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Interpretation of fault plane solutions of 
Intermediate and deep-focus earthquakes

[Isacks	and	Molnar	1969,	1971]

• Downdip extension
° Downdip compression  



Fault plane solutions of intermediate 
and deep focus earthquakes [Isacks and Molnar, 1971]

• Downdip extension     
° Downdip
compression 



1. Intermediate- and	deep-focus	 earthquakes	
occur	within	downgoing slabs	of	lithosphere.

2. Of	course,	because	temperatures	 are	low	
there.

3. Conversely,	 the	occurrence	of	intermediate-
and	deep-focus	 earthquakes	 implies	the	
presence	of	downgoing slabs	of	lithosphere.

The	old	idea:	



Intermediate-depth	earthquake	beneath	Tibet

[Chen	et	al.,	
JGR,	1981]
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Depths	of	earthquakes	
beneath	Tibet

[Molnar	and	Chen,	JGR,	1983]
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Fault	plane	solutions	of	
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earthquake	are	similar.



average corner frequency (~2 Hz) would give a stress drop of ~50 to
150 MPa, depending on source model assumptions (see fig. S2). All
these values are relatively high compared to those of shallow earth-
quakes (14) but similar to those of other intermediate-depth earth-
quakes (12, 15) of similar size.

We calculate the earthquake-radiated energy ES by averaging
frequency-domain estimates from P and S waves at all available
stations (see Materials and Methods; Fig. 1A). We obtain a total ra-
diated seismic energy ES = 3.9 × 1012 J. The scaled energy (ES/M0) is
relatively high (1.7 × 10−4), and the apparent stress, defined as sa =
mES/M0, is equal to ~12 MPa, where m is 7 × 1010 N m−2. The stress
drop obtained from the directivitymodeling (60 to 330MPa) is at least
five times larger than the apparent stress and the radiation efficiency
hR ≤ 0.4. We compare this value to the radiation efficiency expected
from our estimated VR using crack theory, resulting in our preferred
radiation efficiency hR ≈ 0.2. This value is smaller than those of most
shallow earthquakes, similar to those of intermediate-depth earth-
quakes in Japan and Mexico (15, 16), and larger than those of other
deep earthquakes (12, 17).

In summary, the deep Wyoming earthquake has an anomalously
low rupture velocity, a high stress drop and scaled radiated energy,
and a low to average radiation efficiency. We interpret this event to re-
present a dissipative sourcemechanism that was slow to propagate with
a significant portion of the available potential energy used in or around
the source region.

Temperature modeling
Knowledge of the temperature at the hypocentral depth of the Wyom-
ing earthquake is necessary to determine whether the earthquake nu-
cleated above or below the expected brittle-ductile transition. Surface
heat flow measurements in the Wyoming Craton range from 40 to
60 mW m−2. Temperature estimates at the hypocentral depth of the
earthquake vary from ~600° (8) to more than 800°C (18), but large un-
certainties remain. The earthquake is located along a strong lateral gra-
dient of shear wave velocities, similar to other lithospheric mantle
earthquakes (11, 19) as well as in a transition of lithospheric thickness

(20, 21). In addition, estimated temperatures at depth based on xeno-
liths in the Wyoming area suggest a fairly warm lower crust (18, 22), and
recent volcanism inLeuciteHills (about100kmto the southand<3million
years ago) may require high temperatures in the upper mantle (23).

We estimate the depth-dependent temperature profile using the
grain-size viscoelastic relaxation model of olivine in the mantle (24)
to predict the shear wave velocities at depth and compare to tomo-
graphic models [(25, 26); see Materials and Methods]. The best-fitting
geotherms (Fig. 3) predict temperatures at the hypocentral depth of the
Wyoming earthquake that are substantially higher than the 600°C
transition from velocity weakening to velocity strengthening of olivine
extrapolated from laboratory experiments (1). In common with some
other studies (18, 22, 23), we favor the warmer geotherms in Fig. 3
because those that predict T < 750°C at the earthquake hypocenter
also predict low temperatures down to 400 km, in disagreement with
lithosphere-asthenosphere boundary depth estimates (20, 21). A similar
analysis of the hypocentral regionof the 1979Randolph,UT earthquake
predicts even higher temperature ranges (see fig. S1).

The temperature modeling implies that the Wyoming earthquake
occurred in the upper range of the brittle regime or in the ductile regime.
The source modeling found a slow rupture with a dissipative rupture
process, which is more consistent with a ductile regime. Our estimates of
rupture velocity are extremely low, similar to that of the Bolivia earthquake
(17) or the initial rupture of intermediate-depth earthquakes (27, 28), and
are lower than oceanic lithospheric mantle earthquakes (29–31).

DISCUSSION
Previous studies of the 2013 Wyoming earthquake focused on its loca-
tion and orientation (8, 9). The focal mechanism shows similar stress
orientation to that of the shallow seismicity, suggesting that they are
responding to the regional stress regimes (8, 9). The location of the
earthquakewithin a high-velocity region (32), combinedwith the large
uncertainties in the temperature profile, meant that previous studies
were unable to exclude the possibility that it was caused by brittle fail-
ure in cold, anhydrous mantle. More detailedmodeling of the thermal

Fig. 3. Temperaturemodeling of theWyoming earthquake. (A) The VS model (25) in thewestern United States at a depth of 75 km and east-west cross sections showing the
location of the Wyoming earthquake (star) in the strong velocity gradient. (B). Geothermal models (left; inset shows a zoom around the hypocenter) and predicted shear wave
velocities using the approach of Faul and Jackson (24) that best fit the VS tomographymodels (right) of Schaeffer and Lebedev (26) (blue area) and Shen et al. (25) (red area). The
geothermal models assume a crustal thickness of 50 km and produce surface heat flows between 40 and 60 mW m−2. The range of temperatures at the hypocentral depth
predicted is from 750° to 850°C in the upper range of the brittle-ductile transition.
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those commonly assumed (~0.8VS to 0.9VS) in source studies (Fig. 2D).
We sum the single-station STFs corrected for directivity effects using
our estimated VR (Fig. 2C) to improve the signal-to-noise ratio (SNR)
and to obtain clear andunbiased, averageP- and S-stacked STFs (Fig. 2B).
From these STFs, we calculate amodel-independent rupture durationTR=
0.47 ± 0.04 s and hence the length of the rupture L = VR × TR ≈ 610 m.

Calculation of the earthquake stress drop (proportional to slip/length
or seismic moment/area2/3) is source model–dependent. We use the
global centroid moment tensor seismic momentM0 = 2.17 × 1016 N·m
(www.globalcmt.org). If we assume a square fault with a length of
610 m, we obtain Ds ≈ 60 MPa, while a circular fault with a radius
of 305 m yields Ds ≈ 330 MPa (see Materials and Methods). The

Fig. 1. Earthquake location and P- and S-source time functions. (A) Map of the seismic stations (triangles) used here and location of the 21 September 2013 Wyoming
earthquake (star) and its focal mechanism (beach ball). Colored triangles stand for seismic stations used in the EGF procedure. Black triangles show the extended set of stations
used in the radiated energy estimate. Inset shows the study area (red box) as well as the epicenter of the earthquake (red star). Single-station STFs obtained from the EGF
procedure on P wave (B) and S wave (C). STFs are sorted as a function of station azimuth from the fault strike. Waveform colors correspond to those of the stations in (A).
The gray dashed lines are the predicted widths of the P- and S-STFs (see main text).

Fig. 2. Rupture directivity and velocity estimate. (A) Contours of normalized variance reduction as a function of rupture velocityVR andpercent unilateral rupture values e. The
varianceof the best-fitmodel in this plot is set to 1.Dark blue contours indicate variability within 10%, and thedashed line shows the best-fit rupture velocity. (B) Stacked P- and
S-STFs resulting from the correction using our best-fit rupture velocity VR = 1.3 km/s. (C) Single-station S-STFs corrected for directivity effects using the stretchingmethodwith
VR = 1.3 km/s. (D) Same as (C), with VR = 3.8 km/s. Redwaveform at the bottomof each figure is the stack of all the corrected STFs. This correction involves stretching the STFs at
station i with a factor of 1/Di.
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Fig. 2. Results of the regional waveform inversion. The panel in the top left shows how misfit evolves with varying depth. Best-fit focal mechanisms (aligned with ‘north’ 
along the misfit axis and ‘east’ along the depth axis) for a given depth are shown only at 5 km intervals, for clarity. The minimum misfit solution and depth are highlighted 
by the red focal mechanism and red bar. The remaining panels show the waveform fits for the overall minimum misfit solution. X-axis tick marks are 5 s intervals. Grey 
traces are observed data. Red traces are the aligned synthetic waveforms for the best-fit model. Blue traces are aligned synthetic waveforms for the mechanism determined 
by combination with the teleseismic relative amplitudes and polarities, at the depth consistent with the arrival times of depth phases. Waveforms are grouped into vertical, 
radial and transverse components, and are identifiable in Fig. 1 by their station ID, shown on the bottom left of each seismogram. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

the absolute travel time and the velocity structure along the ma-
jority of the raypath, and depend only on the above-source velocity 
structure.

We select broadband seismograms at epicentral distances ap-
propriate for the observation of depth phases (20–90◦) from re-

gions where such phases are expected to be of high amplitude, 
and hence observable, based on the radiation pattern for the focal 
mechanism derived from the regional inversion. We split these ob-
servations into two categories – those stations at 30–90◦ , where 
depth phases delay times are expected to be unique for each 

[Craig	and	Heyburn,	EPSL,	2015]	
[Prieto et	
al.,	Science	
Advances,	
2017]
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Fig. 2. Results of the regional waveform inversion. The panel in the top left shows how misfit evolves with varying depth. Best-fit focal mechanisms (aligned with ‘north’ 
along the misfit axis and ‘east’ along the depth axis) for a given depth are shown only at 5 km intervals, for clarity. The minimum misfit solution and depth are highlighted 
by the red focal mechanism and red bar. The remaining panels show the waveform fits for the overall minimum misfit solution. X-axis tick marks are 5 s intervals. Grey 
traces are observed data. Red traces are the aligned synthetic waveforms for the best-fit model. Blue traces are aligned synthetic waveforms for the mechanism determined 
by combination with the teleseismic relative amplitudes and polarities, at the depth consistent with the arrival times of depth phases. Waveforms are grouped into vertical, 
radial and transverse components, and are identifiable in Fig. 1 by their station ID, shown on the bottom left of each seismogram. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

the absolute travel time and the velocity structure along the ma-
jority of the raypath, and depend only on the above-source velocity 
structure.

We select broadband seismograms at epicentral distances ap-
propriate for the observation of depth phases (20–90◦) from re-

gions where such phases are expected to be of high amplitude, 
and hence observable, based on the radiation pattern for the focal 
mechanism derived from the regional inversion. We split these ob-
servations into two categories – those stations at 30–90◦ , where 
depth phases delay times are expected to be unique for each 

T.J. Craig, R. Heyburn / Earth and Planetary Science Letters 425 (2015) 12–23 15

Fig. 2. Results of the regional waveform inversion. The panel in the top left shows how misfit evolves with varying depth. Best-fit focal mechanisms (aligned with ‘north’ 
along the misfit axis and ‘east’ along the depth axis) for a given depth are shown only at 5 km intervals, for clarity. The minimum misfit solution and depth are highlighted 
by the red focal mechanism and red bar. The remaining panels show the waveform fits for the overall minimum misfit solution. X-axis tick marks are 5 s intervals. Grey 
traces are observed data. Red traces are the aligned synthetic waveforms for the best-fit model. Blue traces are aligned synthetic waveforms for the mechanism determined 
by combination with the teleseismic relative amplitudes and polarities, at the depth consistent with the arrival times of depth phases. Waveforms are grouped into vertical, 
radial and transverse components, and are identifiable in Fig. 1 by their station ID, shown on the bottom left of each seismogram. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

the absolute travel time and the velocity structure along the ma-
jority of the raypath, and depend only on the above-source velocity 
structure.

We select broadband seismograms at epicentral distances ap-
propriate for the observation of depth phases (20–90◦) from re-

gions where such phases are expected to be of high amplitude, 
and hence observable, based on the radiation pattern for the focal 
mechanism derived from the regional inversion. We split these ob-
servations into two categories – those stations at 30–90◦ , where 
depth phases delay times are expected to be unique for each 

P pP P pP

Misfit

S-wave	speeds
70	km

0				20			40			60			80	100	120		140
Depth	(km)



Earthquake	at	61	± 4	km	beneath	
northern	Australia

measurement of less than 30 km (between the Aru islands
and New Guinea) is an unreversed seismic refraction line
with anomalously low (7.63 km s!1) mantle P-wave velocity
(Vp) [Jacobson et al., 1979]. Close to Australia, away from
the edge of the plate, seismic refraction studies suggest the
crustal thickness is 31–34 km.

