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Figure 6. Model results at 15 Myr (a). Left-hand panel: horizontal surface velocity field (black arrows) overlain on model topography. Right-hand panel:
Principal axes of horizontal strain rate. Red and blue lines are principal axes of compressive and extensional strain rate, scaled according to magnitude. (b)
Cross-sections through model topography at x = 20 (across-strike, zero horizontal velocity at the base), x = 250 (across-strike, zero shear stress on the base)
and y = 200 (along-strike). Initial topography shown in red, model topography at 15 Myr in brown. (c) Evolution of range front topography. Cross-sections
through model topography at x = 250 after 2.5, 5, 10, 15 (brown) and 20 Myr. Initial topography in red.

In our model we do not attempt to include any complex geometric
information about the size and shape of the postulated pre-existing
sedimentary basin in the foreland. Given that the basin appears to
be the main factor controlling the relative advancement of this fold-
thrust belt in western Pakistan, it follows that the shape and lateral
extent of this basin will control the direction in which the Sulaiman

Range has propagated. We suspect that this effect governs second-
order features of the Sulaiman Range, such as the asymmetry of
the lobe, although there is insufficient data to justify adding this
additional complexity to our models.

It is important to consider the effects of pre-existing basement
topography on the behaviour of the Sulaiman Range. Fig. 1 shows
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Figure 7. Summary cartoon of the development of the Sulaiman Range.

the spatial extent of basement highs known to exist outboard of
the range; it should be noted their geometry is not well known.
The Khairpur–Jacobabad high trends NNW–SSE, subparallel to the
Sulaiman Range, though it is not known to extend underneath the
thick sedimentary sequence within the mountains. Such basement
features could lead to the development of lobate range fronts to
mountain ranges propagating over thick sediments between base-
ment highs. However, there are two lines of reasoning which sug-
gest the influence of basement topography plays a minor role in
the development of the Sulaiman Range when compared with the
lateral variability of the lower boundary condition described above.
Firstly, although basement topography could result in the presence
of a lobate range front, without the presence of a laterally variable
lower boundary the dramatic along-strike variations in surface slope
would not be produced. Secondly, the ranges to either side of base-
ment highs would be expected to propagate a similar distance in
the absence of other factors. The anomalous extent of the Sulaiman
Range compared with the other fold belts to the north and south
suggests that other factors control the deformation, such as the lat-
erally variable lower boundary condition that we model. Appendix C
shows the results of a model which includes basement topography,
but not lateral variability in the lower boundary condition, which
illustrates these points (Supplementary material).

The Jacobabad High is a low, broad and relatively small feature
of the basement relief, with a wavelength of ∼100 km, a maximum
amplitude of 1.3 km, limited surface expression (in the form of
outcrops of Eocene rocks) and with up to 3 km sediments deposited
on top (Hunting Survey Corporation Ltd 1960; Auden 1974; