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Abstract Intermediate depth earthquakes often occur along subducting lithosphere, but despite their
ubiquity the physical mechanism responsible for promoting brittle or brittle-like failure is not well
constrained. Large concentrations of intermediate depth earthquakes have been found to be related to
slab break-off, slab drip, and slab tears. The intermediate depth Hindu Kush nest is one of the most
seismically active regions in the world and shows the correlation of a weak region associated with
ongoing slab detachment process. Here we study relocated seismicity in the nest to constraint the
geometry of the shear zone at the top of the detached slab. The analysis of the rupture process of the Mw

7.5 Afghanistan 2015 earthquake and other several well-recorded events over the past 25 years shows an
initially slow, highly dissipative rupture, followed by a dramatic dynamic frictional stress reduction and
corresponding large energy radiation. These properties are typical of thermal driven rupture processes.
We infer that thermal shear instabilities are a leading mechanism for the generation of intermediated-depth
earthquakes especially in presence of weak zone subjected to large strain accumulation, due to ongoing
detachment process.

1. Introduction

Three main mechanisms have been proposed as candidates responsible for high-pressure fracture [Frohlich,
1989; Green and Houston, 1995; Kirby et al., 1991; Jung et al., 2004; Kelemen and Hirth, 2007]. Dehydration
embrittlement provides a significant change in pore pressure, thus decreasing the effect of normal stress,
trough metamorphic dehydration reactions [Jung et al., 2004]. A second candidate is the faulting due to
mineral phase transformation [Kirby et al., 1991]. Both these mechanisms are well documented from
laboratory experience in crystalline materials [Jung et al., 2004; Schubnel et al., 2013]. The third mechanism
is thermal shear instabilities [John et al., 2009] in which a strain temperature positive feedback reduces the
friction and thus favoring brittle like rupture [John et al., 2009]. The latter is preferentially developed in
preexisting shear zone, where localized creep plays the role of increasing the temperature [Golding et al.,
2012; Thielmann et al., 2015] and lower the grain size [Golding et al., 2012] favoring ruptures at relatively
low stress drop values (~10MPa) [Thielmann et al., 2015].

On 26 October 2015 09:09:32 (UTC) a magnitude (Mw) 7.5 earthquake ruptured at 192.1 km depth within
the Hindu Kush (HK) nest [Prieto et al., 2012] at the border between Afghanistan and Pakistan (Figure 1).
This event is of main interest for several reasons. First, it occurs on the upper southern border of the
Hindu Kush nest. Previous studies interpreted the discontinuous character of the seismicity in the area
as due to a slab detachment process [Sperner et al., 2001; Sippl et al., 2013], with the HK nest being necked
at its top, with a shear zone dipping toward the south [Lister et al., 2008]. The relocated hypocenter and
aftershocks of the Mw 7.5 earthquake match the interpreted shear band at the top of the detached slab.
Second, the earthquake is characterized by two completely different rupture stages (Figures 2 and S1 in
the supporting information), stage 1: a ~ 10 s sub event with small P wave amplitude similar to a nucleation
phase [Ellsworth and Beroza, 1995], followed by stage 2: a large P wave onset. Third, the Mw 7.5 event is
the third Mw 7+ event occurring over the last 20 years in the nest. A two-stage rupture as observed for
the Mw 7.5 event is also observed for each of the previous Mw 7+ earthquakes (Figure 3).

We here present a detailed study of both the geometry and the dynamic rupture process of the Mw 7.5
Afghanistan 2015 event, to get insights about the mechanism of intermediate depth faulting. We further
analyze the previous seismicity to corroborate our hypothesis and gain insights about the long-term behavior
of the seismicity in the area.
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2. Analysis of Rupture Geometry

The Mw 7.5 event occurred on 26 October 2015 09:09:32 (UTC) is characterized by two rupture stages
(Figure 2a). The arrival times from the Pwave of stage 1 to the large Pwave (stage 2) onset show clear rupture
directivity (Figures 2a and S1), with the direction of shorter duration suggesting an eastward rupture. The
duration of the small amplitude Pwave event recorded at both regional and teleseismic stations can be used
to quantitatively constrain the relative location of the large P wave onset.

We locate the hypocenter (stage 1), the large P wave onset (stage 2), and 14 aftershocks that occurred in the
period between 26 October and 31 October 2015, with the NonLinLoc software [Lomax et al., 2000] using a
regional velocity model [Sippl et al., 2013]. Our results show that the main energy burst starts 20 km east of
the hypocenter, suggesting that stage 1 subevent occurs on a subhorizontal causative fault. The average
estimated duration of stage 1 is ~10 s, for a rupture velocity (VR) of 2 km/s, or VR/VS ~0.4 considering the local
shear velocity (VS) at the hypocenter depth [Sippl et al., 2013]. After this first rupture stage, the rupture is
characterized by large amplitude P waves lasting for about 25 s.

