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SUMMARY

The 2015 M, 7.5 Hindu Kush earthquake occurred at a depth of 213 km beneath the Hindu Kush
region of Afghanistan. While many early aftershocks were missing from the global earthquake
catalogues, this sequence was recorded continuously by eight broad-band stations within
500 km. Here we use a waveform matching technique to systematically detect earthquakes
around the main shock. More than 3000 events are detected within 35 d after the main shock,
as compared with 42 listed in the Advanced National Seismic System catalogue (or 196 in the
International Seismological Centre catalogue). The aftershock sequence generally follows the
Omori’s law with a decay constant p = 0.92. We also apply the recently developed double-pair
double-difference technique to relocate all detected aftershocks. Most of them are located to
the west of the hypocentre of the main shock, consistent with the westward propagation of
the main-shock rupture. The aftershocks outline a nearly vertical southward dipping plane,
which matches well with one of the nodal planes of the main shock. We conclude that the
aftershock sequence of this intermediate-depth earthquake shares many similarities with those
for shallow earthquakes and infer that there are some common mechanisms responsible for
shallow and intermediate-depth earthquakes.

Key words: Earthquake interaction, forecasting, and prediction; Seismicity and tectonics;

Statistical seismology; Subduction zone processes.

1 INTRODUCTION

Earthquakes with hypocentral depth greater than 70 km are termed
as deep earthquakes, and further divided into intermediate-depth
earthquakes between 70 and 300 km, and deep-focus earthquakes
below 300 km (Wadati 1928; Frohlich 1989, 2006; Houston 2015).
Intermediate-depth and deep-focus earthquakes mostly occur along
subduction plate boundaries, forming the so-called Wadati—Benioff
zones (Wadati 1928; Frohlich 1989). The deepest recorded earth-
quakes are close to the bottom of mantle transition zone at ~700 km
(Houston 2015; Ye et al. 2016). Although intermediate-depth earth-
quakes generally produce less shaking than shallow earthquakes
with similar magnitudes due to their larger depths, they are widely
felt at greater distances from the epicentre. Some of them could
cause damages, especially in regions without strict building codes
(Frohlich 2006).

Seismic radiation and focal mechanism of deep earthquakes indi-
cate predominant shear failure plane, consistent with double couple
mechanism and similar to shallow earthquakes (Green & Hous-
ton 1995; Wiens 2001; Green & Marone 2002; Houston 2015;

Ye et al. 2016). Yet deep earthquakes show many differences in
focal mechanisms and statistical properties. For example, they have
clear non-double-couple components and their b-values and after-
shock productivities show large variations in different regions (e.g.
Houston 2015; Poli ef al. 2016a,b; Zhan 2017). Furthermore, deep
earthquakes occur well below depths where brittle failures would oc-
cur, requiring alternative weakening mechanisms (Green & Houston
1995; Frohlich 2006). At present, the underlying physical mech-
anisms of deep earthquakes are still under debate (e.g. Houston
2015). These include dehydration embrittlement (Rayleigh & Pater-
son 1965; Petit & Barquins 1988; Houston 2015), transformational
faulting (Green & Houston 1995; Kirby et al. 1996; Houston 2015),
and thermal shear instability (Ogawa 1987; Hobbs & Ord 1988;
Karato et al. 2001; Poli et al. 2016a).

Detailed observations of deep earthquake sequences can be used
to constrain their physical models (e.g. Zhan 2017). For example,
earlier studies demonstrated that deep earthquakes typically have
lower aftershock productivity than shallow earthquakes, suggest-
ing different nucleation/rupture processes (Kagan & Knopoft 1980;
Prozorov & Dziewonski 1982; Frohlich 1987; Persh & Houston
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Figure 1. Map showing the study region around Hindu Kush. Earthquakes are sized according to their magnitudes. Coloured dots are background seismicity
since 2000 and their hypocentral depths are indicated by the colour. The red triangles are stations used in this study. Inset shows the location of Pamir—Hindu

Kush region, and black thick line indicates plate boundaries.

2004; Poli et al. 2016a,b). However, at least some deep earthquakes
were followed by abundant aftershock sequences decaying with
the Omori’s Law, such as the March 1994 Tonga deep earthquake
(Wiens et al. 1994; Nyffeneger & Frohlich 2000). That sequence
could be a rare case, because it was well recorded by an eight-
broad-band station array around the epicentre, while most deep
earthquakes remain poorly covered by regional or global seismic
networks. Hence, it is still not clear whether the relative lack of
aftershocks is real, or due to the paucity of near-field recordings.

It is well known that global/regional earthquake catalogues are
incomplete immediately after a large shallow earthquake, mainly
due to overlapping events with high seismicity rate or the masking of
coda wave from the main shock and large aftershocks (Kagan 2004;
Peng et al. 2007; Iwata 2008). Although no detailed investigation
of early aftershock completeness following large deep earthquakes
was performed before, we expect that at least some deep aftershocks
could be missing for the same reason. It is important to detect
those missing early aftershocks for deep earthquakes, because they
not only help to define main-shock rupture plane, but also provide
important clues on possible physical mechanisms (Wiens et al.
1994; Houston 2015).