[13] Figure 1b shows a map of lithospheric thickness
derived from surface-wave tomography [McKenzie and
Priestley, 2008]. The lithospheric thickness has been calcu-
lated on a 2" # 2" grid (large black dots in Figure 1b) and has
a vertical resolution of $30 km. The 50–160 s period range
that is used limits the horizontal resolution to $300 km. The

Figure 1. Topography, seismicity and lithospheric thickness in the Arafura Sea and surrounding areas.
(a) Earthquakes, taken from the updated EHB catalogue [Engdahl et al., 1998], are shown as black (cen-
troid depth <100 km) or red (centroid depth >100 km) dots. Yellow triangles show the locations of seismic
refraction profiles and the calculated Moho depth is shown beside receiver site [Jacobson et al., 1979;
Rynn and Reid, 1983]. The red star indicates the location of the near-Moho 1992 earthquake discussed
in the text. The 2000 Arafura Sea earthquake is marked by the strike-slip focal mechanism (compressional
quadrants shaded). GC, BS indicate the Gulf of Carpentaria and the Banda Sea, and T, NG and AI indicate
Timor, New Guinea and the Aru islands respectively. C and J indicate the locations of two short seismic
refraction profiles referred to in section 4.1. The area surrounded by a continuous line is shown in more
detail in Figure 2. (b) Lithosphere thickness map (section 4.2) [McKenzie and Priestley, 2008] of the area
enclosed by dashed lines in Figure 1a. Points at which lithospheric thickness has been calculated are
shown by large black dots, and the four points surrounding the 2000 Arafura Sea earthquake are ringed
in yellow. The geotherms at these points are examined in Figure 5.
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[21] To estimate the geotherm in the area of the 2000 Ara-
fura earthquake we have studied the four points ringed in
yellow in Figure 1b. We calculated geotherms in the manner
described above, except that here the expected variation of
crustal conductivity as a function of temperature [Whittington
et al., 2009] is also considered. The radiogenic heat production
in the crust is assumed to be 2 mWm!3 in the upper 5 km and
0.2 mW m!3 below [Rudnick and Fountain, 1995]. Although
the lithosphere thickness map [McKenzie and Priestley, 2008]
was obtained assuming a constant conductivity in the crust, the
crustal geotherm calculated here (Figure 4) remains approxi-
mately linear implying that temperature-dependent conduc-
tivity in the crust does not significantly affect the temperatures
we obtain. It is important to note that, because of gradients in
lithospheric thickness within 300–400 km of the event, the
limited lateral resolution of the tomography may influence the
calculated temperatures. The methods used and expected

errors are described in more detail elsewhere [Priestley and
McKenzie, 2006; McKenzie and Priestley, 2008].

4. Results

4.1. The Arafura Sea
[22] Two earthquakes in the Arafura Sea have well-deter-

mined centroid depths away from the Aru Trough (Table 1).
Both are unusually deep. The first occurred on 30 September
1992 beneath the south Arafura Sea (red star on Figure 1a).
McCue and Michael-Leiba [1993] used depth-phase identi-
fication to determine that this mb = 5.4 earthquake occurred
at a depth of 38.8" 2.5 km. It was interpreted to be too close
to the Moho to differentiate between a lower-crustal or
upper-mantle origin as there are no reliable constraints on
crustal thickness or velocity structure in the vicinity of the
earthquake. The second, reported for the first time here, is a
very unusual event.

Figure 4. (a) Geotherms calculated at four points (marked in yellow on Figure 1b) surrounding the 2000
Arafura earthquake, using the method described in section 4.2. A 35 km crustal thickness has been
assumed. TL indicates the lithospheric thickness calculated for each location, the continuous line indicates
the calculated geotherm and the squares indicate temperature estimated from Vs. Only the shaded squares
in each rectangle are used to fit the geotherm. Below 900#C, Vs does not vary enough with temperature to
allow an accurate conversion and above the horizontal line at 125 km temperature estimates obtained from
Vs increase due to the influence of poorly known low Vs in the crust [Priestley and McKenzie, 2006].
These geotherms must be viewed with caution as the measured Vs can be affected by variations up to
$300 km away. (b) Hottest and coldest geotherms shown in Figure 4a with the possible centroid depth
range for the 2000 Arafura earthquake. The possible depth-temperature range at which the earthquake is
likely to have occurred is shaded and is ≤600#C in all cases.

Table 1. Arafura Sea Earthquake Source Parameters From Body Wave Modelinga

Date Time

Latitude (#) Longitude (#) Depth (km) MW

Focal Mechanism

ReferenceYear Month Day Hour Minute Strike(#) Dip(#) Rake(#)

1992 09 30 11 18 !11.39 134.47 39 5.4 – – – McC
2000 12 23 07 13 !7.91 135.76 61 6.0 60 83 5 TS

aEpicentres and origin times between 1964–2007 are taken from the updated catalogue of Engdahl et al. [1998]. References from which source
parameters have been taken are indicated by McC [McCue and Michael-Leiba, 1993] and TS (this study). The depth of the first event was determined
by depth-phase modeling and no reliable mechanism is available. The source parameters of the remaining event was obtained through the inversion of
teleseismic body waveforms. The focal mechanisms are plotted in Figures 1 and 2.
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Mantle	earthquakes

Earthquakes	occur	in	the	mantle,	including	many	
at	intermediate	depths	(70-300	km),	in	several	
regions:	southern	Tibet,	Wyoming,	north	of	
Australia,	New	Zealand,	east	Africa,	the	Amazon	
region	of	South	America,	and	more.

These	earthquakes,	however,	do	not	occur	in	
dipping	zones	(sinking	slabs	of	lithosphere).



Intermediate and deep-focus earthquakes. 
All are in island arcs

Except Two: Carpathians and Pamir-Hindu Kush 
[Isacks and Molnar, 1971]
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independent units: the Alcapa block in the NW and Tisza–Dacia
block in the SE (Csontos, 1995; Tischler et al., 2008). The Alcapa
block, bounded by the Pieniny Klippen Belt Zone to the north and
the Peri-Adriatic and Balaton lines to the south, occupies the
northern Pannonian Basin and the inner western Carpathians
south of the Pieniny Klippen Belt (Kovács and Haas, 2011). The
Tisza–Dacia block is composed of two sub-units: the Tisza block
underlying most of the Great Hungarian Plain and the Dacia block
comprising the Transylvanian basin, bounded by the Eastern
Carpathian and South Carpathian mountain ranges (Csontos and
Vörös, 2004) (Fig. 1). As the Adriatic microplate pushed north-
ward, the Alcapa block was extruded to the ENE with a counter-
clockwise rotation of about 601 (Márton and Fodor, 1995),
whereas the Tisza–Dacia block moved ESE with a clockwise
rotation of about 901 (Pâtras-cu et al., 1994). The movements were
accompanied by convergence and uplift in the Carpathians, and
possibly subduction of oceanic lithosphere along an Eastern
Carpathian margin (Royden et al., 1982; Horváth, 1993).

In Mid Miocene, with the Alcapa and Tisza–Dacia blocks
juxtaposed, lithospheric extension formed the Pannonian Basin
(Csontos et al., 1992). Ustaszewski et al. (2008) estimated a
290 km SW–NE extension in the Alcapa unit and up to 180 km
of extension in the Tisza–Dacia unit during its emplacement into
the Carpathian embayment. A commonly accepted driving
mechanism for rifting and extension of the Pannonian Basin is
the southwestward subduction of oceanic lithosphere along a
retreating Carpathian arc, with slab roll-back associated with the
diapiric upwelling of asthenospheric mantle beneath the basin
(Horváth, 1993; Horváth et al., 2006). Regional tomography using
P-wave travel times shows a broad fast anomaly lying horizon-
tally beneath the Pannonian region in the mantle transition zone
(Wortel and Spakman, 2000; Piromallo and Morelli, 2003). These
authors interpreted this fast material as remnant subducted slabs
from the Tethyan margin beneath a generally slow Pannonian.
Although structural and petrological evidence indicates Eastern

Carpathian subduction prior to 10 Ma, alternative ideas have
emerged in recent years. Analyzing the Mid-Miocene volcanic
rocks in the western Carpathian region, Kovács and Szabó (2008)
pointed out that subduction may not have developed along the
Western Carpathians and proposed that mantle flow, associated
with the eastward extrusion from the Alpine convergent zone,
could initiate the extension (Kovács et al., 2012). Houseman and
Gemmer (2007) suggested that an unstable thickened crust,
produced by Adriatic convergence, could trigger gravitational
instability of continental lithosphere that would drive down-
welling beneath the Carpathians and extension of the Pannonian
Basin. Contrary to this idea, however, Dando et al. (2011) obtained
tomographic images which showed a high-velocity body at
depths greater than 300 km crossing the Pannonian Basin; they
inferred that break-off of this feature from the overlying litho-
sphere may have initiated extension.

The Vrancea Zone is another puzzling part of the Carpathian–
Pannonian system due to its unique intra-continental situation.
Located in the bend zone of the southeastern Carpathian arc
(Fig. 1), the Vrancea region is characterized by the occurrence of
intermediate-depth earthquakes in a narrow, nearly vertical
column (Roman, 1970; Fuchs et al., 1979; Oncescu et al., 1984;
Wenzel et al., 1998). Several seismic tomographic studies show a
very localized, quasi-vertical, high-velocity body beneath the
Vrancea zone extending from 60 to 400 km depth and co-located
with the seismogenic zone (Lorenz et al., 1997; Fan et al., 1998;
Wenzel et al., 1998; Wortel and Spakman, 2000; Martin et al.,
2005, 2006; Tondi et al., 2009; Koulakov et al., 2010). Some of
these studies have also pointed out the presence of a low-velocity
anomaly located NW of the Vrancea seismogenic zone beneath
Transylvania (Fan et al., 1998; Wortel and Spakman, 2000; Martin
et al., 2006). This low-velocity body has been attributed to
asthenospheric upwelling induced by subduction or lithospheric
delamination (Gı̂rbacea and Frisch, 1998; Knapp et al., 2005).
Measurements of seismic wave attenuation using data from

Fig. 1. Topographic map of the Carpathian–Pannonian system with surface structural features: red filled patterns indicate outcrops of calc-alkaline and silicic volcanic
rocks after Harangi and Lenkey (2007); CSVF represents Central Slovakian volcanic field. Abbreviations on the map: PAL, Peri-Adriatic Line; MHL, Mid-Hungarian Line; BL,
Balaton Line; PKB, Pieniny Klippen Belt; Cam. F., Camena Fault; IMF, Intra-Moesian fault; V. Z., Vrancea Zone. Black stars represent all earthquake hypocenters occurred
since 1900 with depth 460 km and magnitude 42:0 from the NIEP catalog (http://www.infp.ro). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Y. Ren et al. / Earth and Planetary Science Letters 349–350 (2012) 139–152140

[Ren et	al.,	EPSL,	2012]
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crustal earthquakes towards the Focsani depression is presented as a
strong argument in favour of a sinking slab still attached to the foreland
lithosphere.

Attempts to quantitatively explain the seismicity of the Vrancea
began with Panza et al. (1997), who used a model consisting of a
system of perfectly rigid blocks divided by infinitely thin plane faults.
Their model allowed the creation of a catalogue of synthetic earth-
quakes, which shares some common features with the real seismicity
catalogue of the region. Ismail-Zadeh et al. (1999) further developed
this model and showed that the spatial distribution of synthetic

events is sensitive to the directions of the block movements. Such
models however require an a priori distribution of boundary
displacements to drive the deformation. Ismail-Zadeh et al. (2000,
2005a,b) have pursued the development of a dynamically self-
consistent model by including buoyancy forces in a slab gravitation-
ally sinking in the viscous mantle, firstly in 2D (2000, 2004), then in
3D (2005b). Thesemodels predict: (i) downward extension in the slab
as inferred from the stress axes of earthquakes, (ii) a depth range
where the maximum stress occurs of 70 km to 160 km, (iii) a very
narrow area of maximum stress and (iv) association of seismic events

Fig. 1. Epicentres of earthquakes (Table 1) in the Vrancea region considered in this study, in the depth range of: 0–50 km—circles and squares; 50–100 km—diamonds; 100–150 km—

stars; 150–200 km—triangles, with the corresponding fault plane solutions (Table 2). The earthquakes represented by squares are not used in the calculation of strain-rate.

