet fully
re-stressed. This is consistent with such regions
rupturing only as a consequence of propagation of slip
from more stressed regions (as discussed below).
However, an AMR with a short total time also contains
fewer events and is of less statistical significance than a
longer time period.

4. Accelerating moment release along the
Sumatra–Java arc

The method outlined above has been applied along
the length of the Sumatra–Java Arc (Fig. 4). The
mechanisms are assumed to be pure reverse faulting
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with a dip of 11° and a width of 200 km. The regional
stress for the Coulomb calculation [16] is chosen so that
the greatest compressive stress is approximately per-
pendicular to the arc for each segment. The segments are
shaded according to their c-value. The total time over
which AMR can be identified is indicated beside each
segment. The segments are numbered and the
corresponding c-values, total time and the probability
that the AMR is non-random (reliability, see Appendix)
are shown in Table 1.

Fig. 5 shows the slip distributions for the 26
December 2004 and the 28 March 2005 events [adapted
from 1], which can be compared to the AMR for the
event. The maximum slip in the December 2004 event
corresponds to three segments 5, 6, and 7, while the
maximum slip in the March 2004 event is in segment 8.
Each segment individually had low c-values
corresponding to less than 4% probability that they
resulted from random processes. Segments 1 to 4 also
exhibited AMR before the 26 December event, but with
lower significance. In each of these cases, the time
period over which AMR is observed is also relatively
short. The higher c-value, and shorter time period,
together with an inspection of the plots of Benioff strain
(see discussion in the Appendix), suggests that the AMR
for these parts of the fault are less convincing.
Nonetheless, the AMR is consistent with segments 1
to 4 being loaded, albeit less dramatically than segments
Table 1
Segment characteristics

Segment Segment

Lat°

1 ( Slow rupture associated with the 26 December 2004 event) 93.48
2 (Slow rupture associated with the 26 December 2004 event) 92.04
3 (Slow rupture associated 26 December 2004 event) 91.60
4 (Slow rupture associated 26 December 2004 event) 91.53
5 (26 December 2004 event) 92.37
6 (26 December 2004 event) 92.86
7 (26 December 2004 event) 95.55
8 (28 December 2004 event) 96.48
9 (1861 event) 97.30
10 (1833 event) 98.26
11 (1833 event) 99.36
12 (1833 event) 100.53
13 (History unknown) 101.98
14 (History unknown) 103.76
15 (History unknown) 105.68
16 (History unknown) 108.28
17 (History unknown) 111.19
18 (History unknown) 114.81

The fault segments all dip at 11°, a width of 200 km and are pure dip-slip. The
field effect it is not very sensitive to the fault parameters (see Appendix). The
segment is loaded. A long total time has no significance if the reliability is
5, 6, and 7. This is consistent with the lower slip on the
northern segments during the earthquake. The 26
December earthquake initiated where the AMR was
clearest and where the subsequent slip was greatest. The
28 March event also initiated where the AMR was clear
and propagated to segment 9 where AMR is less clear.
The evidence for AMR for segment 10 is almost absent
and there is little evidence of AMR for segment 11 and
none for segment 12. Further south, for segments 13,14
and 15 significant AMR is observed with values similar
the zones that experienced the highest slip in December
2004 and March 2005. Segments 16 to 18 have no
significant AMR but the results may be contaminated by
stress systems and seismicity associated with the Banda
and Philippine arc.

5. Discussion

The cartoon evolution shown in Fig. 2 shows a rapid
evolution with seismicity steadily approaching the
future epicentre during the last 10% of the earthquake
cycle and is calculated in a similar way to that used by
King and Bowman [27] (see the figure caption). For real
situations, effects that are not considered for the simple
model can intervene. The model supposes that the
earthquake cycle consists of one simple loading system,
where the only elements are creep at depth and the
seismic motion of adjacent faults. At the end of the
start Segment finish c-value Reliability Total time

Long° Lat° Long° (%) (yr)

15.58 92.03 13.85 0.46 84 19
13.85 91.60 11.69 0.51 76 10
11.69 91.53 9.17 0.35 98 9
9.17 92.37 7.01 0.44 88 19
7.01 92.86 4.28 0.38 96 28
4.28 94.55 2.92 0.24 99 37
2.92 96.48 1.33 0.29 98 27
1.33 97.30 −0.13 0.33 97 18

−0.13 98.26 −1.59 0.60 50 27
−1.59 99.36 −3.19 0.76 23 32
−3.19 100.53 −4.99 0.51 70 32
−4.99 101.97 −6.63 1.0 0 –
−6.63 103.76 −7.93 0.30 98 40
−7.93 105.68 −8.74 0.36 97 40
−8.74 108.28 −9.86 0.37 96 40
−9.86 111.18 −10.21 0.53 76 14
−10.21 114.81 −10.61 0.87 20 30
−10.61 118.38 −10.56 0.64 60 8

regional stress field is chosen accordingly (see text). Since AMR is a far
reliability and a long total time suggest that the AMR indicates that the
low.