An effective way to detect missing smaller-magnitude events
from conventional catalogues is the waveform matched-filter tech-
nique (WMFT; Gibbons & Ringdal 2006; Shelly et al. 2007;
Peng & Zhao 2009). It utilizes waveforms and travel time infor-
mation of known events as templates, or ‘matched filters’ (Shearer

1994), to search for similar patterns in the continuous recordings.
WMFT has been successfully applied to detect missing earthquakes
before (e.g. Kato et al. 2012; Kato & Nakagawa 2014; Walter et al.
2015; Ruan ez al. 2017) and after large shallow earthquakes (Peng &
Zhao 2009; Meng et al. 2013; Meng & Peng 2014), as well as low-
frequency earthquakes within deep tectonic tremors (e.g. Shelly et
al. 2007; Brown et al. 2008; Shelly & Hardebeck 2010; Tang et al.
2010; Frank & Shapiro 2014; Chao et al. 2017).

In this study, we apply the WMFT to the 2015 M,7.5
intermediate-depth earthquake sequence in the Hindu Kush re-
gion of Afghanistan. We choose this sequence, mostly because
several broad-band stations are located within 500 km distances
in Afghanistan and neighbouring countries (Fig. 1). In addi-
tion, the main-shock slip distribution (http://earthquake.usgs.gov/
earthquakes/eventpage/us10003reS#finite-fault, USGS, last ac-
cessed 06/2016), its sub-event characteristics and rupture process
(Zhan & Kanamori 2016; Poli et al. 2016a) are available, allow-
ing us to compare our detection results with the main-shock be-
haviours to better understand this sequence and general behaviours
of intermediate-depth earthquake sequences.

2 STUDY REGION

The Pamir-Hindu Kush seismic zone (Fig. 1) is located in
the western syntaxis of Himalayas, a region with abundant
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intermediate-depth earthquakes. The seismicity beneath Hindu
Kush mostly occurs in the depth range of 70-250 km, and is slightly
deeper than the Pamir region (Fig. 1). Relocated seismicity in both
regions generally outlines a steeply northward dipping structure be-
neath Hindu Kush, and a southward dipping under Pamir (Pegler &
Das 1998; Negredo et al. 2007; Sippl et al. 2013). It is still under de-
bate whether there is a single contorted slab or two subducting slabs
under the Pamir and Hindu Kush (Billington et al. 1977; Vinnik
et al. 1977; Chatelain et al. 1980; Roecker et al. 1980; Hamburger
et al. 1992; Negredo et al. 2007; Sippl et al. 2013; Kufner et al.
2016; Kufner et al. 2017). Pavlis & Hamburger (1991) showed that
there were a small percentage (3 out of 40) of moderate-to-large
(M > 5.6) intermediate-depth earthquakes having clear aftershock
sequences in Hindu Kush. For some large events without clear af-
tershock sequences, they suggested that their aftershocks might be
too small to be detected.

On 2015 October 26, an M,, 7.5 earthquake occurred at the depth
of 213 km in the Hindu Kush region of Afghanistan, causing signif-
icant damages and casualties. There are recurring M,, > 7 interme-
diate depth earthquakes in the Hindu Kush region every 10-15 yr,
and the previous one was an M,, 7.4 earthquake on March 2002 with
a close hypocentral location (Zhan & Kanamori 2016; Poli et al.
2016a). The USGS and Global CMT focal mechanism solutions for
the 2015 event showed either a nearly vertical reverse or shallowly
dipping thrust fault. Poli ez al. (2016a) found that the main shock
has two rupture stages: a ~10 s precursory event with small P-wave
amplitude, and a larger P-wave onset. These two stages indicated
clear changes in rupture direction and energy radiation. Zhan &
Kanamori (2016) determined four subevents for this main shock:
the second and third subevents are to the west of epicentre, while
the forth one is to the east. They also mentioned that the surface
tectonic loading (~1 cm yr~!) cannot explain the short occurrence
intervals for M,, > 7 earthquakes in Hindu Kush (~10 cm yr~').
Instead, these large earthquakes could be loaded by slab internal
deformation (Lister et al. 2008).

3 DATA AND ANALYSIS PROCEDURE

We download continuous waveform 3 d before and 35 d after the
2015 M,7.5 Hindu Kush earthquake recorded by eight nearby
broad-band stations with a distance ranging from 80 to 500 km
of networks IU and TJ from the IRIS Data Management Center
(DMC). Two of the eight broad-band stations (Fig. 1) record contin-
uously with a sampling rate of 40 Hz (BH), while the rest record with
100 Hz (HH). A visual inspection of high-pass filtered waveforms
and spectrogram reveals numerous aftershocks within the first hour
after the main shock (Fig. 2). The corresponding sound by speeding
up the playback 100 times (Kilb et al. 2012) also reveals double dis-
tinct arrivals, corresponding to P and S waves of intermediate-depth
events (Supporting Information Movie S1). The earliest aftershock
listed in the Advanced National Seismic System (ANSS) catalogue
is an M4.8 event around 40 minutes after the main shock, indicating
that many early aftershocks were not listed in this global catalogue.