Fig. 2. Hypocentres of the earthquakes considered in this study (Table 1) projected on the NW–SE vertical plane passing through the points (46.5°N, 25°E) and (45.7°N, 26.4°E),
respectively.
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narrow area of maximum stress and (iv) association of seismic events

Fig. 1. Epicentres of earthquakes (Table 1) in the Vrancea region considered in this study, in the depth range of: 0–50 km—circles and squares; 50–100 km—diamonds; 100–150 km—

stars; 150–200 km—triangles, with the corresponding fault plane solutions (Table 2). The earthquakes represented by squares are not used in the calculation of strain-rate.

Fig. 2. Hypocentres of the earthquakes considered in this study (Table 1) projected on the NW–SE vertical plane passing through the points (46.5°N, 25°E) and (45.7°N, 26.4°E),
respectively.
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priori imposed correlation length

m̂ ¼Q ðQ TGTGQþy2IÞ%1Q TGTd ð4Þ

where Q is the convolution operator. Specific details about this
procedure and test cases can be found in the studies by Meyerholtz
et al. (1989), Chiao et al. (2006) and Hung et al. (2004, 2011). Eq. (4)
shows that CQS regularization amounts to a special type of weighted
damped least squares, in which Q is comparable to classical rough-
ness regularizations which minimize the first spatial derivative or the
Laplacian operator. However, in the CQS formulation, the roughness
parameters are now explicit; their values correspond to the widths of
the smoothing function. Fig. 4 shows a comparison between the two
regularization schemes in terms of trade-off between model norm
and variance reduction, and the effect on the tomographic images at
75 km depth. Our tests using y between 2 and 500 show that
inversions using DLS and CQS schemes (with a smoothing width of
& 40 km) yield similar results (Fig. 4b and d), with a slightly higher
data variance reduction for DLS if y is the same (Fig. 4a and c).
However, the CQS procedure emphasizes longer wavelength features
(Fig. 4b and d). The solutions discussed in this paper (Fig. 6) were
obtained using a damping parameter (y¼ 25) and convolution
quelling with a smoothing width of & 40 km (as used to obtain
Fig. 4d). The variance reduction obtained from this regularization is
& 82% (Fig. 4c), from an initial variance of 0.385 s2 to a final variance
of 0.065 s2.

2.4. Checkerboard resolution tests

Fig. 5 shows an example of checkerboard resolution tests we
performed to evaluate the data coverage and inversion technique.
The checkerboard input models are set up as follows: in each
direction, the input velocity anomaly is of Gaussian type over
three grid intervals with a maximum amplitude of þ2% at the
center, is zero for the next two grid intervals and then repeats

with the sign reversed. The width of each anomalous region is
& 150 km in each direction. The synthetic travel times are
calculated by multiplying the sensitivity kernel matrix evaluated
for the real data set and the input model. For the inversion of the
synthetic travel times, we used the same damping parameters,
sources and station locations as used in the inversion of the real
data set. The synthetic checkerboard anomalies are recovered
beneath much of the Carpathian–Pannonian region throughout
the upper mantle as indicated in Fig. 5. Distortion of the regular
anomalies increases gradually with depth and we find that the
recovered peak velocity anomaly decreases systematically from
& 85% at 75 km to & 55% at 525 km. At depths less than about
45 km, the model is poorly resolved because ray paths arrive
almost vertically below the stations. In the real data inversion
variations in this near surface layer are accounted for by the
station terms. At depths below the mantle transition zone
(700 km), our models are not well resolved everywhere and
smearing is significant, so we do not interpret structures in the
lower mantle.

3. P-wave velocity model: SCP_P1

Fig. 6 shows depth slices through our preferred P-wave
velocity model for the Carpathian–Pannonian region. While
our tomographic model agree in general with the results from
previous tomographic studies (e.g. Fan et al., 1998; Wortel and
Spakman, 2000; Martin et al., 2006; Koulakov et al., 2010; Dando
et al., 2011), the addition of the SCP data set enables much better
resolution, especially beneath eastern Hungary and Romania.
Here we focus on the observed structures at different depths
beneath two important areas: the Eastern Alpine/Pannonian
region and the Transylvania/Vrancea zone region.

Above 250 km depth, P-wave model shows predominantly low
velocity zones beneath the Pannonian regions and the Transylvanian

Fig. 7. Vertical sections through the P-wave tomographic model of SCP_P1, for the Eastern Carpathians (1, 2 and 3), the Vrancea Zone (4) and the Eastern Alps—Southern
Apuseni Mountains (5).
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where Q is the convolution operator. Specific details about this
procedure and test cases can be found in the studies by Meyerholtz
et al. (1989), Chiao et al. (2006) and Hung et al. (2004, 2011). Eq. (4)
shows that CQS regularization amounts to a special type of weighted
damped least squares, in which Q is comparable to classical rough-
ness regularizations which minimize the first spatial derivative or the
Laplacian operator. However, in the CQS formulation, the roughness
parameters are now explicit; their values correspond to the widths of
the smoothing function. Fig. 4 shows a comparison between the two
regularization schemes in terms of trade-off between model norm
and variance reduction, and the effect on the tomographic images at
75 km depth. Our tests using y between 2 and 500 show that
inversions using DLS and CQS schemes (with a smoothing width of
& 40 km) yield similar results (Fig. 4b and d), with a slightly higher
data variance reduction for DLS if y is the same (Fig. 4a and c).
However, the CQS procedure emphasizes longer wavelength features
(Fig. 4b and d). The solutions discussed in this paper (Fig. 6) were
obtained using a damping parameter (y¼ 25) and convolution
quelling with a smoothing width of & 40 km (as used to obtain
Fig. 4d). The variance reduction obtained from this regularization is
& 82% (Fig. 4c), from an initial variance of 0.385 s2 to a final variance
of 0.065 s2.

2.4. Checkerboard resolution tests

Fig. 5 shows an example of checkerboard resolution tests we
performed to evaluate the data coverage and inversion technique.
The checkerboard input models are set up as follows: in each
direction, the input velocity anomaly is of Gaussian type over
three grid intervals with a maximum amplitude of þ2% at the
center, is zero for the next two grid intervals and then repeats

with the sign reversed. The width of each anomalous region is
& 150 km in each direction. The synthetic travel times are
calculated by multiplying the sensitivity kernel matrix evaluated
for the real data set and the input model. For the inversion of the
synthetic travel times, we used the same damping parameters,
sources and station locations as used in the inversion of the real
data set. The synthetic checkerboard anomalies are recovered
beneath much of the Carpathian–Pannonian region throughout
the upper mantle as indicated in Fig. 5. Distortion of the regular
anomalies increases gradually with depth and we find that the
recovered peak velocity anomaly decreases systematically from
& 85% at 75 km to & 55% at 525 km. At depths less than about
45 km, the model is poorly resolved because ray paths arrive
almost vertically below the stations. In the real data inversion
variations in this near surface layer are accounted for by the
station terms. At depths below the mantle transition zone
(700 km), our models are not well resolved everywhere and
smearing is significant, so we do not interpret structures in the
lower mantle.

3. P-wave velocity model: SCP_P1

Fig. 6 shows depth slices through our preferred P-wave
velocity model for the Carpathian–Pannonian region. While
our tomographic model agree in general with the results from
previous tomographic studies (e.g. Fan et al., 1998; Wortel and
Spakman, 2000; Martin et al., 2006; Koulakov et al., 2010; Dando
et al., 2011), the addition of the SCP data set enables much better
resolution, especially beneath eastern Hungary and Romania.
Here we focus on the observed structures at different depths
beneath two important areas: the Eastern Alpine/Pannonian
region and the Transylvania/Vrancea zone region.

Above 250 km depth, P-wave model shows predominantly low
velocity zones beneath the Pannonian regions and the Transylvanian

Fig. 7. Vertical sections through the P-wave tomographic model of SCP_P1, for the Eastern Carpathians (1, 2 and 3), the Vrancea Zone (4) and the Eastern Alps—Southern
Apuseni Mountains (5).
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where Q is the convolution operator. Specific details about this
procedure and test cases can be found in the studies by Meyerholtz
et al. (1989), Chiao et al. (2006) and Hung et al. (2004, 2011). Eq. (4)
shows that CQS regularization amounts to a special type of weighted
damped least squares, in which Q is comparable to classical rough-
ness regularizations which minimize the first spatial derivative or the
Laplacian operator. However, in the CQS formulation, the roughness
parameters are now explicit; their values correspond to the widths of
the smoothing function. Fig. 4 shows a comparison between the two
regularization schemes in terms of trade-off between model norm
and variance reduction, and the effect on the tomographic images at
75 km depth. Our tests using y between 2 and 500 show that
inversions using DLS and CQS schemes (with a smoothing width of
& 40 km) yield similar results (Fig. 4b and d), with a slightly higher
data variance reduction for DLS if y is the same (Fig. 4a and c).
However, the CQS procedure emphasizes longer wavelength features
(Fig. 4b and d). The solutions discussed in this paper (Fig. 6) were
obtained using a damping parameter (y¼ 25) and convolution
quelling with a smoothing width of & 40 km (as used to obtain
Fig. 4d). The variance reduction obtained from this regularization is
& 82% (Fig. 4c), from an initial variance of 0.385 s2 to a final variance
of 0.065 s2.

2.4. Checkerboard resolution tests

Fig. 5 shows an example of checkerboard resolution tests we
performed to evaluate the data coverage and inversion technique.
The checkerboard input models are set up as follows: in each
direction, the input velocity anomaly is of Gaussian type over
three grid intervals with a maximum amplitude of þ2% at the
center, is zero for the next two grid intervals and then repeats

with the sign reversed. The width of each anomalous region is
& 150 km in each direction. The synthetic travel times are
calculated by multiplying the sensitivity kernel matrix evaluated
for the real data set and the input model. For the inversion of the
synthetic travel times, we used the same damping parameters,
sources and station locations as used in the inversion of the real
data set. The synthetic checkerboard anomalies are recovered
beneath much of the Carpathian–Pannonian region throughout
the upper mantle as indicated in Fig. 5. Distortion of the regular
anomalies increases gradually with depth and we find that the
recovered peak velocity anomaly decreases systematically from
& 85% at 75 km to & 55% at 525 km. At depths less than about
45 km, the model is poorly resolved because ray paths arrive
almost vertically below the stations. In the real data inversion
variations in this near surface layer are accounted for by the
station terms. At depths below the mantle transition zone
(700 km), our models are not well resolved everywhere and
smearing is significant, so we do not interpret structures in the
lower mantle.

3. P-wave velocity model: SCP_P1

Fig. 6 shows depth slices through our preferred P-wave
velocity model for the Carpathian–Pannonian region. While
our tomographic model agree in general with the results from
previous tomographic studies (e.g. Fan et al., 1998; Wortel and
Spakman, 2000; Martin et al., 2006; Koulakov et al., 2010; Dando
et al., 2011), the addition of the SCP data set enables much better
resolution, especially beneath eastern Hungary and Romania.
Here we focus on the observed structures at different depths
beneath two important areas: the Eastern Alpine/Pannonian
region and the Transylvania/Vrancea zone region.

Above 250 km depth, P-wave model shows predominantly low
velocity zones beneath the Pannonian regions and the Transylvanian

Fig. 7. Vertical sections through the P-wave tomographic model of SCP_P1, for the Eastern Carpathians (1, 2 and 3), the Vrancea Zone (4) and the Eastern Alps—Southern
Apuseni Mountains (5).
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where Q is the convolution operator. Specific details about this
procedure and test cases can be found in the studies by Meyerholtz
et al. (1989), Chiao et al. (2006) and Hung et al. (2004, 2011). Eq. (4)
shows that CQS regularization amounts to a special type of weighted
damped least squares, in which Q is comparable to classical rough-
ness regularizations which minimize the first spatial derivative or the
Laplacian operator. However, in the CQS formulation, the roughness
parameters are now explicit; their values correspond to the widths of
the smoothing function. Fig. 4 shows a comparison between the two
regularization schemes in terms of trade-off between model norm
and variance reduction, and the effect on the tomographic images at
75 km depth. Our tests using y between 2 and 500 show that
inversions using DLS and CQS schemes (with a smoothing width of
& 40 km) yield similar results (Fig. 4b and d), with a slightly higher
data variance reduction for DLS if y is the same (Fig. 4a and c).
However, the CQS procedure emphasizes longer wavelength features
(Fig. 4b and d). The solutions discussed in this paper (Fig. 6) were
obtained using a damping parameter (y¼ 25) and convolution
quelling with a smoothing width of & 40 km (as used to obtain
Fig. 4d). The variance reduction obtained from this regularization is
& 82% (Fig. 4c), from an initial variance of 0.385 s2 to a final variance
of 0.065 s2.