The hypocenter of the stage 1 is at focal depth of 192.1 km and is located at 34.4 N and 70.7 E (Figure 1), while
the relocated aftershocks plotted in Figure 1 describe a narrow south dipping plane. The whole rupture is

Figure 1. Location of the Hindu Kush nest. (a) Map of the studied region. Blue dots are the relocated seismic events [Engdahl et al., 1998; EHB]. The dark and light green
stars are hypocenter of themain event and of the large Pwave onset, respectively. Red dots are the 14 relocated aftershocks. (b) The red boxes delimit the depth section.
The depth distribution of the seismicity in the area is showed in Figure 1b. The relocated aftershocks clearly define a steeply south dipping plane at the top of the
detached slab. We interpreted this plane as being a shear zone in which high strain rates are responsible of cyclic heating processing that trigger the occurrence of
the seismic events. The two onsets are map and vertical section zoom for the main event and relocated aftershocks. (c) Summary of the magnitude 7.5 2015 earthquake.
The rupture starts at the green dot, while the yellow dot represents the onset of the large amplitude P waves. After the large amplitude P wave onset the rupture has a
main vertical component, as resolved by the relocated position by the aftershocks (red dots). The violet plane is the fault plane.
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taking place at the southern limit of the nest and is characterized by drastic change in rupture direction
(Figure 1c), similar to proposed models for the Sea of Okhokts earthquake [Chen et al., 2014].

3. Earthquake Energy Balance

The two-stage rupture of the Mw 7.5 earthquake (Figures 2 and S1) suggests a change in the dynamic
behavior of the rupture process. We used the picks of the low amplitude P waves to isolate the first part of
the rupture (Figures 2 and S1). We then calculate the squared velocity spectra for each station, correct them
for attenuation and focal mechanism [Boatwright and Choy, 1986], and estimate the radiated seismic energy
(supporting information). The same processing is applied to the second part of the rupture up to 30 s after the
onset of the large P waves amplitude (Figure 2). With the same relative parts of the signals we estimated the
seismic moment for the two events.

The seismicmoment of the first event is 8e18Nmwhile for the second stage is 1.e20Nm. Themoment of the first
part of the rupture is thus only 4% of the total moment release. The estimated energy release is 8.1e+ 13 J and
9.4e+ 15 J, respectively. The scaled energy (E/Mo, ratio of the seismic moment to the radiated energy) can be
used to infer the dynamics of the rupture process [Kanamori and Heaton, 2000] and in this case we compare
the results for the two stages of the earthquake. For stage 1 E/Mo=1e-5, a value that is significantly smaller than
typical crustal earthquakes [e.g., Ide and Beroza, 2001], suggesting a dissipative process during this stage. In
stage 2, E/Mo=9.4e-5, a value that is closer to that of crustal events [e.g., Ide and Beroza, 2001]. The temporal
evolution of the rupture process is summarized in Figures 2b and 2c, where the velocity seismogram and the
cumulative radiated energy are plotted for selected stations. The radical variation of Pwave amplitude together
with relative scaled energy suggests a dynamic change of the stress release. For example, a reduction of the
dynamic frictional stress can explain the increase radiated energy during the slip process as discussed in
Kanamori and Heaton [2000] and observed in laboratory experiment [Di Toro et al., 2006]. The overall rupture
is similar to the one of the deep 1994 Bolivia earthquake (Figure S2) for which a frictional melting process

Figure 2. Analysis of seismic nucleation phase and dynamic energy release for theMw 7.5 event. (a) Recorded seismograms
as function of azimuth. The time zero corresponds to the handpicked P wave arrival. A clear low amplitude signals with
variable azimuthal duration is visible. The red dashed lines delimit the beginning of large amplitude P waves. The velocity
seismograms (blue) in Figures 2b and 2c are representative of the rupture processes. The red lines are the cumulative
energy release as a function of rupture time. At the large P wave onset indicated by the red arrows the amount of energy
released drastically increases, suggesting a variation of the frictional stress level during the rupture process.
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has been constrained from seismological data [Kanamori et al., 1998]. The Bolivia earthquake is characterized by
an approximately 10 s (Figure S2) nucleation phase propagating for 20 km and releasing only 5% [Kikuchi and
Kanamori, 1994] of the total moment and by low energy radiation [Kanamori et al., 1998].

