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As the fragments of Gondwana (Africa, Arabia, India and Australia) moved northward, arc-shaped belts with intervening basins
formed in the Alpine–Himalayan mountain chain during and after collision. This was accompanied by subduction (or sinking) of
the ancient Tethyan oceanic plate (or slab) into the underlying mantle. The arc-like shapes could in part be the end result of processes
related to drips forming in the less-viscous mantle layer at the base of the Earth’s rigid outer shell and then falling into the deeper
mantle. Alternatively, the arcs could have formed because slabs constituted of intervening small ocean basins were independently
subducted during convergence, and have now disappeared. The subducting slabs tend to stretch, tear and eventually break off, leaving
behind thin, vertical strips of colder material that can easily be mistaken for mantle drips. Previous work indicates the presence of
such remnant material beneath the Hindu Kush region, close to the collision zone between the Indian and Eurasian continental plates.
Here, we analyse a cluster of intermediate-depth earthquakes beneath this region and suggest the existence of an elongate boudin, a
lens-shaped feature bounded by ductile faults or shear zones. Our data do not support mantle drip and instead offer a snapshot into
the process of break-off, as a thin strip of vertically stretching slab tears free before descending deeper into the underlying mantle.

With the closure or foundering of small ocean basins, the fate of the
subducting lithosphere is a matter of debate: does the slab tear and
roll back, or does the mantle drip? Reconstruction of the tectonic
evolution of the Alpine–Himalayan orogenic belt during closure of
the Tethyan Ocean reveals many instances that suggest the existence
of small ocean basins that have now disappeared1–4. In other words,
equivalents of the Caspian or the Black Sea may once have been
widespread along the margins of Tethys. These basins were formed
as Tethys opened, as the result of heterogeneous stretching of
the continental lithosphere, with or without seafloor spreading5,6.
Later, as Tethys closed, fragments of the dispersing Gondwanan
supercontinent (such as Adria, Anatolia and potentially, India)
began to plough into these basins and through adjacent continental
ribbons. What exactly happened thereafter is not clear, although
each ‘collision’ or accretion event seems to be reflected in the age of
a high-pressure metamorphic episode, and by nappe-stacking7,8.

The disappearance of these small ocean basins during the
closure of Tethys poses a formidable riddle. Nevertheless, this can
readily be explained by foundering of the lithosphere underlying
these basins, which would involve the formation of new subduction
zones within these basins after the impact of the indentor, tearing
of the slab and then the lateral ‘roll-back’ of minor slablets. As
it rolls back, the foundering slablet causes widespread extension
of the overlying crust, with stretching lineations parallel to the
direction of roll-back. This process explains the development of
arcuate orogens adjacent to relatively young basins as observed
throughout the modern Alpine–Himalayan chain today9–11. In
addition, it provides a mechanism that can explain the existence of
isolated slablets such as that beneath Gibraltar12, the Vrancea slablet
beneath the Pannonian Basin13, or the isolated slablet beneath the
Hindu Kush that is the topic of this article (Fig. 1). This hypothesis

is countered by the ‘mantle drippers’14–20, who in the main ignore
or explicitly deny the large horizontal motions implied by the roll-
back hypothesis21–23.

This controversy will be resolved only through a greater depth
of understanding of mantle structures and their evolution. To this
end, therefore, we have directed some effort towards developing a
digital Virtual Earth and to the analysis of the evolving geometry
of subducting lithospheric slabs24. Intermediate-depth earthquakes
are of interest because, in conjunction with tomographic data sets,
the geometry of these earthquakes may allow recognition of tearing
lithospheric slabs. Brittle and/or ductile faulting suggests a rheology
that is incompatible with the ‘mantle drip’ hypothesis, although
once a slab has torn and dropped into the mantle, diminished
deviatoric stress intensities provide little motivation for further
seismic activity. In contrast, mantle drips involve material falling
from the thermal boundary layer at the base of the lithosphere, and
no seismicity is ever expected, because relatively weak material is
involved from the outset.

