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X-2 FURUYA AND SATYABALA.: SLOW EARTHQUAKE IN AFGHANISTAN

The Chaman fault system forms a prominent ~900-km-long left-lateral trans-
form plate boundary between the Indian and Eurasian plates in Afghanistan
and Pakistan. Here we show satellite radar interferometry data that revealed
an afterslip (or slow earthquake) signal following an earthquake of magni-
tude 5.0. This slow slip episode lasted for more than a year, and accompa-
nied a widespread creep signal that occurred at least ~50 km along the fault.
We detected no surface slip before the earthquake during the 1.5 years sam-
pled by our data. This finding of long-lasting widespread afterslip demon-
strates that the plate motion along the Chaman Fault is accommodated by
slow slip episodes following moderate earthquakes, and suggests that a po-
tential for magnitude 7-class earthquakes was significantly reduced. The du-
ration and moment release of the detected afterslip do not fit the recently

proposed scaling law for slow earthquakes.
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FURUYA AND SATYABALA.: SLOW EARTHQUAKE IN AFGHANISTAN X-3

1. Introduction

Crustal deformation measurements around plate boundaries by modern geodetic tech-
niques have important implications for crustal rheology, fault mechanics, and seismic haz-
ard assessment [Sagiya, 1999; Birgmann et al., 2000; Fialko, 2006]. Over the past decade,
they revealed a variety of slow fault movements undetectable by seismometers not only
in transform fault zones [Linde et al., 1996] but also in subduction zones [Kawasaki et
al., 1995; Heki et al., 1997; Dragert et al., 2001; Lowry et al., 2001; Ozawa et al., 2002].
Following Ide et al. [2007], we call all these events slow earthquakes. Although slow move-
ment (creep) has been known for decades in the San Andreas transform fault system, they
have been regarded as exceptional because no similar phenomena have been reported in
other continental strike slip faults [Scholtz, 1998; Fialko et al., 2005].

While the relative slip velocity at the Chaman Fault, a major strike-slip fault in south-
west Asia (Figure 1), has been geologically estimated to be 2-4 cm/yr [DeMets et al., 1991;
Lawrence et al., 1992], historical records show an absence of large earthquakes at a 300
400 km segment of the Chaman Fault, suggesting that this segment of the fault is either
locked or slipping aseismically [Ambraseys and Bilham, 2003]. Since modern ground-based
geodetic measurements are infeasible now around this area, we employed space-borne In-
terferometric Synthetic Aperture Radar (InSAR) technique, using Envisat ASAR acquired
by European Space Agency (Table S1), and detected postseismic deformation signal as-
sociated with the moment-magnitude (Mw) 5.0 earthquake on 21 October 2005 (Harvard

CMT project).
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X-4 FURUYA AND SATYABALA.: SLOW EARTHQUAKE IN AFGHANISTAN

2. Data Analysis and Results

Seven observed interferograms in Figure 1 are enlargements of the spatio-temporal evo-
lution of the radar line-of-sight (LOS) changes. In order to reduce atmospheric artefact,
each interferogram was generated by averaging two interferograms derived from two pre-
earthquake images and one post-earthquake image acquired on (a) 17 days, (b) 52 days,
(c) 122 days, (d) 192 days, (e) 332 days, (f) 367 days, (g) 543 days after the earthquake
(Table S1). The signal pattern is consistent with left-lateral strike slip mechanism of
the earthquake. Also, there are steps in the LOS changes across the fault and coher-
ence losses around the epicenter (Figure S2), suggesting that the fault slip breached the
surface at least within 17 days after the M5.0 earthquake; otherwise, they will change
smoothly around the epicenter. Furthermore, not only the signal amplitude but also
the spatial extent of deforming area clearly gets larger over time, thus demonstrating
significant post-seismic deformation. The exact spatial extent and duration of surface
deformation cannot be constrained because atmospheric effects are not completely cor-
rected for. However, the clipped-out areas in Figure 1 should not seriously suffer from
those noises, because as the spatial scale gets smaller, atmospheric signature becomes
smaller in general [Hanssen, 2001]. Moreover, in full-scene interferograms, the jumps in
the LOS changes show up more clearly over time, and do not localize around the epicenter
but expand over at least 50 km along the fault even a year after the M5 event (Figure S1).
To our knowledge, year-long postseismic deformation from a M5 earthquake has never
been reported. The spatio-temporal coverage of the postseismic deformation in Figure 1