4. Analysis of Previous Seismicity

We additionally analyze nine earthquakes occurring in the HK nest from 1990 to 2015 to corroborate our
hypothesis. These events are selected because of their location near the fault plane of the Mw 7.5 main event,
and their focal mechanism is similar, suggesting their correlation with the shear zone (see Figures 3a and S3).
For each event we estimate the radiated seismic energy (see supporting information). The scaled energy shown
in Figure 3c illustrates how these events are less efficient than crustal earthquakes [Ide and Beroza, 2001]. The
scaled energy increases as function of moment suggesting a scale-dependent rupture behavior. Additional
dynamic weakening [Di Toro et al., 2006] is more likely for large slip and larger events are prone to experience
a drastic reduction of friction and give rise to the second, more energetic, rupture stage as in the Mw 7.5
earthquake studied here. The variation of scaled energy can be interpreted as increment in weakening distance
for different size of events [Cocco et al., 2009]. This hypothesis is corroborated by the observation of slow
nucleation phases [Ellsworth and Beroza, 1995]. Out of the nine events, 4Mw> 6.5 (including the 2015
Afghanistan earthquake) have a slow initial nucleation phase as illustrated in Figure 3b. The length of the
nucleation is magnitude dependent and qualitatively fit the magnitude dependence of scaled energy
(Figures 3b and S4).

5. Discussion

The resolved rupture geometry of theMw 7.5 event in the HK nest confirms the idea of a shear zone localized at
the southern border of the nest, as previously observed by Lister et al. [2008]. Our further constraint provided
by the determination of the causative fault plane has wide implication in the context of debating the slab

Figure 3. Geometry and energy balance forMw> 6 earthquakes on the Hindu Kush nest. (a) Fault plane poles for the selected
events. These poles describe a southward steeply dipping region similar to the shear zone discussed in Lister et al. [2008].
(b) Nucleation phases observed for a variety of events on the nest. Station, magnitude (Mw), and year of the event are reported
next to each seismogram. (c) Scaled energy for the analyzed events. The value of scaled energy clearly increases with the
size of the earthquakes. The red square is the estimated ER/M0 ratio for the second part of the main event, while the red dots
are for the first part. The large difference between these two values suggests a strong variation of stress level during the
rupture. The red and blue dashed lines represent the lower limit and the average of the scaled energy observed for
earthquakes occurring at lower normal pressure (e.g., in crust).
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detachment process in the area and its relation with orogeny evolution [Lister et al., 2008]. The resolved shear
band has the same geometrical characteristics as observed in numerical modeling of slab detaching processes
[Duretz et al., 2011]. Numerical simulations [Duretz et al., 2011] show that this shear zones are characterized by
high-localized strain and are likely to undergo periodic episodes of significant shear heating [Kelemen and Hirth,
2007]. Given the strain accumulation, frictional stresses rapidly drop, generating earthquake radiation [Kelemen
and Hirth, 2007; Andersen et al., 2008; Thielmann et al., 2015] even at relatively low stress values in presence of
hydrous minerals [Chernak and Hirth, 2011] and small-grained rheology [Thielmann et al., 2015; Chernak and
Hirth, 2011].

The rupture of the Mw 7.5 event is characterized by a strong change in dynamic stresses. The low energy to
moment ratio in stage 1 suggests a low energy dynamically radiated as seismic waves [Kanamori and Heaton,
2000] during this first part of the event. The energy is thus dissipated on the fault region as friction and heat-
ing. The stage 1 of the rupture is likely to be the culmination of a shear-heating period [Kelemen and Hirth,
2007; Deseta et al., 2014; Thielmann et al., 2015].

Our preferred interpretation is that the Mw 7.5 event in the HK nest is due to thermal shear instability. This is
not the only possible mechanism for generation of intermediate depth event, but our geometrical
constraints, together with the results of Lister et al. [2008] plus the evidence of dynamic variation of stress
levels, point toward this mechanism as a cause.

Previous events on the shear zone suggest highly dissipative rupture processes in general. The initiation of the
largest events is characterized by a small nucleation phase followed by large energy release. This information
together with the scaling of the energy to moment ratio implies significant dynamic stress changes during
active rupture propagation [Kanamori and Heaton, 2000] with larger releasing having larger scaled energy
after reduction of the dynamic frictional stress due to slip induced heating and melting [Di Toro et al., 2006].
We conclude that shear heating instabilities are responsible for the propagation of intermediate depth
earthquake rupture, in particular along highly clustered seismicity regions.
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