We have examined places where seismic tomography suggests
the existence of slablets, and determined whether or not the pattern
of seismicity allows inference of mantle tears more or less ‘in
progress’. The Hindu Kush25–29 (Fig. 1) is of interest because 15
events with magnitude ≥7.0 are documented for the past 111 yr,
and the NEIC database30 records 123 events in the magnitude
range 5 ≤ Mw < 7 and 1,673 events in the range Mw < 5,
since 1973. Regional studies suggest a remnant of a once-larger
subducting slab31–33, whereas interpretation of a combination of
tomographic and hypocentric data in three dimensions allows
delineation of the geometry of what seems to be a vertically dipping
twisted slablet, ∼120 km across, which tapers and disappears at
∼500 km depth.
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Figure 1 Structural elements map. Locations of the epicentres for the Hindu Kush
(1) and Pamir (2) zones of intermediate-depth seismicity, with major tectonic
elements: MFT=Main Frontal Thrust of the Himalayan ranges; MMT=Main Mantle
Thrust; MCT=Main Central Thrust; MKT=Main Karakorum Thrust. The Pamir
cluster (2) terminates at ∼120 km depth, although with irregularity along strike. It
outlines a south-dipping structure which may lie entirely within the subcontinental
lithosphere, whereas the Hindu Kush cluster (1) penetrates ∼280 km deep, into
the asthenosphere.

The regional structure is complex, related to the ongoing
collision between India and Asia. The two distinct clusters of
intermediate-depth earthquakes (Fig. 1) can be attributed to the
two converging plates34,35, with the Hindu Kush cluster penetrating
deep into the asthenosphere and marking a thin remnant strip
related to northward subduction, whereas the Pamir cluster can be
attributed to a southward dipping slab that has not penetrated as
deeply, or which has torn off and since disappeared.

FAULT PLANE ORIENTATION AND KINEMATICS

To convincingly argue the existence of a tearing slab, two
circumstances need apply: (1) there should be a spatial alignment
of hypocentres, or centroids and (2) the kinematics of individual
earthquakes should be coincident with these alignments. Here, we
demonstrate spatial alignments by using spherical trigonometry
to map centroid locations onto a north–south cross-section along
longitude 71◦ E, limiting the data plotted to earthquakes that
occurred within ±20 km of the plane of section (Fig. 2). The
kinematics can be constrained using data from the centroid
moment tensor database provided by the Global CMT Project35.
The alignments of inferred slip lines are plotted on the same cross-
section, showing both criteria above can be met.

Orientation groups can be recognized by interactively analysing
concentration maxima on a stereographic projection (Figs 3,4). We
use an open-source computer program (eQuakes36) to read data
in ‘ndk’ format as downloaded from the Global CMT Project.
All earthquakes in the database from 1976–2006 were considered.
Each stereoplot shows fault plane poles and corresponding slip
lines, although which point is a pole and which point is a slip
line cannot be distinguished because of the ambiguity inherent in
CMT data. The centroid moment tensor allows definition of two
possible fault planes for each earthquake, each of which can be
represented on a stereonet by the combination of a slip line and
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Figure 2 Cross-section of the Hindu Kush boudin. A cross-section produced using
the program eQuakes, showing earthquake centroids from the Global CMT Project
database35. The centroids selected lie within 20 km of a vertical section through
longitude 71◦ E. The inferred Hindu Kush slablet is shown shaded. Fault surfaces
and slip-line trends inferred in this study cluster around lines parallel to the dotted
lines shown. Zero on the horizontal axis is located at 37◦ N. There is no
vertical exaggeration.

a fault plane pole (shown on a conventional earthquake beachball
in Fig. 3a). The difficulty is that the pole to one fault plane is
parallel to the slip line of the conjugate solution, and vice versa.
Without further information, it is not possible to determine which
of the two points represents a fault plane pole, and which represents
the slip line. This inherent ambiguity reduces the usefulness of
CMT solutions, particularly when large numbers of earthquakes
are examined.

There was no obvious orientation clustering evident in
earthquakes in the depth range 75–180 km (Fig. 3b), but patterns
emerged at deeper levels. On the basis of interactive analysis, two
depth groups can be delineated: (1) from 180–210 km (Fig. 3c) and
(2) from 210–280 km (Fig. 3d). Of the 82 earthquakes in the depth
range 180–280 km, 33 had a magnitude greater than 5.5, and all
except three exhibited the geometry of thrusts or reverse faults.

The deeper earthquakes show obvious orientation clusters,
here classified by assuming that the almost vertical maximum
comprises slip lines (shown blue in Fig. 4a), with eQuakes used
to identify corresponding fault poles (shown green in Fig. 4a).
A subclassification of the slip lines can be identified (red
solutions in Fig. 4b, with corresponding fault plane poles mauve).
Restricting the analysis to earthquakes with magnitude >5.5
shows that this pattern becomes more precisely defined (Fig. 4c).
Interpreted in this way, the slip lines of earthquake-generating
faults are kinematically coordinated (close to parallel), although
on curvilinear faults that dip steeply southeast through to south
through to southwest. The slip-line directions plunge steeply
southwards, and are scattered about an orientation that plunges
∼80◦–>180◦ (the red and blue points on Fig. 4c).