Fig. 5. Simplified slip distribution for the ruptures of the 26 December
2004 and 28 March 2005 earthquakes (modified from [1]). The
displacements are shown in metres. Red shading also represents slip
with a range from 0m — white to 10m — red.
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cycle, the stress conditions are identical to those at the
beginning; the assumptions of a simple elastic rebound
model. Elastic rebound concerns only horizontal stresses
and displacements, however some permanent deforma-
tion (topography) is created at the end of the earthquake
cycle for a dip-slip fault [35–37]. The flexure, uplift, and
subsidence associated with dip-slip earthquakes are
associated with their own seismicity, which perturbs that
expected for an idealized earthquake cycle. In more
general terms, complex fault geometries result in the
superposition of the stress fields and associated
seismicity of multiple faults at different stages in their
loading cycles. It is important to appreciate that the
strain energy involved in these processes is very small
and localized near to the earthquake epicentral region.
The strain energy stored prior to, and then released in the
main shock, is much greater. For Sumatra geodetic
displacements of 1 or 2 cm occurred in India and
Indonesia indicating the release of stress in a region
larger than those in which we identify AMR.
Other major faults or plate boundaries can be
associated with stress fields that are not responsible
for the future earthquake. For example, the loading of
the strike-slip fault behind the arc and the associated
seismicity involves stress fields that cannot result in the
observed dip-slip motion. Since at present such
seismicity cannot be separated, events associated with
loading of the strike-slip fault could be a source of error
in the AMR plot for reverse faulting events. A similar
situation occurs for western Java where the Banda and
Philippine arcs and associated seismicity are sufficiently
close that they overlap with regions that must be stressed
prior to an eastern Java event.

While these sources of error reduce our ability to
identify AMR they also offer future approaches to
improving signal to noise ratios. The most straightfor-
ward would be to use only precursory events with
identified focal mechanisms. Unfortunately, at present
there are few parts of the world where seismic
catalogues both include mechanisms and are homoge-
neous. The stress field prior to an event also varies with
depth in a manner that can readily be calculated to
improve the results. Unfortunately, most earthquake
catalogues have poor depth resolution, rendering such
an approach ineffective. While the limitations of
existing catalogues must be accepted, future improve-
ments may allow much improved AMR studies.

Prior to the work of King and Bowman [27], it was
assumed that AMR was correctly modeled by Eq. (1),
based on the assumption that the events prior to the
earthquake were part of either a failure process or a
process analogous to a phase transition. The stress
accumulation model [27], in which creep at depth
progressively fills a stress shadow, requires that events
are a symptom of the loading process and are not a part
of the failure leading to the main event. There is
consequently no reason to suppose that the main event
should occur at the asymptote of the failure function.
The use of a power law time-to-failure function (Eq. (1))
is used in this study since the filling of the stress shadow
cannot be reduced to a simple analytic expression. In the
future it may be possible to generate more appropriate
empirical expressions for the AMR. However, in the
absence of a clear alternative, Eq. (1) is retained on the
understanding that the asymptote has no physical
significance. It follows that since we do not know at
present how much acceleration must be observed before
an earthquake occurs, a clear time prediction is not
possible.

The results presented above suggest that part of the
southern Sumatra and western Java arc is now subject to
similar loading conditions to those that prevailed prior to



Fig. 6. The region where observed AMR suggests that the subduction
system is approaching the end of the seismic cycle (yellow).
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the Sumatra earthquakes of 26 December 2004 and 28
March 2005. The data presented is very suggestive, but
would be more certain if we had more examples of
AMR before large subduction earthquakes. Unfortu-
nately although very large events have occurred (e.g.
Chile 1960, Alaska 1965) the NEIC catalogue is not
long enough to provide the clear accelerations that span
10s of years. Where acceleration is identified over
shorter time spans, it is more equivocal.