2.4. Checkerboard resolution tests

Fig. 5 shows an example of checkerboard resolution tests we
performed to evaluate the data coverage and inversion technique.
The checkerboard input models are set up as follows: in each
direction, the input velocity anomaly is of Gaussian type over
three grid intervals with a maximum amplitude of þ2% at the
center, is zero for the next two grid intervals and then repeats

with the sign reversed. The width of each anomalous region is
& 150 km in each direction. The synthetic travel times are
calculated by multiplying the sensitivity kernel matrix evaluated
for the real data set and the input model. For the inversion of the
synthetic travel times, we used the same damping parameters,
sources and station locations as used in the inversion of the real
data set. The synthetic checkerboard anomalies are recovered
beneath much of the Carpathian–Pannonian region throughout
the upper mantle as indicated in Fig. 5. Distortion of the regular
anomalies increases gradually with depth and we find that the
recovered peak velocity anomaly decreases systematically from
& 85% at 75 km to & 55% at 525 km. At depths less than about
45 km, the model is poorly resolved because ray paths arrive
almost vertically below the stations. In the real data inversion
variations in this near surface layer are accounted for by the
station terms. At depths below the mantle transition zone
(700 km), our models are not well resolved everywhere and
smearing is significant, so we do not interpret structures in the
lower mantle.

3. P-wave velocity model: SCP_P1

Fig. 6 shows depth slices through our preferred P-wave
velocity model for the Carpathian–Pannonian region. While
our tomographic model agree in general with the results from
previous tomographic studies (e.g. Fan et al., 1998; Wortel and
Spakman, 2000; Martin et al., 2006; Koulakov et al., 2010; Dando
et al., 2011), the addition of the SCP data set enables much better
resolution, especially beneath eastern Hungary and Romania.
Here we focus on the observed structures at different depths
beneath two important areas: the Eastern Alpine/Pannonian
region and the Transylvania/Vrancea zone region.

Above 250 km depth, P-wave model shows predominantly low
velocity zones beneath the Pannonian regions and the Transylvanian

Fig. 7. Vertical sections through the P-wave tomographic model of SCP_P1, for the Eastern Carpathians (1, 2 and 3), the Vrancea Zone (4) and the Eastern Alps—Southern
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The localisation of deformation with n=3 is evident in Fig. 9
where we show the strain-rate components ε·xx, ε

·
yy, ε

·
zz at time

t=42.468, in the x=0 plane. Compared to Fig. 7 (n=1), the
maximum values of ε ̇yy are already greater by a factor of orders 5 to
10 (assuming both experiments are saled to the same total elapsed
time inMyr) and are localised into obliquely dipping zones around the
top of the mantle downwelling. With n=3, we see also that vertical
extension (ε·yy) is balanced primarily by horizontal shortening within
the symmetry plane (ε·zz) with relatively minor shortening in the
orthogonal x-direction (Fig. 9). Deviatoric stress, however, is dis-
tributed across the downwelling material in direct response to the
distribution of negative buoyancy for both n=1 and n=3. Although
the n=1 and n=3 experiments are run to different total strain, we
can normalize the Moho deflections relative to the LAB deflections, as
in Fig. 6(c). The relative amplitude in each case peaks at about 0.08
and decreases in the course of the experiment to about 0.04, similar to
the range of ratios obtained for the n=1 experiment.

3.2. Stratified viscosity

Neither n=1 nor n=3 uniform viscosity coefficient experiments
seem to be able to reproduce the narrowwidth of the near vertical high
stress region inferred from the distribution of seismicity beneath
Vrancea.We therefore adapt themodel, assuming in themantle layer a

stratified viscosity coefficient, which (prior to deformation) varies
exponentially with depth from 0.333, 0.1 or 0.0333 at the LAB to 1 at
the Moho (the viscosity contrast across the mantle lithosphere is
therefore a factor of 3, 10 or 30). For the crust we considered several
constant values of relative viscosity: 0.5, 1, and 2. As with density, the

Fig. 7. Representation of the strain-rate components ε·xx (top), ε·yy (middle) and ε·zz
(bottom), at time t=27.5, for constant viscosity and n=1. The black line represents the
Moho surface.

Fig. 8. Representation of the Moho surface at time t=42.468 (a), and of the LAB at times
t=0 (b), t=40 (c), t=42 (d), t=42.468 (e), for constant viscosity, hc′=1/4, and n=3.
The shading represents the relative depth of each point of the surface of the LAB orMoho.
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The localisation of deformation with n=3 is evident in Fig. 9
where we show the strain-rate components ε·xx, ε

·
yy, ε

·
zz at time

t=42.468, in the x=0 plane. Compared to Fig. 7 (n=1), the
maximum values of ε ̇yy are already greater by a factor of orders 5 to
10 (assuming both experiments are saled to the same total elapsed
time inMyr) and are localised into obliquely dipping zones around the
top of the mantle downwelling. With n=3, we see also that vertical
extension (ε·yy) is balanced primarily by horizontal shortening within
the symmetry plane (ε·zz) with relatively minor shortening in the
orthogonal x-direction (Fig. 9). Deviatoric stress, however, is dis-
tributed across the downwelling material in direct response to the
distribution of negative buoyancy for both n=1 and n=3. Although
the n=1 and n=3 experiments are run to different total strain, we
can normalize the Moho deflections relative to the LAB deflections, as
in Fig. 6(c). The relative amplitude in each case peaks at about 0.08
and decreases in the course of the experiment to about 0.04, similar to
the range of ratios obtained for the n=1 experiment.

3.2. Stratified viscosity

Neither n=1 nor n=3 uniform viscosity coefficient experiments
seem to be able to reproduce the narrowwidth of the near vertical high
stress region inferred from the distribution of seismicity beneath
Vrancea.We therefore adapt themodel, assuming in themantle layer a

stratified viscosity coefficient, which (prior to deformation) varies
exponentially with depth from 0.333, 0.1 or 0.0333 at the LAB to 1 at
the Moho (the viscosity contrast across the mantle lithosphere is
therefore a factor of 3, 10 or 30). For the crust we considered several
constant values of relative viscosity: 0.5, 1, and 2. As with density, the

Fig. 7. Representation of the strain-rate components ε·xx (top), ε·yy (middle) and ε·zz
(bottom), at time t=27.5, for constant viscosity and n=1. The black line represents the
Moho surface.

Fig. 8. Representation of the Moho surface at time t=42.468 (a), and of the LAB at times
t=0 (b), t=40 (c), t=42 (d), t=42.468 (e), for constant viscosity, hc′=1/4, and n=3.
The shading represents the relative depth of each point of the surface of the LAB orMoho.
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Strain	rates	from	seismic	moments	of	earthquakes	
and	strain	rates	in	a	sinking	blob

1.1	x	10-14	s-1 =	35%	Myr-1	or	18	mm/yr
Thus,	stretching	by	2	times,	in	3	Myr

The	bottom	sinks	at	25	mm/yr with	respect	to	the	top.

[Lorinczi and	
Houseman,	

Tectonophysics
2009]
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zone results from a single originally northward dipping subduction
interface, which was contorted and overturned under the eastern
Pamir (Billington et al., 1977; Pegler and Das, 1998; Pavlis and Das,
2000), or if it is the result of two subduction zones, one dipping to the
north beneath the Hindu Kush and one dipping to the south beneath
the Pamir (Burtman and Molnar, 1993; Chatelain et al., 1980; Fan et al.,
1994; Negredo et al., 2007). Recent high resolution earthquake
locations from the local TIPAGE network (see next paragraph) show
the seismicity in the Pamir as a curviplanar arc dipping to the south in
the eastern Pamir and bending to an eastward dipping direction
beneath the south-western Pamir, while the separated seismic zone
beneath the Hindu Kush is a more complex structure striking east–
west and dipping subvertically north to north-west (Sippl et al., 2013).

2. TIPAGE seismic experiment

The seismic data analyzed here were collected by a temporary
experiment operated from 2008 to 2010 (Fig. 1). The experiment is
the seismological component of the multi-disciplinary Tien Shan
Pamir Geodynamic Program (TIPAGE) (Mechie et al., 2012) and ran
in two configurations. In the first year, 24 broadband stations were
installed in the eastern Pamir forming a 350 km long north–south
linear array from southern Kyrgyzstan to the Tajik–Afghan border
with an average station spacing of 15 km. Additionally, eight
broadband and eight short period stations were distributed in an
areal network covering the whole Pamir. In the second year

the network geometry was changed. Seventeen stations from the
eastern Pamir linear array were relocated to densify the areal
network in order to achieve an equidistant mesh with a station
spacing of approximately 40 km. The areal array helped to accu-
rately locate the local earthquakes (Sippl et al., 2013). We also
included five permanent stations in western Tajikistan, operated
by PMP International, Dushanbe. In the present work we concen-
trate on the receiver function analysis along the linear array.
The profile was prolonged northward with 10 stations from the
FERGANA seismic experiment, running from 2009 to 2010 in the
Fergana Valley (Haberland et al., 2011).

3. Receiver function processing

The receiver function (RF) method is a widely used seismolo-
gical tool to image crustal and upper mantle seismic discontinu-
ities underneath seismic stations (Kind et al., 2012; Rondenay,
2009; Bostock, 2007). This technique identifies the discontinuities,
e.g. the Moho, by detecting mode conversion from compressional
(P) to shear (S) waves. The time delay between the converted wave
(Ps) and the mother phase (P) determines the conversion depth.
The amplitude and phase of the Ps conversions reflect the nature
of the discontinuity, such as the sign, strength and sharpness of
the velocity contrast. The kernel of the receiver function algorithm
is composed of two main steps, a coordinate rotation that isolates
the Ps converted waves from the P wave; and a deconvolution

Fig. 1. Map of the Pamir with locations of the seismic stations used in this study. Major tectonic features such as sutures and faults marked in the map are (from north to
south): Talas Fergana fault (TFF), Main Pamir thrust (MPT), Northern Pamir/Kunlun Suture (NKS), Tanymas Suture (TAN), Rushan Pshart Zone (RPZ), and Shyok suture (SHY).
Red and green highlighted stations were used for the construction of the N–S and the NW–SE depth sections, respectively. The blue highlighted stations are used to
determine the crustal thickness in the Tajik depression (Section 7.1). Insets show a map of teleseismic events used and a map of the Indian–Eurasian collision zone. The area
of altitudes exceeding 3000 m is highlighted in brown, showing the area of Tibet, Himalaya, Pamir and Tien Shan. The red and green lines denote the projection planes of the
N–S (Figs. 2 and 5) and NW–SE (Fig. 8) cross sections, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

F.M. Schneider et al. / Earth and Planetary Science Letters 375 (2013) 101–112102

5. Depth section in NW–SE direction

Subsidiary to depth sections along the main TIPAGE profile, an
additional cross section is constructed in the northwest to south-
east direction using the areally distributed stations of the TIPAGE
network (Fig. 8). The orientation is chosen perpendicular to the
strike of the intermediate depth seismic zone (see green line in
Fig. 1 and green plane in Fig. 7b).

Although the resolution of the additional cross section is, due
to the sparser station distribution, not as good as that of the N–S
cross section along the main profile, a very similar configuration

as in the main section can be identified. The QRF section shows
a 70 km thick crust in the southeast that shallows toward the
northwest (Fig. 8a). A southeast dipping structure is evident
starting at !381N. Fig. 8b shows the TRF section that is migrated
assuming inclined converters (see Section 4.2). As in the north–
south cross section, the TRFs show coherent negative and
positive dipping phases coinciding with the earthquake hypo-
centers. It connects the intermediate depth seismicity to the
lower crust in the north-west. It is likely that the observed
structure is the same as in the north–south profile, but rotated
anticlockwise by 451.