The analysis procedure of the WMFT generally follows Meng
et al. (2013) and is briefly described here. We select 132 events
between 2015 May 20 and 2015 December 31 listed in the ANSS
catalogue as templates with inter-event distances less than 10° rel-
ative to the M,,7.5 main shock, and depth between 70 and 400 km.
Both template and continuous waveforms are band-pass filtered at
2-8 Hz, because this frequency range has relatively good signal to
noise ratios (SNRs) and is capable of suppressing most of the main-

shock coda after a few hundred seconds (Fig. 2b). We manually
pick the P/S phase arrivals for each template and compute the SNR
for each trace, which is defined as the ratio between the cumulative
energy for the signal (template) window (either P or S wave) and
noise window (same length as the signal window ending 1 s before
P wave). Following Li et al. (2017), the template windows are set
to be 1 s before and 5 s after P wave arrival, and 1 s before and 11 s
after arrival of S wave for three components of each station. Only
template events containing at least 3 windows with SNR above 5
are used in further detection. We also down-sample the band-pass
filtered waveforms to 0.05 s (20 Hz) to reduce the computational
cost, and calculate the cross-correlation (CC) functions for selected
P and S windows. Then we stack all CC functions after shifting
them to the origin time of the template event, and output positive
detections above a certain threshold. This is defined as the median
CC value plus nine times median absolute deviation (MAD) of
the stacked daily trace (Peng & Zhao 2009). Duplicated detections
from multiple templates within a short time window are removed
by keeping only the highest detection in every 12 s. The location
of the newly detected event is initially assigned as the location of
the best-matched template, and the magnitude is calibrated by the
median peak amplitude ratio (Peng & Zhao 2009). Fig. 3 shows
a positive detection (with inferred magnitude of 4.57) occurred
1184 s after the main shock with a mean CC value of 0.626
(~33 times the MAD), and the corresponding template occurred
on 2015/10/26 16:47:21 UTC, with a magnitude of 4.50.

In our previous studies (e.g. Meng et al. 2013; Li et al. 2017;
Ruan et al. 2017; Wu et al. 2017, etc.), we simply assigned the
location of the best-matching template to the newly detected event.
This is valid to some degree since only nearby events could match
the templates with high CCs. However, unless the mean CC value
is 1, there are always minor time differences between the highest
CC value of each trace and the stacked CC trace (i.e. the origin
time of detected event), indicating small spatial offsets between the
template and detected events (Supporting Information Fig. Sla).
Such time shifts in turn can be used to relocate newly detected
events with respect to the template events (e.g. Shelly ef al. 2013;
Zhang & Wen 2015).

Here we apply the newly developed double-pair double difference
(DD) location algorithm (Guo & Zhang 2017; Guo et al. 2017) to
relocate all detected earthquakes and template events. By making
use of both station-pair and double-pair differential times with a
hybrid strategy, this location method can improve both absolute and
relative earthquake locations at the same time, as compared to the
traditional event-pair DD relative location method (i.e. hypoDD;
Waldhauser & Ellsworth 2000). Here we cut waveforms of all de-
tected events, and compute CC differential times between pairs of
events using a 3 s window (1 s before and 2 s after) around the
P and § arrival time for each event. We only use event pairs con-
taining at least 4 differential times with CC coefficients higher than
0.75. Example of two events with 4 differential times is shown in
Supporting Information Fig. S1b.

As mentioned before, the initial locations of the detected events
are assigned as the best-matched templates. We then construct
double-pair data for all events using the aforementioned computed
CC differential times. In order to better constrain the absolute loca-
tions, we also include the station-pair differential times from P and
S arrivals for selected 550 events with SNR > 50, and relocate all
events in the double-pair DD algorithm. The P wave velocity model
is modified from a 1-D layered model (Sippl et al. 2013) and con-
verted to a 1-D gradient model (Supporting Information Fig. S2),
with a Vp/Vs ratio of 1.74 to estimate the S-wave velocity.
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Figure 2. (a) Envelope function of 2-8 Hz bandpass filtered waveform of stations SHAA, KBL and IGRN, respectively. Solid blue line represents the M4.8
event on the ANSS catalogue, and dashed blue lines are all detected events with IMAD by the WMFT within the first hour. (b) Spectrogram of station IGRN.

4 RESULTS

4.1 Event detection

By scanning through continuous waveforms 3 d before and 35 d
after the 2015 Hindu Kush main shock with 132 templates, we
detect 3120 events, including 1752 events in the first 3 d after
the main shock above the threshold of 9 x MAD. In comparison,
only 7 events are detected 3 d before the main shock, and only 42
and 196 aftershocks are listed in the ANSS and the International
Seismological Centre (ISC) catalogue, respectively. After double-
pair DD relocation, we obtained 1911 events with relative location
uncertainties smaller than 5 km in three dimensions (Table 1).