is thus unexpectedly long for M5.0 determined by seismic observation.
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Three processes, visco-elasticity [Pollitz et al., 2001; Gourmelen and Amelung, 2005,
poro-elasticity [Jonsson et al., 2003], and afterslip [Heki et al., 1997; Marone et al., 1991;
Freed, 2007], are now widely known as the mechanisms for postseismic deformation [Feigl
and Thatcher, 2006]. Since the earthquake we now encounter is M5 and its hypocenter is
as shallow as ~3 km as discussed below, and even the stress changes due to the 2004 M6
Parkfield event are shown to be too small to generate visco-elastic relaxation [Freed, 2007],
it is unlikely for viscous relaxation from lower crust to upper mantle revealed on the sur-
face. If poro-elasticity were significant, the spatial pattern of the postseismic deformation
should be in inverse sense to the coseismic one, which is not the case in Figure 1, and
suggests that poro-elastic processes were not playing a measurable role. This observation
implies that afterslip is dominant, and model the observed postseismic deformation to
infer the fault slip distribution, using dislocation Green function in an elastic, isotropic
and homogeneous half space [Okada, 1992].

Figure 2 shows cumulative slip distribution of the optimum fault source model at each
epoch. The maximum slip amplitude was initially about 6 cm at a depth of 2-3 km
(Figure 2a). Whereas the afterslip propagated upward in the two cases in California, the
1987 Superstition Hills (Mw 6.6) and the 2004 Parkfield (Mw 6.0) events |Bilham, 1989;
Freed, 2007], Figure 2 demonstrates that the afterslip area expanded downward over time,
which is rather similar to the deep afterslip following the 1992 Landers [Fialko, 2004;
Perfettini and Avouac, 2007] and the 1999 Izmit earthquake [Birgmann et al., 2002]. The
estimated fault model allows us to compute cumulative moment released by each epoch

(Figure 3). The moment magnitude released after the M5 event is estimated to be 5.5,
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X-6 FURUYA AND SATYABALA.: SLOW EARTHQUAKE IN AFGHANISTAN

significantly larger than the coseismic one. Logarithmic changes have been observed in
a variety of tectonic settings [Heki et al., 1997, Marone et al., 1991], and it seems to
fit reasonably well to this strike-slip earthquake as well, despite the orders-of-magnitude
difference in the released moment.

To see if there was any steady creep motion before the earthquake, we generated three
groups of stacked interferograms with different mean temporal coverage, each of which
was generated by stacking three independent interferograms (Figure 4 and Table S2); no
data after 21 Oct 2005 were used. If creep motion took place steadily with a constant rate,
the deformation signal would be proportional to the temporal coverage. While we could
identify such signals in the northwest near Qalat, that is presumably ground subsidence
due to water pumping, the observed size of the phase jumps across the fault does not
increase proportionally with time (Figure 4; see also Figure S6). We thus conclude that

steady creep on the surface does not exist, at least, along the analyzed period and area.

3. Discussion

Of the seven data acquisitions after the earthquake, six allowed us to generate three
independent postseismic interferograms (Table S2 and Figure S7). What should be noted
is that the jumps across the fault in the radar LOS changes do not reveal any lobes around
the epicenter but rather spread over a wide area along the fault. The LOS changes across
the fault are observed not only around the epicenter but also, at least ~50 kilometers-
long portion along the fault, demonstrating that slip occurred over a broad area after the
M5 earthquake. The slipped area in Figure 2 is therefore significantly under-estimated,

suggesting that the total moment release would be much larger. Nevertheless, if considered
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FURUYA AND SATYABALA.: SLOW EARTHQUAKE IN AFGHANISTAN X-7

as a single event with a duration of ~1 year, the observed deformation does not fit the
recently proposed scaling-law for slow earthquake, in which total moment is predicted to
be ~ 10720 Nm [Ide et al., 2007]. The smaller moment release despite ~1 year duration
may be due to a strike-slip environment. Since the brittle-ductile transition depth is
shallower than that in cold subduction zones [Scholtz, 1998], the depth extent of the fault
would be at most 15 km. Unless the fault length extends hundreds of kilometers or more,
it is unlikely for the total moment to reach ~ 109720 Nm.