Fig. 6. Migrated cross sections along the TIPAGE main seismic profile assuming different inclination angles of the converters. The assumed angles are depicted on the left. In
the left and middle columns the amplitudes of the Q- and T-components are shown, respectively. For the T-component only events from the east (azimuthal angles 0–1801)
are taken into account. In the right column the positions of the conversion boundaries corresponding to the relevant dip angle are highlighted in red (positive converters)
and blue (negative converters). The bottom figure shows the amalgamation of all picked elements from the right columns. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

F.M. Schneider et al. / Earth and Planetary Science Letters 375 (2013) 101–112106

[Schneider	 et	al.,	
EPSL,	2013]
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constrained, and whether the rate is physically plausible is unknown. To quantify the slab-stretching picture,
in this paper we study the last threeM≥ 7 events with globally distributed digital seismic data in detail: the 9
August 1993Mw 7.0 event, the 3 March 2002Mw 7.3 event, and the 26 October 2015Mw 7.5 event (Table S1 in
the supporting information). We aim to answer the following questions: Are the earthquakes recurring
(at least partially) on the same fault plane?What is the average slip rate on the fault plane? Is the corresponding
slab-stretching rate plausible for the slab negative buoyancy and mantle viscosity?

2. Depths and Focal Mechanisms

Earthquake depths are often difficult to constrain with only first-arrival data or long-period waveforms. The
GCMT solutions of the 1993, 2002, and 2015 events have similar horizontal locations (Figure 1a) but different
depths: the difference in depth between the 2002 and 2015 events is more than 30 km (Figure 2a), too large
for the events to overlap significantly. To resolve whether the three events possibly ruptured the same fault
plane, we first apply the cut-and-paste (CAP) method to determine their point source solutions [Zhu and
Helmberger, 1996; Zhan et al., 2012]. We filter teleseismic P and SH waveforms with a pass band of 20–100 s,
a period band long enough for the events to be approximated as point sources and short enough for the

Figure 1. Hindu Kush seismicity. (a) Earthquake locations in the Hindu Kush area. The small dots colored by depth are
2008–2010 deep (>70 km) seismicity relocated by Sippl et al. [2013]. Five M> 7 earthquakes before 1983 in the ISC-GEM
catalog are displayed as gray squares, while the large gray square at (70.5°E, 36.5°N) contains 10 events located by
Gutenberg and Richter [1954]. The GCMT solutions and USGS PDE epicenters of the last four M> 7 events are shown as
purple dots and light blue stars, respectively. Because the 2002 and 2015M7 events are both registered as two earthquakes,
there are two light blue stars for each event. The 1983 centroid is >50 km to the north of the other centroids, while its
epicenter does not have such an offset. The black star represents the 2009 reference event used in the directivity analysis.
The gray rectangle marks the area plotted in Figure 4a. (b) Magnitude-time plot of M> 6.0 Hindu Kush deep earthquakes,
based on the GCMT, ISC-GEM catalogs (red), and the Gutenberg-Richter catalog (gray). This study focuses on events with
magnitude around and above 7.0, which is marked by the gray dashed line. (c) Comparison of the long-period (T> 20 s)
waveforms between the 1983M7.4 event and the 2015M7.5 event, at four stations. The waveforms are aligned on the P
waves, and amplitudes are normalized. The perfect alignments in later phases suggest that the GCMT centroid location of
the 1983 event in Figure 1a is mislocated.
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average slab density anomaly to be 0.5–1%, and sphere radius to be 100 km based on tomography [Negredo
et al., 2007], the 10 cm/yr sinking speed requires a mantle viscosity of about 2 × 1020 Pa s. This value has the
right order of magnitude for the upper mantle, especially for an active subduction zone [Alisic et al., 2012], but
is a few times lower than those measured from postglacial rebound in cratonic regions [Turcotte and Schubert,
2014]. Thus, the 10 cm/yr slab-stretching rate is physically plausible.

6. Conclusions

Out of the concentrated and anomalously frequent large deep earthquakes in Hindu Kush, we have studied
the latest three M ≥ 7.0 events in 1993, 2002, and 2015 in detail. The three events show complex and diverse
rupture processes, but the main subevents/slips seem to always recur on the same fault patch, dipping 70° to
the south. To explain the 10–15 year intervals between theM~7 subevents, the average slip rate on the fault
patch needs to be ~9.6 cm/yr, much higher than the ~1 cm/yr convergence rate measured on the surface.
The high slip rate is likely fueled by localized slab stretching/necking [Lister et al., 2008]. This requires the sub-
ducted slab below 210 km to sink at a vertical rate of 10 cm/yr, which appears to be geodynamically plausible.
The inferred slab stretching may be a transient process; as the slab eventually breaks off, the seismic activity
will cease and the surface will rebound [Richards and Hager, 1984; Duretz et al., 2011].
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Figure 6. Slip rate and conceptual model. (a) Cumulative slip on the south dipping fault patch responsible for the main
subevents of the 1993, 2002, and 2015 earthquakes. The step sizes for the three events are estimated based on subevent
moments and a constant strain drop of 10!4. If we assume that the earlier M ≥ 7 events since 1949 produced similar
subevents on the same fault patch, then we can extend to dashed lines. The red line shows the average slip rate of
9.6 cm/yr, much faster than the ~1 cm/yr convergence rate measured on the surface. (b) Conceptual model to explain the
high slip rate as slab-stretching/necking effect under its negative buoyancy. The geometry of the sinking slab below the
necking depth is based on the tomographic image in Negredo et al. [2007]. The green zone is sketched to illustrate slab
geometry with no stretching, as a comparison. The slab-sinking rate needs to be 10 cm/yr to explain the average slip rate on
the fault and the frequent large deep earthquakes.
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average slab density anomaly to be 0.5–1%, and sphere radius to be 100 km based on tomography [Negredo
et al., 2007], the 10 cm/yr sinking speed requires a mantle viscosity of about 2 × 1020 Pa s. This value has the
right order of magnitude for the upper mantle, especially for an active subduction zone [Alisic et al., 2012], but
is a few times lower than those measured from postglacial rebound in cratonic regions [Turcotte and Schubert,
2014]. Thus, the 10 cm/yr slab-stretching rate is physically plausible.

6. Conclusions

Out of the concentrated and anomalously frequent large deep earthquakes in Hindu Kush, we have studied
the latest three M ≥ 7.0 events in 1993, 2002, and 2015 in detail. The three events show complex and diverse
rupture processes, but the main subevents/slips seem to always recur on the same fault patch, dipping 70° to
the south. To explain the 10–15 year intervals between theM~7 subevents, the average slip rate on the fault
patch needs to be ~9.6 cm/yr, much higher than the ~1 cm/yr convergence rate measured on the surface.
The high slip rate is likely fueled by localized slab stretching/necking [Lister et al., 2008]. This requires the sub-
ducted slab below 210 km to sink at a vertical rate of 10 cm/yr, which appears to be geodynamically plausible.
The inferred slab stretching may be a transient process; as the slab eventually breaks off, the seismic activity
will cease and the surface will rebound [Richards and Hager, 1984; Duretz et al., 2011].
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Figure 6. Slip rate and conceptual model. (a) Cumulative slip on the south dipping fault patch responsible for the main
subevents of the 1993, 2002, and 2015 earthquakes. The step sizes for the three events are estimated based on subevent
moments and a constant strain drop of 10!4. If we assume that the earlier M ≥ 7 events since 1949 produced similar
subevents on the same fault patch, then we can extend to dashed lines. The red line shows the average slip rate of
9.6 cm/yr, much faster than the ~1 cm/yr convergence rate measured on the surface. (b) Conceptual model to explain the
high slip rate as slab-stretching/necking effect under its negative buoyancy. The geometry of the sinking slab below the
necking depth is based on the tomographic image in Negredo et al. [2007]. The green zone is sketched to illustrate slab
geometry with no stretching, as a comparison. The slab-sinking rate needs to be 10 cm/yr to explain the average slip rate on
the fault and the frequent large deep earthquakes.
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Fig. 9. Results of the strain rate analysis. a) Results of strain rate analysis separated in shallow (gray; 60–180 km depth) and deep (blue; 180–265 km depth) domain for the 
whole longitudinal range of the seismogenic portion (69◦–71.5◦E) and for three sub-regions (70◦–70.6◦E, 70.6◦–71.0◦E, 71◦–71.5◦E). The error estimates are obtained from 
a sensitivity analysis. b) Example of the sensitivity analysis for the whole longitudinal range of the seismogenic domain, varying the input parameters of Equation (1): The 
values for the shear modulus span the range from 80 to 310 km depth in the PREM earth model (Dziewoński and Anderson, 1981). The observation time is varied in two 
ways by subsequently excluding data at the beginning and the ending of the observation period, respectively. Varying the seismogenic thickness directly affects the volume 
(V ) used in Equation (1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

break-off happens seems to develop at the base of the subducted 
crust. Using the strain rates from Fig. 9, it is possible to calculate 
how fast the break-off proceeds: the distance of a point at 180 km 
depth and a point at 265 km depth, for instance, would have in-
creased by ∼150 km after 4 Ma. Such a fast separation is in good 
agreement with numerical modeling studies (Duretz et al., 2012;
Magni et al., 2012; Duretz and Gerya, 2013) as well as seismicity 
studies from Vrancea (Lorinczi and Houseman, 2009). These fast 
detachment rates also provide an explanation why ongoing break-
off is currently rarely observed. Further, as the separation between 
deep and shallow domains coincides with the change from low 
vp to high vp material, the depth at which the break-off initiates 
seems to depend critically on the maximum penetration depth of 
crustal material.

Zhan and Kanamori (2016) obtained a slip rate of 9.6 cm/yr 
for the Hindu Kush by computing the cumulative slip of all large 
events since 1949. Although not directly comparable, this value is 
higher than e.g. the average vertical displacement rate of 4.3 cm/yr 
calculated here as average for the bottom of the deep domain of 
the Hindu Kush (Table A4). This difference can be explained as 
Zhan and Kanamori (2016) assume a single fault and not a seismo-
genic volume. Decreasing the seismogenic volume in Equation (1)
has the strongest effect on the strain rate (Fig. 9). However, the 
relative strain rate difference between shallow and deep domain 
remains relatively stable upon such variations. This relative differ-
ence in turn, is the crucial parameter to constrain the speed of slab 
detachment, which we used here.

6.2. Along-strike propagating slab detachment

We observe not only a variation in the characteristics of the 
Hindu Kush seismicity with depth, but also along-strike. On a 
lithospheric scale, teleseismic tomography imaged a progressively 

opening horizontal tear in the subducting Hindu Kush slablet 
(Kufner et al., 2016). This together with the seismicity distribu-
tion suggests that the seismogenic characteristics of slab break-off 
might change during its advance. It was shown in thermomechan-
ical numerical simulations that the dominant deformation mech-
anism during break-off can change from an initially simple-shear 
dominated regime, where a shear-zone through the mantle litho-
sphere develops, to a pure-shear dominated regime once the litho-
sphere is sufficiently thinned, resulting in the necking of the last 
connection (Duretz et al., 2012). These modeling results match the 
main characteristics we observe under the Hindu Kush astonish-
ingly well (see the schematic sketch in Fig. 10a and the results in 
Figs. 6/7 for the following description):

The overturned dip of the seismogenic structure in the west-
ern Hindu Kush (profiles P1 and P2 in Fig. 7), the accumulation of 
large earthquakes with similar focal mechanisms, with the steeper 
of the two nodal planes almost perfectly matching the overturned 
plane delineated by the seismicity, and the termination of the low 
velocity zone could be explained by a developing mantle shear 
zone. The sharp kink in the plane outlined by the Hindu Kush seis-
micity, separating the shallow and deep domains might indicate 
the up-dip limit of such a shear-zone. By contrast, in the eastern 
Hindu Kush (profiles P3 and P4), the deep seismic zone dips near-
vertically and a sub-branch splits off from the main structure (N1/2 
in Fig. 7). The splitting of the seismic zone into these two branches 
might indicate a strain localization at both sides of the nearly de-
tached lithospheric slab. Thus, the eastern Hindu Kush could be 
already in the necking dominated stage of break-off, where shal-
low and detaching fragment are now only connected by extremely 
thinned lithosphere. Hence, we suggest that the Hindu Kush slab 
hosts an eastward propagating slab tear. The along-strike variation 
of seismic characteristics then mirrors a change of active deforma-
tion mechanism with advance of this tear.
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Fig. 4. Local earthquake catalog and relocated large events. a) Map view: events are color coded by depth. The outline of the circles indicates the affinity of the earthquake 
to the Pamir or Hindu Kush seismic zone. The relocated events from the global catalogs are plotted in pink. b, c) North–south- and west–east-depth sections. Earthquakes 
shallower than 50 km are outlined in gray and are not discussed further in this paper. Other plotted features as in Subfigure 4a. (A data-file containing the here plotted 
earthquake locations can be downloaded from Supplementary Material A3.) d) Depth vs. number of events histograms with 25 km bin width. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

seismicity arranges to several narrow “fingers” (labels F1–F4 in 
Fig. 6).