In the absence of many examples it is uncertain when
the southern Sumatra and western Java arc might fail.
Models suggest that the most pronounced AMR is
within the last 10% of the earthquake cycle (which is
perhaps between 200 and 500 yr for the Sumatra–Java
subduction system). AMR should therefore be identifi-
able in the last 20 to 50 yr before the event. Thus, an
AMR total time of 40 yr might suggest that the event
will occur in the next few years, but this is far from
certain.

Various workers have proposed that some subduction
systems are coupled and seismic, while some are
uncoupled and largely aseismic. This has been
explained by mechanical models that invoke parameters
including (but not limited to) subduction rate, sediment
load, and motion of the trench relative to the mantle as
determining the seismic coupling [38–40]. However,
the seismic observations on which these models are
based cover about 100 yr, which may not be a
sufficiently long time period for the characterization of
slow subduction systems [40]. For both the Sumatra
(north and central) and Cascadia subduction systems,
hitherto regarded as uncoupled, geological investiga-
tions have already demonstrated that this is incorrect
[8,41–43]. It is therefore pertinent to question the
implications of AMR in a subduction setting that has
previously been considered to be uncoupled, such as
southern Sumatra and western Java. Certainly the
progressive build-up of stress implied by the stress
accumulation model [27] is not consistent with steadily
creeping subduction. However, recent observations of
transient strain events in subduction settings [e.g. 44]
and theoretical models [45] although concerning much
smaller scales might suggest that the current period of
AMR could be precursory to a non-destructive, slow
earthquake.

6. Conclusions

Parts of the Sumatra–Java arc exhibited clear
Accelerated Moment Release (AMR) prior to the 26
December 2004 and 28March 2005 earthquakes. On the
basis of a simple loading model of the type widely
accepted to explain geodetic observations (Fig. 2 and
caption), we propose a model in which the AMR
provides evidence that sections of the arc were
approaching failure prior to the catastrophic events.
The method that we use has the potential to directly
estimate absolute stress (relative to failure stress), a
significant advance on Coulomb-stress change models
[16]. If demonstrated to be robust, an ability to
independently identify the latter part of the seismic
cycle will enhance seismic gap methods of establishing
earthquake risk.

The epicentres of both events occurred where AMR,
and hence loading, was greater and propagated into
regions where loading was less. To the south of the slip
regions of the recent events, the epicentral area of the
1833 earthquake shows no evidence for an impending
earthquake. Recent studies of corals suggest that this
region is nearing the end of the earthquake cycle [46],
but the event could still not be close enough for AMR to
be observable yet. However further to the south and east,
parts of the Java–Sumatra arc appear to be loaded and
may be capable of hosting a devastating earthquake



Fig. A1. The Gutenburg–Richter plot for the data used to calculate
AMR along the Sumatra–Java arc. The catalogue is complete above
M 4.5. Subsets of the catalogue in time and space have also been
examined to establish this throughout the region.

Fig. A2. The probability of different c-values occurring in a random
catalogues.
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(Fig. 6). In the absence of further studies in different
regions, a possibility limited by the length of the
available seismic catalogues, we cannot be certain that
our results truly indicate an imminent earthquake danger
for southeastern Sumatra and western Java. However,
our conclusions rest on a simple physical/mechanical
model. Bearing in mind the consequences, such an event
should be taken seriously.
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Appendix A

A.1. Seismic data

The seismicity catalogues required for examining
AMR must be homogeneous. Except for a few places,
such as California, this can only be satisfied using the
global catalogue based on the NEIC (ANSS) data set.
The catalogue used here was taken from the Advanced
National Seismic System (ANSS) Worldwide Earth-
quake Catalog, accessible from the Northern California
Earthquake Data Center (http://quake.geo.berkeley.edu/
anss), and extended from 01/01/1965 to 24/12/04. The
minimum magnitude used was 4.5. This was chosen by
examining the frequency–magnitude statistics of the
catalogue to define the minimum magnitude where a
stable Gutenburg–Richter relation is observed [47] (e.g.
Fig. A1). Because progressive improvements in the
global seismic network have resulted in a progressive
lowering of the detection threshold of small events, this
step is necessary to remove apparent AMR caused by
changing catalogue completeness.

Only events with depths from the surface to 40 km
were used. This is chosen to include those events with
depths fixed at 33 km. The stress calculation was carried
out for a depth of 8 km. Since the AMR is associated
with seismicity distant from the future epicentre this is
sufficiently accurate for the range of earthquake depths
considered. Deeper events, in particular those associated
with the lower part of the lithosphere and the subducting
slab, may exhibit changes associated with the build-up
of load on the future fault [48–51] but would require a
three dimensional stress model and a more complicated
search of the stress–time grid. This will be investigated
in future work.