In the newly detected catalogue, an M 5.32 event occurred on
2015 October 26, ~2400 s after the main shock, which was not listed
in the ANSS catalogue. The template event had a magnitude of 4.1
and occurred on 2015/11/12. The mean CC value is 0.115, just above
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10 times the MAD. 1t is clear from the continuous waveform that
one event did occur at the detection time (Supporting Information
Fig. S3). To evaluate the accuracy of magnitude calibration, we
compare the magnitudes of template events detected from other
templates (after removing self-detection) and those listed in the
ANSS catalogue (Peng & Zhao 2009). As shown in Supporting
Information Fig. S4, the magnitude differences generally follow the
tenfold relationship with median amplitude ratios, indicating that
the magnitudes of template events are consistent.

4.2 Aftershock statistics

Fig. 4(a) shows the magnitudes versus logarithmic times following
the main shock for the detected catalogue. It is evident that our
detection capability increases with time, likely due to masking ef-
fect by the main-shock coda and large aftershocks at earlier times.
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Figure 3. Example of a positive detection by an M4.5 template occurred on 2015/10/26 16:47:21. (a) Mean cross-correlation coefficient (CC) trace since
2015/10/26 00:00:00, the red dot represents the detected event plotted in panel (c), and the red dashed line is threshold of detected events (IMAD). (b)
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Table 1. Detailed information of detected and relocated events.

Event magnitude

Number of events detected >2.5 >3.1

Relative location uncertainty

Number of events relocated <10 km <5 km

3120 1391 519

2234 2086 1911

We use the ZMAP software (Wiemer 2001) to perform statistical
analysis of the detected catalogue. The maximum curvature method
(Woessner & Wiemer 2005) yields a magnitude of completeness
Mec of 2.7 for the entire sequence, and b = 0.73 for the Gutenberg-
Ritcher frequency-magnitude distribution (Figs 4a and b). We also
apply a rate-dependent algorithm (Hainzl 2016) to estimate a vary-
ing Mc, and find that the Mc starts as 4.6 at ~0.03 d (~2600 s) after
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the main shock, and decreases to 2.7 around 1 d after main shock.
If we use a constant Mc = 2.7, the aftershock rate would obey the
Omori’s law with a decaying constant P = 0.92 (Fig. 4c). To verify
the robustness of our result, we also analyse the sequence using 12
x MAD as the cut-off threshold. It ends up with the same Mc of
2.7, and the corresponding p value is 0.95 (Supporting Information
Fig. S5).
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4.3 Event relocation

Fig. 5 shows the spatial distribution of all relocated events and
templates. It is clear that most aftershocks occurred to the west
of main-shock hypocentre, near the edge of the large main-shock
slip (Figs 5a and c). The aftershocks occurred in a near-vertical
plane from 180 km to 230 km (Figs 5b and d). The cross-sections
of seismicity are shown in Fig. 5(e), which delineate a near-vertical
southward dipping plane. This is consistent with the general trend
of south-dipping seismicity deeper than 180 km (Zhan & Kanamori
2016; Poli et al. 2016a; Kufner et al. 2017).

We find a moderate expansion of aftershocks with along-strike
distances (Fig. 6). To better quantify this, we compute the activation
time when the number of earthquakes within a small bin reaches
to a certain threshold N (Kato & Obara 2014; Wu ef al. 2017; Yao
et al. 2017). Here we set the bin size as 5 km, and a sliding window
of 1km and N = 20. Fig. 6 shows that the activation time is at
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its minimum around 35 km west of the epicentre, and is migrating
to two sides, with some smaller patches eastward being activated
around 10° s after the main shock.

We use the bootstrapping method (Efron & Gong 1983; Efron
& Tibshirani 1991) to quantify the relative location uncertainties
of relocated seismicity for the target sequence from the double-
pair DD location method (Guo & Zhang 2017; Guo et al. 2017).
Both station-pair and double-pair differential times are randomly
resampled in the bootstrapping method and are then used for the
inversion with the same inversion procedure as for the real data.
We repeat the process 50 times to obtain the standard deviation for
each event. We calculate the median of the bootstrapping relative
location uncertainties for all events, which help to suppress the effect
of the outliers (Table 2). In general, the median relative location
uncertainties are less than 0.2 and 0.6 km in horizontal and depth,
respectively.
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4.4 Comparisons with other catalogues

We compare our detection results with the ISC catalogue, and find
150 out of the 196 aftershocks within 35 d of the main shock from
the ISC catalogue have time difference less than 6 s (Supporting
Information Fig. S6a). The magnitudes of the detected catalogues
are different when comparing with those listed in the ISC cat-
alogue (Supporting Information Figs S6a and b). To investigate
this further, we compare the magnitudes of events listed in both
ANSS and ISC catalogues. There are some differences in mag-
nitudes between the common events in the ANSS and ISC cata-
logues (Supporting Information Figs S6¢ and d). Thus, we believe
the discrepancy of magnitudes mostly comes from the different
magnitude sources in the ISC catalogue (Supporting Information
Table S1).