The relation between seismically active and aseismic regions in 
the deep domain of the Hindu Kush slab can be further explored 
by investigating the October 2015, Mw 7.5 Badakhshan earthquake. 
The event locates on the same seismogenic finger as the second 
largest event (1983, Mw = 7.4; F2 in Fig. 6c) and both earthquakes 
have a similar down-dip extensional focal mechanism. In Fig. 6c, 
we plot the steeper of the two tested nodal planes of our finite 
fault slip model (dip = 69◦). This fault plane has the same dip 
as the southward dipping structure outlined by the relocated af-
tershocks (see also north–south cross sections in Fig. 7). Its dip 
also accurately parallels the plane outlined by the background seis-
micity (label S1 in Fig. 7). Based on the seismicity and aftershock 
distribution, we consider this sub-vertical nodal plane the more 
likely fault plane. The finite fault solution further indicates that 
maximum slip occurred west of the hypocenter. Slip propagated 
westward into a seismic gap and tapers to zero where seismicity 
in the local catalog revives and where the relocated aftershocks 
cluster (Fig. 6c).

The embedment of these structures into the surrounding seis-
mic velocity architecture is shown in Fig. 7. Local earthquake to-
mography resolves a thick crust beneath the Hindu Kush (vp ≤ 7.8
down to ∼60 km). The low velocities of the crust extend into the 
mantle as a zone of localized low vp . The upper part of the Hindu 
Kush seismicity-curtain sets in approximately at the crust–mantle 
boundary. At mantle depths, the low velocity domain spatially co-
incides with the shallow domain of intermediate-depth seismic-

ity. At ∼160–180 km depth, this low velocity zone thickens to a 
blob-like anomaly and then terminates. The deep domain of seis-
micity is located in a high velocity area, not distinguishable from 
the ambient mantle velocities. The change from high velocity to 
low velocity also coincides with the steepening of the dip of the 
seismic zone and the transition from the shallow to the deep seis-
mic domain defined above. The north–south cross sections further 
show that the dip angle of the deep seismogenic ‘fingers’ changes 
along-strike: In the very west the seismogenic structure dips near-
vertically (Profile 0 in Fig. 7). In the center (Profiles 1 and 2), it is 
partly overturned (labels S1/2). In the east (Profiles 3 and 4), it is 
split into a north- and a south dipping sub-branch (labels N1/2).

4. Character of the low velocity zone resolved in local earthquake 
tomography

We used synthetic tests to further constrain the characteristics 
of the Hindu Kush low velocity zone. We were particularly inter-
ested in the resolvable limits of its thickness, penetration depth 
and amplitude and their respective trade-offs. This information is 
important for interpreting the anomaly in a geodynamic context, 
e.g., whether the low velocity anomaly could present subducted 
crust. We constructed a synthetic velocity model with two litho-
spheric slabs, mimicking the situation under Pamir and Hindu 
Kush. Each slab consisted of a layer of mantle lithosphere (50 km 
thickness, vp = 8.3 km/s), overlain by a crustal layer. The overall 
geometry of the model (Fig. 8b) was constrained by interpolating 
two planes through the seismicity beneath Pamir and Hindu Kush. 

[Kufner et	al.,	EPSL,	2017]
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Fig. 6. Zoom into the Hindu Kush intermediate-depth seismicity and results of strain rate calculation. a) West–east cross section along 36.45◦N. Hindu Kush seismicity in 
black, Pamir seismicity in blue. Pink beach balls are projected focal mechanisms of the large relocated events. For all catalog events where a mechanism could be determined, 
the T -axes are plotted in red (normalized to one and projected into the cross section). The green outline denotes the 1 m slip contour of the October 2015 event constrained 
from the finite fault inversion (Sec. 3.3). Inset map shows profile location. b) Stereonet plot (rotated into the west–east cross section) of the strain rate tensor computed from 
all moment tensors listed in the GCMT catalog for the shallow domain (60–180 km depth) and the deep domain (180–265 km depth) of the Hindu Kush seismicity since 
1976 (see Section 5 for further information). c) Zoom into the deep domain illuminating details of the 2015 Mw7.5 event: Star is the hypocenter of the main shock, pink dots 
the relocated aftershocks. Contours denote its slip distribution constrained from the finite fault model. The labels F1–F4 refer to features (‘seismogenic fingers’) mentioned in 
the text. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Our 1D velocity model (Fig. A1) was used in the background with a 
constant vp/vs ratio of 1.73. To better understand the effect of the 
tomography on such anomalies, we tested four end member cases 
(Figs. 8c–f) by varying thickness (10/20 km) and intensity (vp =
7.3/7.7 km/s) of the low velocity layer beneath the Hindu Kush. 
To gauge vertical smearing the low velocity layer terminated at 
160 km in one test; in the other tests at 280 km. The crustal layer 
beneath the Pamir had a thickness of 20 km and vp of 6.9 km/s in 
all tests as suggested by previous studies (Schneider et al., 2013;
Sippl et al., 2013a). Rays were traced on a grid with 1 ×1 km spac-
ing using a 3D finite difference code, which allowed us to construct 
velocity anomalies much finer than the inversion grid (Haberland 
et al., 2009, and references therein). Gaussian noise was added to 

the synthetic travel times, scaled with the standard deviation of 
the quality class which had been assigned to each pick (min/max 
std of 0.05/0.2 s). Synthetic travel-time data was calculated for the 
same event-station distribution as in the real data.

Results along Profile 1 of Fig. 7 are plotted in Figs. 8c–f: Gen-
erally, the amplitudes of the recovered low velocity zones are 
lower than the input. This effect is largest at depths >100 km 
and in the two tests with the thinnest subducted crustal layer 
and the smallest low velocity amplitude. However, in the two 
tests with a thicker low velocity zone and a higher vp contrast 
(20 km thickness/vp = 7.3 km/s), the recovered anomaly appears 
as a continuous low velocity zone and with well recovered geome-
try. The model with the shallower terminating low velocity layer 
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Fig. 9. Results of the strain rate analysis. a) Results of strain rate analysis separated in shallow (gray; 60–180 km depth) and deep (blue; 180–265 km depth) domain for the 
whole longitudinal range of the seismogenic portion (69◦–71.5◦E) and for three sub-regions (70◦–70.6◦E, 70.6◦–71.0◦E, 71◦–71.5◦E). The error estimates are obtained from 
a sensitivity analysis. b) Example of the sensitivity analysis for the whole longitudinal range of the seismogenic domain, varying the input parameters of Equation (1): The 
values for the shear modulus span the range from 80 to 310 km depth in the PREM earth model (Dziewoński and Anderson, 1981). The observation time is varied in two 
ways by subsequently excluding data at the beginning and the ending of the observation period, respectively. Varying the seismogenic thickness directly affects the volume 
(V ) used in Equation (1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

break-off happens seems to develop at the base of the subducted 
crust. Using the strain rates from Fig. 9, it is possible to calculate 
how fast the break-off proceeds: the distance of a point at 180 km 
depth and a point at 265 km depth, for instance, would have in-
creased by ∼150 km after 4 Ma. Such a fast separation is in good 
agreement with numerical modeling studies (Duretz et al., 2012;
Magni et al., 2012; Duretz and Gerya, 2013) as well as seismicity 
studies from Vrancea (Lorinczi and Houseman, 2009). These fast 
detachment rates also provide an explanation why ongoing break-
off is currently rarely observed. Further, as the separation between 
deep and shallow domains coincides with the change from low 
vp to high vp material, the depth at which the break-off initiates 
seems to depend critically on the maximum penetration depth of 
crustal material.

Zhan and Kanamori (2016) obtained a slip rate of 9.6 cm/yr 
for the Hindu Kush by computing the cumulative slip of all large 
events since 1949. Although not directly comparable, this value is 
higher than e.g. the average vertical displacement rate of 4.3 cm/yr 
calculated here as average for the bottom of the deep domain of 
the Hindu Kush (Table A4). This difference can be explained as 
Zhan and Kanamori (2016) assume a single fault and not a seismo-
genic volume. Decreasing the seismogenic volume in Equation (1)
has the strongest effect on the strain rate (Fig. 9). However, the 
relative strain rate difference between shallow and deep domain 
remains relatively stable upon such variations. This relative differ-
ence in turn, is the crucial parameter to constrain the speed of slab 
detachment, which we used here.

6.2. Along-strike propagating slab detachment

We observe not only a variation in the characteristics of the 
Hindu Kush seismicity with depth, but also along-strike. On a 
lithospheric scale, teleseismic tomography imaged a progressively 

opening horizontal tear in the subducting Hindu Kush slablet 
(Kufner et al., 2016). This together with the seismicity distribu-
tion suggests that the seismogenic characteristics of slab break-off 
might change during its advance. It was shown in thermomechan-
ical numerical simulations that the dominant deformation mech-
anism during break-off can change from an initially simple-shear 
dominated regime, where a shear-zone through the mantle litho-
sphere develops, to a pure-shear dominated regime once the litho-
sphere is sufficiently thinned, resulting in the necking of the last 
connection (Duretz et al., 2012). These modeling results match the 
main characteristics we observe under the Hindu Kush astonish-
ingly well (see the schematic sketch in Fig. 10a and the results in 
Figs. 6/7 for the following description):

The overturned dip of the seismogenic structure in the west-
ern Hindu Kush (profiles P1 and P2 in Fig. 7), the accumulation of 
large earthquakes with similar focal mechanisms, with the steeper 
of the two nodal planes almost perfectly matching the overturned 
plane delineated by the seismicity, and the termination of the low 
velocity zone could be explained by a developing mantle shear 
zone. The sharp kink in the plane outlined by the Hindu Kush seis-
micity, separating the shallow and deep domains might indicate 
the up-dip limit of such a shear-zone. By contrast, in the eastern 
Hindu Kush (profiles P3 and P4), the deep seismic zone dips near-
vertically and a sub-branch splits off from the main structure (N1/2 
in Fig. 7). The splitting of the seismic zone into these two branches 
might indicate a strain localization at both sides of the nearly de-
tached lithospheric slab. Thus, the eastern Hindu Kush could be 
already in the necking dominated stage of break-off, where shal-
low and detaching fragment are now only connected by extremely 
thinned lithosphere. Hence, we suggest that the Hindu Kush slab 
hosts an eastward propagating slab tear. The along-strike variation 
of seismic characteristics then mirrors a change of active deforma-
tion mechanism with advance of this tear.

132 S.-K. Kufner et al. / Earth and Planetary Science Letters 461 (2017) 127–140

Fig. 4. Local earthquake catalog and relocated large events. a) Map view: events are color coded by depth. The outline of the circles indicates the affinity of the earthquake 
to the Pamir or Hindu Kush seismic zone. The relocated events from the global catalogs are plotted in pink. b, c) North–south- and west–east-depth sections. Earthquakes 
shallower than 50 km are outlined in gray and are not discussed further in this paper. Other plotted features as in Subfigure 4a. (A data-file containing the here plotted 
earthquake locations can be downloaded from Supplementary Material A3.) d) Depth vs. number of events histograms with 25 km bin width. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

seismicity arranges to several narrow “fingers” (labels F1–F4 in 
Fig. 6).

The relation between seismically active and aseismic regions in 
the deep domain of the Hindu Kush slab can be further explored 
by investigating the October 2015, Mw 7.5 Badakhshan earthquake. 
The event locates on the same seismogenic finger as the second 
largest event (1983, Mw = 7.4; F2 in Fig. 6c) and both earthquakes 
have a similar down-dip extensional focal mechanism. In Fig. 6c, 
we plot the steeper of the two tested nodal planes of our finite 
fault slip model (dip = 69◦). This fault plane has the same dip 
as the southward dipping structure outlined by the relocated af-
tershocks (see also north–south cross sections in Fig. 7). Its dip 
also accurately parallels the plane outlined by the background seis-
micity (label S1 in Fig. 7). Based on the seismicity and aftershock 
distribution, we consider this sub-vertical nodal plane the more 
likely fault plane. The finite fault solution further indicates that 
maximum slip occurred west of the hypocenter. Slip propagated 
westward into a seismic gap and tapers to zero where seismicity 
in the local catalog revives and where the relocated aftershocks 
cluster (Fig. 6c).