A.2. c-value and statistics

A measure of the reliability of the acceleration in a
certain spatiotemporal area in a catalogue of seismicity
is carried out by calculating the c-value, which is the
ratio between the root mean square of a power law fit

http://quake.geo.berkeley.edu/anss
http://quake.geo.berkeley.edu/anss


Fig. A3. Start-time versus stress grids for the correspondingly numbered segments shown in the figures in the main text.
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Fig. A4. The AMR plots chosen to be representative for the correspondingly numbered segments shown in the figures in the main text. Informa n for each segment is provided in Table 1 of the main
text. The insets indicate the reliability of each plot. See the main text.
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and the root mean square of a linear fit [22]. If the c-
value tends to zero, the curve is best approximated by a
power law and if the c-value tends to the unity, the curve
can be best approximated by a straight line. Because the
method searches for acceleration, data sets may exhibit
AMR that has no physical origin. To help determine
whether an acceleration is likely to be “real” we have
examined random catalogues of synthetic seismicity.

The Monte Carlo method is used to test the
probability that AMR can be found due to random
patterns in seismicity (the “false-alarm rate”). 1000
catalogues each composed of 500 events placed
randomly in space and time are created. Each point is
indexed to a magnitude that respects the Gutenburg–
Richter law. Energy for each point is calculated using
the magnitude-energy scaling law (E=104.8+1.5*M) [52].
This is then used to generate the cumulative Benioff
strain curve. When real data is examined, the shape of
the spatial region examined depends on the fault
mechanism of the earthquake being examined. While
there is no obvious reason why shape should affect the
results, we test the false-alarm rate for circular, square
and triangular patterns.

For each geometrical pattern, the search is done
using a spatiotemporal matrix (c-value= f {pattern,
distance to the centre of the pattern, starting time}). In
detail, for the circle example, events are localized in a
unit square ([0,0;0,1;1,0;1,1]) and the centre of the
circle corresponds to the centre of the synthetic
catalogue. The calculation of c-value is first done by
looking at events located in a circle of minimum
radius (fixed parameter). For these chosen points,
another search is done in time by increasing the value
of the starting time of the cumulative energy curve
(from 0.00 to 0.90 — fixed parameters). This
temporal search is repeated several times for the
spatial search from the minimum radius to the
maximum radius (from 0.05 to 0.50 — fixed
parameters). When the c-value is calculated for all
increments, the best one is kept (minimum c-value).
This is repeated for each synthetic catalogue and a
distribution of minimum c-values is then obtained.
The search using other geometrical patterns adopts the
same method by systematically changing the size of
the geometrical figure. The relation between the
probability of occurrence and c-value is the same for
the three geometries tested, and is shown in Fig. A2.

From the figure it can be concluded that low c-values
(<0.35) are very unlikely to occur by chance. However,
once a c-value of 0.6 is reached the probability that it
could result from random processes is about 50%. In a
separate study, different ways of generating random
catalogues have been adopted [34]. These include
randomizing the times of real catalogues, using real
epicentral distributions and assigning random earth-
quakes to them, and establishing catalogues that adopt
the ETAS method to simulate aftershocks [53,54] For c-
values of 0.6 the probability that the observed AMR can
be a random effect can increase to 55%. However for c-
values less than 0.35 the probabilities are approximately
equal to those in Fig. A2. We consequently conclude
that c-values less than 0.35 have a high probability of
being real and those of 0.6 have little significance. As
discussed in the text, a low c-value is a necessary
condition for determining whether an AMR is real.
However, it is not a sufficient condition.

A.3. Results for all segments

The start-time versus stress grid for all of the
segments is shown in Fig. A3. The vertical axis shows
the Coulomb-stress level and the horizontal axis the time
period. For each combination of Coulomb-stress and
time range, the plots indicate the c-value of the
associated AMR plot. Reds indicate high c-values and
blues low c-values. The c-values are also contoured. The
best c-value is provided by choosing a blue region. In
each start-time versus stress grid, stars indicate the point
chosen for the corresponding AMR plot in Fig. A4. In
some cases an apparently low c-value can be of little
significance. In Fig. A3 for example, the blue regions
marked bad for segment 1 result from a search very
close to the future fault slip; too few events are included
to produce a convincing plot. It is important to
appreciate that the reliable low c-values for segments
6, 7, 8, 14 and 15 are unambiguous.
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