Kufner et al. (2017) relocated some aftershocks of the 2015
Hindu Kush earthquake from the manually revisited quakeML files
received from GEOFON earthquake bulletins with a master event

method. We compare our relocated events with 20 aftershocks
listed in Kufner e al. (2017) (Supporting Information Fig. S7).
In both catalogues, aftershocks were mainly distributed to the west
of main shock, while aftershocks in Kufner et al. (2017) were sys-
tematically ~10 km shallower than our results. The discrepancy in
depths might come from different initial locations and different lo-
cation methods as well as velocity models between this study and
Kufner et al. (2017) and will be further discussed in Sections 5.1
and 5.2.

Relocated aftershocks in this study, Poli ef al. (2016a) and Kufner
et al. (2017) all show that most aftershocks are located to the west
of main shock and delineated a near-vertical south-dipping plane.
A large portion of aftershocks located in this study were close
to the second and third subevent from Zhan & Kanamori (2016),
and concentrated in near-vertical south-dipping plane with width
less than 20 km (Fig. 5). Due to the challenges of constraining the
depths of these events, we did not directly compare the absolute
location and depth of main-shock subevents and aftershocks in our
study and others (Zhan & Kanamori 2016; Poli et al. 2016a; Kufner
etal.2017).

4.5 Aftershock productivity

As mentioned before, for many large deep earthquakes with well-
recorded aftershock sequences, the numbers of aftershocks are
small, generally less than 500 (Frohlich 2006; Prieto ef al. 2012;
Houston 2015). In this study we have detected more than 3000 after-
shocks in the first 35 d following the 2015 Hindu Kush earthquake.
To further quantify its aftershock productivity, we compare with
shallow earthquakes and other deep earthquakes.

We first estimate the aftershock number from empirical equations
given in Yamanake & Shimazaki (1990),

log N =% log My — 17.05 1)
for shallow interplate earthquakes and
log N =1 log M, — 12.08 2)

for shallow intraplate earthquakes. The estimated aftershock num-
bers are 8.92 and 26.30 for interplate and intraplate earthquakes
respectively. We count our number of aftershocks with magnitudes
larger than 4.5 in 30 d, and obtain N = 16. The above estimation sug-
gests the aftershock productivity of 2015 Hindu Kush earthquake is
comparable with that of shallow earthquakes.

We also compare the aftershock productivity with other deep
earthquake sequences following a different approach. Persh &
Houston (2004) defined a normalized number of aftershocks for
deep earthquakes,

log Nyorm = log Nops + 8.2 — M, Mw 3)

Table 2. The median values of relative location uncertainties in three directions of all relocated events of the real
data inversion, the noise-free synthetic test and the noisy synthetic test.

Location Uncertainty X (km) Y (km) Z (km)

Relative location Real data inversion 0.182 0.116 0.549
Noise-free synthetic test 0.005 0.004 0.021
Noisy synthetic test 0.229 0.166 0.731
Initial error 2.052 1.144 2.810

Absolute location Noise-free synthetic test 0.390 0.912 1.808
Noisy synthetic test 0.500 0.967 2.200
Initial error 3.1356 2.5114 5.3850
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Figure 7. Waveforms of two repeating earthquakes, their origin time are 10/27/2015 03:09:02 and 10/29/2015 06:18:14, respectively. Their inferred magnitudes
are 4.74 and 4.46. The cross-correlation values of P and S windows are marked to the right.

where N, is the number of observed aftershocks with M, > 4.5
within 20 d of main shock, and N, is the number of normalized
aftershocks. With Ny, = 13, we obtain Ny = 65.2, which is larger
than the mean value of 47.5 for deep earthquakes between 100 km
and 350 km in the study of Persh & Houston (2004). In contrast, only
six aftershocks with M), > 4.5 were listed in the ANSS catalogue. If
we set Nops = 0, the corresponding Nyorm, 18 30, lower than the mean
value.

We also compare the results by calibrating the magnitudes of
templates with the ISC catalogue. The corresponding statistical
parameters are M, = 2.5, b = 0.82, and the Omori’s decay rate
P = 0.9 (Supporting Information Fig. S8). However, the aftershock
productivity becomes much lower with N = 7 in the first method,
and N,orm = 30 in the second method.
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4.6 Search for repeating earthquakes

Because several recent studies have found evidence of repeating
earthquakes (i.e. events occurred at virtually the same location with
nearly identical waveforms) at intermediate-depth or deep-focus re-
gions (Wiens & Snider 2001; Prieto et al. 2012; Yu & Wen 2012),
we also conduct an initial search for possible repeating events based
on waveforms of the detected events (including all templates). In
detail, we search for event pairs with CC > 0.95 (computed with a
16 s time window starting 1 s before the P arrival) in vertical com-
ponents and CC > 0.9 around § arrival in horizontal components
on at least three stations. We end up getting 15 event pairs, and
the total number of repeating earthquakes is about 0.46 per cent of
the aftershock sequence. Their recurrence times range from 2 to 15
days. An example of two events with high CC values is shown in
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Fig. 7. Their hypocentres are ~0.4 km apart, within our estimated
relative location uncertainty.