The embedment of these structures into the surrounding seis-
mic velocity architecture is shown in Fig. 7. Local earthquake to-
mography resolves a thick crust beneath the Hindu Kush (vp ≤ 7.8
down to ∼60 km). The low velocities of the crust extend into the 
mantle as a zone of localized low vp . The upper part of the Hindu 
Kush seismicity-curtain sets in approximately at the crust–mantle 
boundary. At mantle depths, the low velocity domain spatially co-
incides with the shallow domain of intermediate-depth seismic-

ity. At ∼160–180 km depth, this low velocity zone thickens to a 
blob-like anomaly and then terminates. The deep domain of seis-
micity is located in a high velocity area, not distinguishable from 
the ambient mantle velocities. The change from high velocity to 
low velocity also coincides with the steepening of the dip of the 
seismic zone and the transition from the shallow to the deep seis-
mic domain defined above. The north–south cross sections further 
show that the dip angle of the deep seismogenic ‘fingers’ changes 
along-strike: In the very west the seismogenic structure dips near-
vertically (Profile 0 in Fig. 7). In the center (Profiles 1 and 2), it is 
partly overturned (labels S1/2). In the east (Profiles 3 and 4), it is 
split into a north- and a south dipping sub-branch (labels N1/2).

4. Character of the low velocity zone resolved in local earthquake 
tomography

We used synthetic tests to further constrain the characteristics 
of the Hindu Kush low velocity zone. We were particularly inter-
ested in the resolvable limits of its thickness, penetration depth 
and amplitude and their respective trade-offs. This information is 
important for interpreting the anomaly in a geodynamic context, 
e.g., whether the low velocity anomaly could present subducted 
crust. We constructed a synthetic velocity model with two litho-
spheric slabs, mimicking the situation under Pamir and Hindu 
Kush. Each slab consisted of a layer of mantle lithosphere (50 km 
thickness, vp = 8.3 km/s), overlain by a crustal layer. The overall 
geometry of the model (Fig. 8b) was constrained by interpolating 
two planes through the seismicity beneath Pamir and Hindu Kush. 

[Kufner et	al.,	EPSL,	2017]
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Fig. 6. Zoom into the Hindu Kush intermediate-depth seismicity and results of strain rate calculation. a) West–east cross section along 36.45◦N. Hindu Kush seismicity in 
black, Pamir seismicity in blue. Pink beach balls are projected focal mechanisms of the large relocated events. For all catalog events where a mechanism could be determined, 
the T -axes are plotted in red (normalized to one and projected into the cross section). The green outline denotes the 1 m slip contour of the October 2015 event constrained 
from the finite fault inversion (Sec. 3.3). Inset map shows profile location. b) Stereonet plot (rotated into the west–east cross section) of the strain rate tensor computed from 
all moment tensors listed in the GCMT catalog for the shallow domain (60–180 km depth) and the deep domain (180–265 km depth) of the Hindu Kush seismicity since 
1976 (see Section 5 for further information). c) Zoom into the deep domain illuminating details of the 2015 Mw7.5 event: Star is the hypocenter of the main shock, pink dots 
the relocated aftershocks. Contours denote its slip distribution constrained from the finite fault model. The labels F1–F4 refer to features (‘seismogenic fingers’) mentioned in 
the text. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Our 1D velocity model (Fig. A1) was used in the background with a 
constant vp/vs ratio of 1.73. To better understand the effect of the 
tomography on such anomalies, we tested four end member cases 
(Figs. 8c–f) by varying thickness (10/20 km) and intensity (vp =
7.3/7.7 km/s) of the low velocity layer beneath the Hindu Kush. 
To gauge vertical smearing the low velocity layer terminated at 
160 km in one test; in the other tests at 280 km. The crustal layer 
beneath the Pamir had a thickness of 20 km and vp of 6.9 km/s in 
all tests as suggested by previous studies (Schneider et al., 2013;
Sippl et al., 2013a). Rays were traced on a grid with 1 ×1 km spac-
ing using a 3D finite difference code, which allowed us to construct 
velocity anomalies much finer than the inversion grid (Haberland 
et al., 2009, and references therein). Gaussian noise was added to 

the synthetic travel times, scaled with the standard deviation of 
the quality class which had been assigned to each pick (min/max 
std of 0.05/0.2 s). Synthetic travel-time data was calculated for the 
same event-station distribution as in the real data.

Results along Profile 1 of Fig. 7 are plotted in Figs. 8c–f: Gen-
erally, the amplitudes of the recovered low velocity zones are 
lower than the input. This effect is largest at depths >100 km 
and in the two tests with the thinnest subducted crustal layer 
and the smallest low velocity amplitude. However, in the two 
tests with a thicker low velocity zone and a higher vp contrast 
(20 km thickness/vp = 7.3 km/s), the recovered anomaly appears 
as a continuous low velocity zone and with well recovered geome-
try. The model with the shallower terminating low velocity layer 
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Fig. 9. Results of the strain rate analysis. a) Results of strain rate analysis separated in shallow (gray; 60–180 km depth) and deep (blue; 180–265 km depth) domain for the 
whole longitudinal range of the seismogenic portion (69◦–71.5◦E) and for three sub-regions (70◦–70.6◦E, 70.6◦–71.0◦E, 71◦–71.5◦E). The error estimates are obtained from 
a sensitivity analysis. b) Example of the sensitivity analysis for the whole longitudinal range of the seismogenic domain, varying the input parameters of Equation (1): The 
values for the shear modulus span the range from 80 to 310 km depth in the PREM earth model (Dziewoński and Anderson, 1981). The observation time is varied in two 
ways by subsequently excluding data at the beginning and the ending of the observation period, respectively. Varying the seismogenic thickness directly affects the volume 
(V ) used in Equation (1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

break-off happens seems to develop at the base of the subducted 
crust. Using the strain rates from Fig. 9, it is possible to calculate 
how fast the break-off proceeds: the distance of a point at 180 km 
depth and a point at 265 km depth, for instance, would have in-
creased by ∼150 km after 4 Ma. Such a fast separation is in good 
agreement with numerical modeling studies (Duretz et al., 2012;
Magni et al., 2012; Duretz and Gerya, 2013) as well as seismicity 
studies from Vrancea (Lorinczi and Houseman, 2009). These fast 
detachment rates also provide an explanation why ongoing break-
off is currently rarely observed. Further, as the separation between 
deep and shallow domains coincides with the change from low 
vp to high vp material, the depth at which the break-off initiates 
seems to depend critically on the maximum penetration depth of 
crustal material.

Zhan and Kanamori (2016) obtained a slip rate of 9.6 cm/yr 
for the Hindu Kush by computing the cumulative slip of all large 
events since 1949. Although not directly comparable, this value is 
higher than e.g. the average vertical displacement rate of 4.3 cm/yr 
calculated here as average for the bottom of the deep domain of 
the Hindu Kush (Table A4). This difference can be explained as 
Zhan and Kanamori (2016) assume a single fault and not a seismo-
genic volume. Decreasing the seismogenic volume in Equation (1)
has the strongest effect on the strain rate (Fig. 9). However, the 
relative strain rate difference between shallow and deep domain 
remains relatively stable upon such variations. This relative differ-
ence in turn, is the crucial parameter to constrain the speed of slab 
detachment, which we used here.

6.2. Along-strike propagating slab detachment

We observe not only a variation in the characteristics of the 
Hindu Kush seismicity with depth, but also along-strike. On a 
lithospheric scale, teleseismic tomography imaged a progressively 

opening horizontal tear in the subducting Hindu Kush slablet 
(Kufner et al., 2016). This together with the seismicity distribu-
tion suggests that the seismogenic characteristics of slab break-off 
might change during its advance. It was shown in thermomechan-
ical numerical simulations that the dominant deformation mech-
anism during break-off can change from an initially simple-shear 
dominated regime, where a shear-zone through the mantle litho-
sphere develops, to a pure-shear dominated regime once the litho-
sphere is sufficiently thinned, resulting in the necking of the last 
connection (Duretz et al., 2012). These modeling results match the 
main characteristics we observe under the Hindu Kush astonish-
ingly well (see the schematic sketch in Fig. 10a and the results in 
Figs. 6/7 for the following description):

The overturned dip of the seismogenic structure in the west-
ern Hindu Kush (profiles P1 and P2 in Fig. 7), the accumulation of 
large earthquakes with similar focal mechanisms, with the steeper 
of the two nodal planes almost perfectly matching the overturned 
plane delineated by the seismicity, and the termination of the low 
velocity zone could be explained by a developing mantle shear 
zone. The sharp kink in the plane outlined by the Hindu Kush seis-
micity, separating the shallow and deep domains might indicate 
the up-dip limit of such a shear-zone. By contrast, in the eastern 
Hindu Kush (profiles P3 and P4), the deep seismic zone dips near-
vertically and a sub-branch splits off from the main structure (N1/2 
in Fig. 7). The splitting of the seismic zone into these two branches 
might indicate a strain localization at both sides of the nearly de-
tached lithospheric slab. Thus, the eastern Hindu Kush could be 
already in the necking dominated stage of break-off, where shal-
low and detaching fragment are now only connected by extremely 
thinned lithosphere. Hence, we suggest that the Hindu Kush slab 
hosts an eastward propagating slab tear. The along-strike variation 
of seismic characteristics then mirrors a change of active deforma-
tion mechanism with advance of this tear.

[Kufner et	al.,	EPSL,	2017]
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Strain	at	42%	Myr-1 over	a	depth	range	of	85	km	(180-
265	km)	implies	36	km/Myr,	or	36	mm/yr of	
divergence	between	the	top	and	bottom.

At	200%	Myr-1 over	the	same	depth	range	of	85	km	
implies	170	km/Myr,	or	170	mm/yr,	of	divergence	
between	the	top	and	bottom.
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average slab density anomaly to be 0.5–1%, and sphere radius to be 100 km based on tomography [Negredo
et al., 2007], the 10 cm/yr sinking speed requires a mantle viscosity of about 2 × 1020 Pa s. This value has the
right order of magnitude for the upper mantle, especially for an active subduction zone [Alisic et al., 2012], but
is a few times lower than those measured from postglacial rebound in cratonic regions [Turcotte and Schubert,
2014]. Thus, the 10 cm/yr slab-stretching rate is physically plausible.

6. Conclusions

Out of the concentrated and anomalously frequent large deep earthquakes in Hindu Kush, we have studied
the latest three M ≥ 7.0 events in 1993, 2002, and 2015 in detail. The three events show complex and diverse
rupture processes, but the main subevents/slips seem to always recur on the same fault patch, dipping 70° to
the south. To explain the 10–15 year intervals between theM~7 subevents, the average slip rate on the fault
patch needs to be ~9.6 cm/yr, much higher than the ~1 cm/yr convergence rate measured on the surface.
The high slip rate is likely fueled by localized slab stretching/necking [Lister et al., 2008]. This requires the sub-
ducted slab below 210 km to sink at a vertical rate of 10 cm/yr, which appears to be geodynamically plausible.
The inferred slab stretching may be a transient process; as the slab eventually breaks off, the seismic activity
will cease and the surface will rebound [Richards and Hager, 1984; Duretz et al., 2011].
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Figure 6. Slip rate and conceptual model. (a) Cumulative slip on the south dipping fault patch responsible for the main
subevents of the 1993, 2002, and 2015 earthquakes. The step sizes for the three events are estimated based on subevent
moments and a constant strain drop of 10!4. If we assume that the earlier M ≥ 7 events since 1949 produced similar
subevents on the same fault patch, then we can extend to dashed lines. The red line shows the average slip rate of
9.6 cm/yr, much faster than the ~1 cm/yr convergence rate measured on the surface. (b) Conceptual model to explain the
high slip rate as slab-stretching/necking effect under its negative buoyancy. The geometry of the sinking slab below the
necking depth is based on the tomographic image in Negredo et al. [2007]. The green zone is sketched to illustrate slab
geometry with no stretching, as a comparison. The slab-sinking rate needs to be 10 cm/yr to explain the average slip rate on
the fault and the frequent large deep earthquakes.
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The	deep	part	sinks	at	~36	mm/yr =	36	km/Myr [Kufner
et	al.,	2017]	(if	not	100	mm/yr =	100	km/	Myr [Zhan	and	
Kanamori [2016])	with	respect	to	the	shallow	part.		138 S.-K. Kufner et al. / Earth and Planetary Science Letters 461 (2017) 127–140