The previously estimated relative plate boundary velocity 2-4 cm/yr suggests that M
> 7 events could occur with < 200 years intervals [Ambraseys and Bilham, 2003] or M >
5 earthquakes with < 2 years intervals. The earthquake catalogues tell us, however, that
the 2005 M5 event was the second largest earthquake over the past three decades in this
area (2 degree x 2 degree), and that the largest one was the 1992 M5.5 event > 100 km
to the south (USGS catalogue). More than 10 earthquakes with M > 5 have been missing
in the recent three decades. As we argued, however, the M5 earthquake appears to have
triggered a widespread afterslip which lasted for more than a year at an average rate of
~0.8 cm/yr along ~50 km long portion of the fault (Figure S8). If the depth extent of the
widespread afterslip is supposed to be 10 km, the moment release could reach as much as
3 x 10'7 Nm, which is equivalent to about eight Mw 5.0 earthquakes. We can speculate
that the 1992 M5.5 event generated similar postseismic deformation. Consequently, these
Mb5-class events and their significant afterslip would be enough to account for the moment

deficit, and should have significantly reduced the potential of M7 events.
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Why did such a significant afterslip follow this small (M5) earthquake? Afterslip pro-
cesses have been successfully interpreted within a framework of Dieterich-Ruina rate-and-
state dependent friction (RSF) law [Dieterich, 1979; Ruina, 1983; Scholtz, 1998]. Our
speculation is that, unlike a simplified layered friction rate parameter (A — B) structure
[Scholtz, 1998], velocity-weakening zones (A — B < 0) are heterogeneously distributed in
a spotty fashion over some depth interval, while velocity-strengthening zones (A— B > 0)
are widely distributed on the fault interface. We think that the M5 earthquake nucleated
in a region congested with negative A — B patches, although our fault source inversion
cannot resolve such fine structure. The local lithology is quaternary sediment and tertiary
flysch [Lawrence et al., 1992], which are presumably unconsolidated and will make A — B
more positive [Scholtz, 1998; Marone et al., 1991]. Recent simulation study successfully
illustrated an evolution of afterslip and aftershocks on a fault surface with heterogeneously
distributed negative A — B patches over a positive A — B background [Liu and Rice, 2005;
Kato, 2007].

Our InSAR data implies that plate motion around the Chaman Fault is accommodated
by infrequent moderate earthquakes accompanied by significant afterslip, and that, instead
of great earthquakes as large as M7, numerous small earthquakes undetectable by global
seismic network are taking place which probably accompany O gsilent earthquakesd h at
depth [Rubin et al., 1999]. While many slow earthquakes have been reported in subduction
zones, the present finding of a long-lasting afterslip at another matured strike slip fault

demonstrates that the San Andreas Fault is no longer an exception.
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Changes in radar LOS (cm)
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Figure 1. (Lower Left) Location map of the Chaman Fault (red line) and the analyzed full
scene (red rectangle). Black solid lines are nations’ boundary, and Afg, Pak, and Ind stand for
Afghanistan, Pakistan, and India, respectively. (Upper Left) Full-scene InSAR data: see Figure
S1 for all seven pairs. (Right) Expanded views of InSAR data (a-g) around the epicenter as a
function of time after the earthquake: (a) 17 days, (b) 52 days, (c) 122 days, (d) 192 days, (e)
332 days, (f) 367 days, (g) 543 days. Shaded relief map in the same area is shown in (h). Positive
(negative) change represents increase (decrease) in radar LOS. A coherence map for Figure la is

shown in Figure S2. Details of interferometric pairs are shown in Table S1.
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Figure 2. Each panel represents fault size with its uncertainty estimate and estimated slip
distribution accumulated by (a) 8-Nov-2005, (b) 13-Dec-2005, (c¢) 21-Feb-2006, (d) 2-May-2006,
(e) 19-Sep-2006, (f) 24-Oct-2006, and (g) 17-Apr-2007. Upper left panel shows the relative
position of each fault model. The methods of error analyses are shown in auxiliary materials,

Figures S3, S4 and S5.
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Figure 3.  Temporal changes in the released moment (blue dots) estimated from the fault
source models in Figure 2. Error bars represent 95 % confidence interval, which are estimated
by the method described in auxiliary materials, Figures S3, S4 and S5. The post-seismic curve

(red) is a logarithmic function whose temporal dependence is In(pt 4+ 1) [Marone et al., 1991],

where p is optimized to be 3.6 yr~!. Mw stands for moment magnitude.

(a) long-term (b) mid-term (c) short-term

lﬁchhange rate (cm/yr)
1400 +1.4
Figure 4. Three groups of pre-earthquake stacked interferograms; no data after 21 October
2005 are used. Three independent interferograms are stacked to generate each result (Table S2),
but the average temporal separation is different in each stacked interferogram. In the actual
stacking process, we have re-scaled the temporal separation in order to match it up with the

average separation in Figure 4a. LOS changes of each interferogram along the profile A-A’ are

shown in Figure S6; A-A’ crosses the epicenter of the M5 event.
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