5 DISCUSSIONS

5.1 Synthetic tests on earthquake locations

To further test the robustness of our relocation process, we perform
two synthetic tests with noise-free and noisy data. The synthetic
tests are included in the source code of double-pair DD algorithm
(Guo & Zhang 2017). We set the relocated events as ‘true’ locations,
and then calculate the synthetic absolute times with the same 1-D
gradient velocity model. Then the synthetic station-pair and double-
pair differential times are constructed from the synthetic absolute
times. For the noisy synthetic test, Gaussian distributed random
noise with zero mean and a standard deviation of 0.6 s is added to
the synthetic data, which is estimated from the final residual of the
real data inversion and should represent the level of the Gaussian
random error in the real data. We then apply the double-pair DD
method to the noise-free and noisy data with the same inversion
procedure as the real data inversion described above. The median
absolute and relative location errors of the synthetic tests are shown
in Table 2. Compared to the initial locations with absolute location
error of ~5km and relative location error of ~3 km, both absolute
and relative locations are much better resolved (Table 2). The rel-
ative location uncertainties from the noise-free synthetic test are
~0.005 km in horizontal and ~0.02 km in depth, implying double-
pair DD location method can achieve high-resolution relative lo-
cations with our current event distribution and station coverage.
The relative location uncertainties from the noisy synthetic test are
~0.2km in horizontal and ~0.7km in depth, and have the same
order of magnitude as the relative location uncertainties from the
bootstrapping analysis for the real data inversion (Table 2), suggest-
ing that our bootstrapping relative location uncertainty estimation
for the real data is reliable. The comparable relative location errors
from the real data inversion and this noisy synthetic test (Table 2)
indicate that relatively large relative location uncertainty for relo-
cated aftershocks, on the order of 0.6 km as compared to ~0.1 km
for the upper-crustal earthquakes in California (Guo & Zhang 2017)
is probably due to the large data error. The absolute location errors
(error between ‘true locations’ and relocations) from both of the
noise-free and noisy test are ~1km in horizontal and ~2km in
depth, which approximately reflect absolute location uncertainties
of the real data inversion.

5.2 The precision of absolute locations

For many earthquake location methods, absolute earthquake lo-
cations are difficult to be resolved and rely on the precisions of
initial locations. Guo & Zhang (2017) have shown that double-pair
DD location method can determine much better absolute locations
due to high sensitivity of station-pair data on absolute locations.
Their results also showed that the effect from different initial lo-
cations is very small for the well-recorded crustal earthquakes in
San Andreas Fault. In this study, one primary conclusion is that
aftershocks occurred to the west of the main shock. Hence, the pre-
cision of absolute locations from double-pair DD location method
is very important. To evaluate the sensitivity of double-pair DD lo-
cation method on absolute locations and the influence of initial lo-
cations, we perform two additional tests with different sets of initial
locations. The first test is to move the initial locations 0.15° to the

east, 0.10° to the south and 5 km shallower, which moves the ini-
tial locations in the main-shock slip area. Supporting Information
Fig. S9 shows that the relocations moved to the northwest of initial
locations. The second test is to move the initial locations further
away from the main-shock slip area by 0.15° to the west and 0.15°
to the north. The relocations then move to southeast (Supporting
Information Fig. S10). Hence, both relocations inverted from two
different initial locations tend to move towards our preferred relo-
cations shown in Fig. 5.

Although relocations from different initial locations (Fig 5, and
Supporting Information Figs S9 and S10) are not exactly the same,
the majority of aftershocks are to the west of the largest main-shock
slip, and delineate a near-vertical south-dipping plane. Similarly,
when we shift the initial locations in the noisy synthetic tests, the
relocations also tend to move back to the ‘true’ locations (Support-
ing Information Figs S11 and S12). Based on these tests, we argue
that the double-pair DD location method is sensitive to absolute lo-
cations and that the absolute locations of our preferred relocations
(Fig. 5) are reliable.