The orientation groups in the depth range 180–210 km (Fig. 3c)
are less obvious, but classification of the stronger maximum as
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Figure 3 Stereoplots of fault poles and slip lines. a, ‘Beachball’ representation of orientation data from a centroid moment tensor, showing compression (P) and tension
( T ) axes. The slip line and the corresponding fault plane pole lie in either of two (conjugate) locations. The great circle through these axes is the mirror symmetry plane of the
tensor. b–d, Fault plane poles and slip lines of earthquakes from the Global CMT Project database35, plotted on the upper hemisphere of a stereographic projection. Data is in
the depth range 75–180 km (b), 180–210 km (c) and 210–280 km (d). Only centroids with reverse fault geometry are shown. For c and d only three solutions are thereby
excluded, and these are oblique strike–slip in their geometry.

slip lines (shown red in Fig. 4d), and corresponding points as fault
plane poles (shown mauve in Fig. 4d), makes obvious a second
broad maximum. This second maximum is selected using eQuakes,
classified as slip lines, and corresponding points as fault plane
poles. Interpreted in this way, the earthquake-generating faults
fall into two groups: (1) faults with slip lines that plunge steeply
north (the blue points on the upper hemisphere projection in
Fig. 4e) and (2) faults with slip lines that plunge steeply south
(the red points in Fig. 4e). The blue points scatter about thrust
vector ∼−70◦–>∼160◦ and the red points scatter about thrust
vector ∼−80◦–>0◦ (Fig. 5a). The corresponding fault plane poles
(Fig. 4f) allow definition of curvilinear fault surfaces (shown as
strike lines in Fig. 5b).

A FOLIATION BOUDINAGE ANALOGY

The method whereby eQuakes has been used to define orientation
groups removes ambiguity occasioned by the symmetry of the
centroid moment tensor. In the case at hand, the choice is whether
maxima are due to an alignment of fault plane poles, or to an
alignment of slip lines. Brittle faults in a twisting slab might be
expected to obey the Mohr–Coulomb relation, and form at high
angles to the direction of stretching, which in this case is vertical.
For such circumstances, it might be argued that the maxima
represent well-defined fault plane orientations. The fault planes
after all do lie in Mohr–Coulomb failure orientations as appropriate
to vertical stretching with horizontal north–south compression.
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Figure 4 Orientation groups in stereoplots. a, A maximum (blue) is selected within a polygon, for centroids in the range 210–280 km, with corresponding solutions (green).
b, A submaximum (red) with corresponding solutions (mauve). c, These orientation groups more sharply defined by Mw> 5.5 earthquakes. d, A maximum (red) is selected
for centroids in the depth range 180–210 km, with corresponding solutions (mauve). e, Classification of slip lines in two orientation clusters (red and blue). f, Corresponding
fault plane poles in three clusters.

Should this be true, however, it would then be difficult to explain:
(1) the vertical extent of the inferred fault planes and (2) the scatter
of slip-line orientations that is contrary to the degree of alignment
that should be evident if horizontal north–south compression is
taking place. Because these factors are inconsistent, this choice can
be rejected.

The alternative choice is that the maxima recognized are due to
an alignment of slip lines. This interpretation is favoured because,
in the ductile regime, faults are often strongly kinematically
coordinated (subparallel to the direction of relative movement).
Mineral stretching lineations in ductile rocks often cluster about
well-defined maxima, although foliation orientations may vary
considerably. This is a natural consequence of the geometry of finite
strains that involve a high degrees of elongation in one direction.
The trends of slip lines in the classified solutions are plotted
(Fig. 5a), and the strike lines of the inferred fault planes, here shown
projected to the Earth’s surface (assumed to be a smooth sphere,
Fig. 5b). The data from the Hindu Kush are consistent with the
geometry to be expected during foliation boudinage (Fig. 6).

Structural geologists are well familiar with geometries as
illustrated (Figs 5,6), but on much smaller scales and only in
continental schist and gneiss terranes37–40. Foliation boudinage is
typical in cases where an intense (and therefore highly anisotropic)
fabric has been stretched, and failure occurs as the result of
localized ductile shear bands. Because the material is highly
anisotropic (in terms of its rheology), the ductile faults that
define the boundaries of foliation boudins in stretched gneiss
terranes form at relatively low angles (∼30◦) to the dominant
foliation and they exhibit a high degree of kinematic coordination
(directions of relative movement, as inferred from stretching
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Figure 5 Map of Hindu Kush earthquakes. a, Slip-line trends of the classified
solutions in the 180–280 km depth range. b, Spherical trigonometry allows a plot of
corresponding fault strike line traces as they would appear if the fault were
projected to the surface of the Earth. The three orientation clusters are once more
evident, with blue faults dipping towards the northwest, north and northeast, and
red faults dipping predominantly southeast and southwest. The geometry is that
expected during foliation boudinage, with conjugate (north and south) steeply
dipping curvilinear fault surfaces.