Fig. 10. Interpretative sketch illustrating the proposed geodynamic processes during 
the Hindu Kush slab break-off. a) The along-strike variation in the geometry of the 
intermediate-depth seismicity can be explained by an eastward advancing slab-tear. 
The bold red and yellow lines (P2/4) mark the interpolated planes through the seis-
micity along the profiles in Fig. 7. Only the mantle lithosphere is shown here: from 
an initially intact slab (blue bold line), a shear plane develops through the man-
tle lithosphere (P2, yellow line). As the lithosphere is thinned sufficiently, necking 
becomes the dominant deformation mechanism (P4, red line). Largest earthquakes 
cluster on the shear-plane. b) Interpretative sketches to demonstrate the involve-
ment of crust in the continental subduction process, which, in turn, affects the 
rupture mechanisms driving seismicity. The sketches are drawn on top of the ob-
servational data shown in Fig. 7: the slab pull drags buoyant lower and middle con-
tinental crust to depth, attached to the descending mantle lithosphere. The lower 
crust undergoes gradual eclogitization. Possibly released fluids and/or other meta-
morphic reactions trigger seismicity in the shallow domain (small pink dots). Slab 
break-off through the mantle lithosphere occurs in a simple (profile P2) or pure (P4) 
shear dominated regime. Only the denser, eclogitized fragments of the lower crust 
might continue to descend, whereas the buoyant part of the crust detaches. Larger 
earthquakes (pink beach balls) cluster along the shearing plane and to a minor ex-
tent in the necking zone. The labels N1/2 and S1/2 refer to the labels attached to 
the seismogenic structures in Fig. 7. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

6.3. Processes triggering intermediate-depth seismicity

Our observations on the seismic structures and style of faulting 
allow to narrow down the range of possible processes responsi-
ble for the intra-continental intermediate-depth seismicity. Seis-
micity in the shallow domain of the Hindu Kush seismic zone 
(∼60–180 km depth) is less intense and more distributed in cross 
section compared to the deeper parts. Additionally, the earth-
quake source mechanisms in the shallow domain show more scat-

ter (Fig. 5) and the seismicity appears to occur in subducting 
crustal rocks (Figs. 7/8; Sec. 6.1). The Bergen arc in Norway may 
be considered an accessible analog for the shallower intermediate-
depth Hindu Kush seismicity. There, a network of eclogite-facies 
pseudotachylite veins in exhumed lower crustal rocks (exhuma-
tion depth ∼60 km) testifies of past earthquakes, controlled by 
fluids penetrating into deep crustal shear-zones (Austrheim, 1987;
Austrheim et al., 1996). However, partial eclogitization of sub-
ducted lower crust in the Hindu Kush reaches possibly much 
deeper than recorded by the Norwegian outcrops, as colder tem-
peratures are preserved at larger depths due to faster subduction 
rates (Zhan and Kanamori, 2016). Eclogitization might be further 
delayed due to a high hydration level of the lower crust, e.g. as 
has been supposed for Indian lower crust underthrusting beneath 
the Himalayas (Hetènyi et al., 2007).

The high seismic velocities at the depths of the deep seismicity 
(∼180–265 km depth) prohibit large volumes of non-eclogitized 
crustal rocks there. Thus, mineral phase transitions in crustal rocks, 
possibly releasing fluids, seem to be unlikely here. Additionally, 
hydrous minerals in the mantle lithosphere might be less com-
mon than in oceanic subduction zones, where mantle dehydration 
has been suggested to trigger intermediate-depth seismicity (Kirby 
et al., 1996; Peyrat et al., 2006). Thielmann et al. (2015) showed 
from numerical modeling that grain size reduction might facili-
tate the initiation of thermal runaway, as it weakens the rocks. 
Localized shear along a lithospheric fault could cause grain size re-
duction. Thus, shear instability and thermal runaway might be a 
more likely mechanism for sudden and fast failure in the deep 
domain of the Hindu Kush seismicity. Such a process was also 
suggested by Poli et al. (2016) based on the investigation of the 
radiation patterns of the latest large Hindu Kush earthquakes.

Seismicity in the deep domain of the Hindu Kush seismic zone 
forms to several distinct finger-like structures with varying dips 
(F1–4 in Fig. 6c). This pattern of alternating seismic and aseis-
mic zones was also observed in previous studies (e.g. Pegler and 
Das, 1998; Bai and Zhang, 2015). We showed that the October 
2015 earthquake rupture likely propagated into one of the quiet 
zones between two fingers. Although the slip pattern depends on 
choice of model parameters (e.g. trade-off between rupture ve-
locity and rupture area), the observation of maximum slip west 
of the hypocenter is robust even for higher rupture velocities 
(Fig. A9). This spatial relation between large earthquakes and back-
ground seismicity suggests that the seismic zone consists of dis-
tinct patches, which behave differently in response to stresses (e.g. 
creeping and stick-slip segments). The clustering could be caused 
by inherited heterogeneities or due to processes linked to the 
break-off. Kufner et al. (2016) suggested that the slab currently 
subducting beneath the Hindu Kush is India’s stretched margin. 
Accessible examples of fossil stretched margins, e.g. in the western 
Alps or the western Iberian margin, consist of symmetrically tilted 
blocks with a spacing from several to tens of kilometers (Coward 
et al., 1991; Pinheiro et al., 1996). This block size corresponds to 
the spacing of the Hindu Kush fingers. Thus, the different seismo-
genic pattern (‘fingers’ and ‘gaps’) in the deep domain of the Hindu 
Kush seismicity might arise from inherited fault structures built 
during the formation of the margin.

7. Conclusion

The Hindu Kush region in Central Asia hosts a nest of in-
tense intermediate-depth seismicity (hypocenters between ∼60 
and 300 km depth; Pegler and Das, 1998; Sippl et al., 2013b) and 
frequent large earthquakes with moment magnitudes larger than 
seven (Poli et al., 2016; Zhan and Kanamori, 2016), which have 
been attributed to the detachment of a lithospheric slab (Koulakov 
and Sobolev, 2006; Lister et al., 2008; Kufner et al., 2016). Here, we 
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average slab density anomaly to be 0.5–1%, and sphere radius to be 100 km based on tomography [Negredo
et al., 2007], the 10 cm/yr sinking speed requires a mantle viscosity of about 2 × 1020 Pa s. This value has the
right order of magnitude for the upper mantle, especially for an active subduction zone [Alisic et al., 2012], but
is a few times lower than those measured from postglacial rebound in cratonic regions [Turcotte and Schubert,
2014]. Thus, the 10 cm/yr slab-stretching rate is physically plausible.

6. Conclusions

Out of the concentrated and anomalously frequent large deep earthquakes in Hindu Kush, we have studied
the latest three M ≥ 7.0 events in 1993, 2002, and 2015 in detail. The three events show complex and diverse
rupture processes, but the main subevents/slips seem to always recur on the same fault patch, dipping 70° to
the south. To explain the 10–15 year intervals between theM~7 subevents, the average slip rate on the fault
patch needs to be ~9.6 cm/yr, much higher than the ~1 cm/yr convergence rate measured on the surface.
The high slip rate is likely fueled by localized slab stretching/necking [Lister et al., 2008]. This requires the sub-
ducted slab below 210 km to sink at a vertical rate of 10 cm/yr, which appears to be geodynamically plausible.
The inferred slab stretching may be a transient process; as the slab eventually breaks off, the seismic activity
will cease and the surface will rebound [Richards and Hager, 1984; Duretz et al., 2011].
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Figure 6. Slip rate and conceptual model. (a) Cumulative slip on the south dipping fault patch responsible for the main
subevents of the 1993, 2002, and 2015 earthquakes. The step sizes for the three events are estimated based on subevent
moments and a constant strain drop of 10!4. If we assume that the earlier M ≥ 7 events since 1949 produced similar
subevents on the same fault patch, then we can extend to dashed lines. The red line shows the average slip rate of
9.6 cm/yr, much faster than the ~1 cm/yr convergence rate measured on the surface. (b) Conceptual model to explain the
high slip rate as slab-stretching/necking effect under its negative buoyancy. The geometry of the sinking slab below the
necking depth is based on the tomographic image in Negredo et al. [2007]. The green zone is sketched to illustrate slab
geometry with no stretching, as a comparison. The slab-sinking rate needs to be 10 cm/yr to explain the average slip rate on
the fault and the frequent large deep earthquakes.
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The	deep	part	sinks	at	~36	mm/yr =	36	km/Myr [Kufner
et	al.,	2017]	(if	not	100	mm/yr =	100	km/	Myr [Zhan	and	
Kanamori [2016])	with	respect	to	the	shallow	part.		
As	shown	by	GPS,	however,	

convergence	across	the	Hindu
Kush	is	absorbed	equally	on	the	
NW	and	SE	sides.		Evidence	of
subduction	of	the	Indian	plate
does	not	exist.
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average slab density anomaly to be 0.5–1%, and sphere radius to be 100 km based on tomography [Negredo
et al., 2007], the 10 cm/yr sinking speed requires a mantle viscosity of about 2 × 1020 Pa s. This value has the
right order of magnitude for the upper mantle, especially for an active subduction zone [Alisic et al., 2012], but
is a few times lower than those measured from postglacial rebound in cratonic regions [Turcotte and Schubert,
2014]. Thus, the 10 cm/yr slab-stretching rate is physically plausible.

6. Conclusions

Out of the concentrated and anomalously frequent large deep earthquakes in Hindu Kush, we have studied
the latest three M ≥ 7.0 events in 1993, 2002, and 2015 in detail. The three events show complex and diverse
rupture processes, but the main subevents/slips seem to always recur on the same fault patch, dipping 70° to
the south. To explain the 10–15 year intervals between theM~7 subevents, the average slip rate on the fault
patch needs to be ~9.6 cm/yr, much higher than the ~1 cm/yr convergence rate measured on the surface.
The high slip rate is likely fueled by localized slab stretching/necking [Lister et al., 2008]. This requires the sub-
ducted slab below 210 km to sink at a vertical rate of 10 cm/yr, which appears to be geodynamically plausible.
The inferred slab stretching may be a transient process; as the slab eventually breaks off, the seismic activity
will cease and the surface will rebound [Richards and Hager, 1984; Duretz et al., 2011].
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Figure 6. Slip rate and conceptual model. (a) Cumulative slip on the south dipping fault patch responsible for the main
subevents of the 1993, 2002, and 2015 earthquakes. The step sizes for the three events are estimated based on subevent
moments and a constant strain drop of 10!4. If we assume that the earlier M ≥ 7 events since 1949 produced similar
subevents on the same fault patch, then we can extend to dashed lines. The red line shows the average slip rate of
9.6 cm/yr, much faster than the ~1 cm/yr convergence rate measured on the surface. (b) Conceptual model to explain the
high slip rate as slab-stretching/necking effect under its negative buoyancy. The geometry of the sinking slab below the
necking depth is based on the tomographic image in Negredo et al. [2007]. The green zone is sketched to illustrate slab
geometry with no stretching, as a comparison. The slab-sinking rate needs to be 10 cm/yr to explain the average slip rate on
the fault and the frequent large deep earthquakes.
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[]Kufner et	al.,	EPSL,	2017]																												[Zhan	and	Kanamori,	GRL,	2016]

The	deep	part	sinks	at	~36	mm/yr =	36	km/Myr [Kufner
et	al.,	2017]	(if	not	100	mm/yr =	100	km/	Myr [Zhan	and	
Kanamori [2016])	with	respect	to	the	shallow	part.		
As	shown	by	GPS,	however,	

convergence	across	the	Hindu
Kush	is	absorbed	equally	on	the	
NW	and	SE	sides.		Evidence	of
subduction	of	the	Indian	plate
does	not	exist.		A	simpler	
interpretation	is	that	a	blob	of	
lithosphere	sinks	and	stretches.

Sinking
blob



1. Intermediate- and	deep-focus	 earthquakes	
occur	within	downgoing slabs	of mantle
lithosphere.

2. Of	course,	because	temperatures	 are	low	
there.

3. Conversely,	 the	occurrence	of	intermediate-
and	deep-focus	 earthquakes	 implies	the	
presence	of	downgoing slabs	of cold	
mantle	lithosphere.

The	old	idea,	revised:	



Conclusion

Seismic	evidence	from	the	Carpathians	
[Lorinczi and	Houseman,	2009]	and	the	Hindu	
Kush	[Kufner et	al.,	2017;	Zhan	and	Kanamori,	
2016]	shows	the	sinking and	stretching of	blobs
of	mantle	lithosphere	(“deblobbing”),	and	
hence	the	removal of	mantle	lithosphere	(but	
not	as	“delamination”	as	Bird	[1978]	defined	it).