5.3 Aftershock sequence and physical mechanism

The Hindu Kush seismic zone is one of the three regions in the
world with intensive intermediate-depth earthquake activity in a
concentrated volume (Prieto et al. 2012; Zarifi & Havskov 2013),
also known as the ‘earthquake nest’. Pavlis & Hambergur (1991)
found that the 1983 M 6.7 intermediate-depth earthquake produced
more than 89 aftershocks with M > 3.1 in 34 days, and the aftershock
with largest magnitude is smaller than the main shock by 2.6. Our
WMFT detected 519 aftershocks with M > 3.1 within the same time
period for the 2015 event, and the largest magnitude of aftershocks
is 5.8, which is 1.7 smaller than the main-shock magnitude. The
2002 M,,7.4 intermediate-depth earthquake in the Hindu Kush nest
have 30 M > 3.1 aftershocks listed in the ANSS catalogue, with
largest aftershock 2.9 smaller than main shock in magnitude. All
three earthquakes with clear aftershock sequences found by Pavlis &
Hambergur (1991) were located very close to the 2015 Hindu Kush
earthquake, and with similar focal mechanisms. Because of close
locations and similar focal mechanisms to other large intermediate-
depth earthquakes, the 2002 M,, 7.4 earthquake (and other previous
M6-7 events) may also have missing aftershocks. Therefore, we
suspect that some large intermediate-depth earthquakes in the Hindu
Kush nest might also have abundant aftershock sequences, which
can be verified with the same WMFT method in a further study.
As shown in Section 4.5, the aftershock productivity of the 2015
main shock is above the average of deep earthquakes if we use
the ANSS magnitudes for the templates, and is below average if
the template magnitude is from the ISC catalogue. This shows that
the template magnitudes would affect the productivity estimation
of detected aftershocks. In this study we mainly focused on results
with ANSS catalogue, because the preferred magnitudes in the ISC
catalogue are from various resources. Further magnitude calibration
could be helpful to produce a catalogue with a unified magnitude
scale (Shelly et al. 2016), but this is beyond the scope of this paper.
There are several physical models on aftershock generation, such
as static and dynamic stresses caused by the main shock, viscoelas-
tic relaxation or fluid diffusion, and afterslip (e.g. Das & Scholz
1981; Freed 2005). Viscoelastic response and fluid diffusion are
more plausible to aftershocks at longer time span of months to years
(e.g. Freed 2007; Peng & Zhao 2009; Wu et al. 2017). Static and
dynamic triggering mechanism could be evaluated by comparing the
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resulting stress changes and aftershock distributions (King & Deves
2015). Although we did not compute static/dynamic stress changes
from the main shock, we found that most aftershocks to the west in
the main-shock rupture propagation direction (Fig. 5). This is qual-
itatively consistent with similar aftershock observations following
some large shallow earthquakes (e.g. 1992 M7.3 Landers earth-
quakes), suggesting that dynamic stress changes likely contribute
to triggering aftershocks in the rupture propagation direction.

Many recent studies also invoked post-seismic deformation as
the mechanism for driving early aftershocks (Perfettini & Avouac
2004; Peng & Zhao 2009). The direct evidence for afterslip driving
aftershocks include consistence of aftershock locations and inverted
afterslip from geodetic observations, and aftershock migration fol-
lowing numerical simulation expansion of afterslip (e.g. Kato 2007;
Peng & Zhao 2009). Some other observations are considered as
supporting evidences of afterslip, including slip deficit of main
shock, spatial expansion of aftershocks, and repeating aftershocks
(e.g. Wu et al. 2017; Yao et al. 2017). However, given the large
hypocentral depth, it’s challenging to detect any post-seismic sig-
nals for intermediate-depth earthquakes using ground-based GPS
recordings (Boschi et al. 2000). As shown in Fig. 5, most after-
shocks occurred around the edge of main-shock main slip patch,
similar with observations for many large megathrust events (e.g.
Hsu et al. 2006; Yao et al. 2017) or strike-slip events such as the
2004 Parkfield earthquake (Bennington ef al. 2011). Based on the
moderate expansion of aftershock activity with time (Fig. 6b), to-
gether with initial observations of repeaters with high similarities
(Fig. 7), we hypothesize that afterslip occurred following the 2015
Hindu Kush earthquake and may play a role for driving the after-
shock sequence. Further analysis of recurrence times and locations
of repeating aftershocks at longer times and stress changes induced
by the main shock could shed light on the driving mechanism of the
2015 Hindu Kush aftershocks.

5.4 Implication for main-shock physical mechanisms

Currently there are two widely-accepted candidates for the physical
mechanism of intermediate-depth earthquakes: dehydration embrit-
tlement and thermal shear runaway instability (Prieto et al. 2012).
For dehydration embrittlement, an increase of pore pressure due
to existence of fluid would reduce the effective normal stress in
depth, resulting in brittle failure events (Green & Houston 1995;
Frohlich 2006; Houston 2015). Fluids in subduction zones mainly
come from dehydration of subducted sediments or metamorphic
phase transition (Houston 2015). Pore fluids also play an important
role in aftershock generation following large shallow earthquakes
(Nur & Booker 1972; Bosl & Nur 2002). In this study, we found
that the expansion mostly occurred immediately following the main
shock (Fig. 6). The relatively slow diffusion of water may sug-
gest that other triggering mechanisms are needed to trigger large
amount and rapid expansion of aftershocks shortly after the main
shock.

In the thermal shear runaway instability model, shear deformation
in a strain-weakening shear zone generates ductile creep or melting,
thus promoting slip on pre-existing faults (Wiens 2001). Viscous
melting has been proposed in some large deep earthquakes such as
the 1994 M8.2 Bolivia Earthquake, the second largest deep earth-
quake ever recorded (Houston 2015; Zhan et al. 2014). The energy
balance of the initial phase of the 2015 Hindu Kush earthquake is
similar to the 1994 Bolivia earthquake, likely indicating occurrence
of frictional melting (Houston 2015; Poli e al. 2016a). The thermal

shear instability model is also compatible with abundant aftershocks
(Frohlich 2006) and possible repeating aftershocks (Wiens & Snider
2001; Prieto et al. 2012). The short repeating rate of repeaters could
be explained by thermal conductive cooling (Wiens & Snider 2001;
Yu & Wen 2012). Therefore, thermal instability model might be the
cause of the main shock and some aftershocks.