lineations, are highly collinear). Foliation boudins form over a
wide range of scales, and are observed under the microscope
(∼1,000 µm), in the outcrop (1 cm–100 m) and inferred on the
kilometre scale in map patterns. Where three-dimensional outcrop
is available, it can be seen that foliation boudins are bounded
by intersecting curvilinear faults, and these faults often have
rhomboidal geometries (Fig. 6). This geometry is particularly
evident on the shores of the Lago di Cignana, Val Tournenche,
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Figure 6 Interpretation of the Hindu Kush boudin. a, Boudin in high-pressure
gneisses from the Lago di Cignana, Val Tournenche, Italy. The bounding shear zones
are evident, with quartz grown in the pull apart between the two boudins. The photo
is rotated to the vertical to highlight the similarity with the geometry of the inferred
Hindu Kush boudin, which is 60,000 times larger and stretching vertically.
b, Interpreted vertical section through the vertically extending Hindu Kush slablet
looking horizontally and towards the west. c, Horizontal section at ∼200 km depth,
looking vertically down from the surface of the Earth.

Italy41, where foliation boudinage took place during exhumation
of ultrahigh-pressure coesite-bearing eclogites. In this area, the
foliations now are gently dipping, and the stretching lineations have
been reoriented accordingly. A combination of glaciation and later
fluvial erosion lead to an unusually good three-dimensional quality
in many exposures, and this area is used as a type area to study the
processes of boudinage.

There is no reason why similar gneissic foliations should not
develop in stretching mantle rocks, nor any reason to suggest
that foliation boudinage should not take place, even on the very
large scale. The slablet beneath the Hindu Kush may define the
Earth’s largest recorded boudin, with a single steeply south-dipping
curvilinear surface accommodating failure, defined by centroids
in the depth range 180–280 km. The geometry of the boudin
in the depth range 180–210 km is that expected during foliation
boudinage, with conjugate faults defining oblate rhomboidal
geometries. The conjugate faults are defined by steeply dipping
curvilinear surfaces (Figs 5,6).

Should our interpretation as to the origin of intermediate-
depth seismicity in the Hindu Kush be correct, a logical implication
is that slab boudinage would be expected elsewhere. However, a
systematic examination of stereographic projections of CMT data
from other terranes has provided no concrete further examples,
although the few data from the Vrancea terrane fit this model.
The geometry of intermediate-depth seismicity in a number of
locations is consistent with reactivation of pre-existing faults or

weak zones42,43 even though intermediate-depth earthquakes (for
example, in the Tonga–Kermadec slab, or in the Pacific slab beneath
Japan) define double seismic zones44 with a characteristic alignment
of hypocentres converging with depth. The alignments inferred
in cross-section do not correspond with the alignments that can
be inferred on the stereographic projections of CMT data, and
therefore these spatial alignments of centroids or hypocentres
do not define the operative ‘fault’ planes. The CMT data seem
consistent with more gently dipping planes of failure, as can be
directly determined in some cases using ‘directivity’ studies45. It
is interesting that this should be so, because otherwise spatial
alignment of centroids or hypocentres might well be accepted
as sufficient for the definition of the geometry of a seismogenic
fault. However, both conditions need to be fulfilled, namely: (1) a
spatial alignment of hypocentres or centroids and (2) kinematic
coordination, as seems to be the case beneath the Hindu Kush.

We conclude that the Hindu Kush slablet records a geometry
observed many times by structural geologists working on smaller
scales in stretched gneiss terranes, but here 2–5 orders of magnitude
larger in scale. There can be little argument that this is a remnant
thin strip of subducted lithosphere in the process of being torn
free. Interestingly, surface relief in the region must be affected
by periodic failure as boudinage progresses and the release of
vertical stress that must accompany such seismic events provides
an example of dynamic loading in reverse46. The periodic nature
of energy release associated with these earthquakes suggests they
release elastic energy accumulated during periods of solid-state
creep25,47–50 as the boudinaging slablet slowly tears free from the
overlying lithosphere. But our study is limited in that CMT data
provide only indirect evidence as to the geometry of the ‘foliation
boudin’, and in our time we obtain merely a transitory glimpse as
to how parts of subducting slabs may break off, before they drop
into the deeper mantle. Years from now, when active seismicity has
ceased, and only the thermal anomaly remains, will this be seen as
an example of a mantle drip?
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