Previous studies showed that the seismicity zone beneath Hindu
Kush is dipping to the north between 60—180km and to different
directions below 180km (Sippl et a/ 2013; Kufner et al. 2017).
Kufner et al (2017) suggested that the overturned seismicity zone
beneath Hindu Kush is related to the ongoing India slab break-
off, which splits the slab and seismicity into two different depth
domains. Our aftershock distribution is also consistent with the
hypothesis that the 2015 Hindu Kush earthquake and other large
earthquakes occur in a thin necking shear zone where the slab breaks
off (Lister et al 2008; Kufner ef al 2016; Zhan & Kanamori 2016;
Poli et al. 2016a). Further study of other aftershock sequences and
distributions, as well as detection of smaller earthquakes during
interseismic period would provide more information on physical
mechanisms of intermediate-depth earthquakes in this region.

6 CONCLUSIONS

In this study we used the WMFT to detect 3120 aftershocks within
35 days of the 2015 M,,7.5 Hindu Kush intermediate-depth earth-
quake, which are more than 15 times the number of events listed
in the ANSS catalogue. We found that the aftershock behaviours of
the 2015 Hindu Kush event are similar to shallow earthquakes in
many aspects, such as relatively high aftershock productivity and
a rate decay following the Omori’s law. Furthermore, the relocated
aftershocks are consistent with the westward propagation of the
main-shock rupture (Zhan & Kanamori 2016; Poli et al. 2016a),
and general observations that most aftershocks occur in the propa-
gation direction of shallow main-shock ruptures (Kilb ez al. 2003).
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Figure S1. (a) Cross-correlation peaks of a detected event
20151026113055 at vertical component of each station and the
stacked trace: red traces are P-wave windows, and blue traces are
S-wave windows. (b) Waveforms of two events 20150604065301
and 20150608032812 with cross-correlation higher than 0.75 in a
time window of [—1 2] s around P arrival, differential times are
marked as dt, and the cross-correlation values are on the right.
Figure S2. 1-D velocity model of Vp from Sippl et al. (2013) (blue)
and 1-D velocity model used in this study (black).

Figure S3. M5.32 event detected on 2015 October 26, the template
is 20151112235356.

Figure S4. Magnitude difference versus the median amplitude ratios
between the templates and detected events that are also listed in the
ANSS catalogue.

Figure S5. (a) Magnitude versus logarithmic time of detected events
using threshold 12 x MAD, red dots are templates, black circles
are detected events and the red solid line marks the Mc = 2.7. (b)
Frequency—magnitude dependence for detected aftershocks gener-
ated by ZMAP, and the red dashed line indicates the result of ‘Best
Combination’. (c¢) Cumulative number of aftershocks in 35 d after
the main shock, compared with the Omori—Utsu prediction.
Figure S6. (a) Time—magnitude for the detected aftershock and
corresponding event within 6 s on the ISC catalogue, the event pairs
are connected by red dashed lines. All the aftershocks within 35
d of main shock on ISC catalogue are plotted here. (b) Magnitude
difference of the same event detected and in ISC catalogue. (c) The
common events in ANSS and ISC catalogue and their magnitude
within 35 d of main shock. (d) Magnitude difference of the same
event in ANSS and ISC catalogue.
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Figure S7. Relocated aftershocks in our study and Kufner
et al. (2017) in (a) map view, (b) depth-longitude view and
(c) depth-latitude view. Grey dots are background seismicity from
Kufner et al. (2017).

Figure S8. (a) Magnitude versus logarithmic time of detected events
according to the ISC catalogue, red dots are templates, black circles
are detected events and the red solid line marks the Mc = 2.5. (b)
Frequency—magnitude dependence for detected aftershocks gener-
ated by ZMAP, and the red dashed line indicates the result of ‘Best
Combination’. (c¢) Cumulative number of aftershocks in 35 d after
the main shock, compared with the Omori—Utsu prediction.
Figure S9. Same as Figs 5 (a)—(d) in main text for relocated after-
shocks after shifting the initial locations 0.15° to the east, 0.1° to
the south and 5 km shallower. Red circles are initial locations.
Figure S10. Same as Figs 5(a)—(d) in main text for relocated after-
shocks after shifting the initial locations 0.15° to the west and 0.15°
to the north. Red circles are initial locations.

Figure S11. Noisy synthetic test after shifting the initial locations
0.15° to the east, 0.1° to the south and 5 km shallower. Red circles
are initial locations.

Figure S12. Noisy synthetic test after shifting the initial locations
00.15° to the west and 0.15° to the north. Red circles are initial
locations.

Table S1. Example of an event on ISC catalogue with different
magnitudes from different sources.

Movie S1. The ‘earthquake sound’ of aftershocks within an hour of
the 2015 M,,7.5 Hindu Kush earthquake.
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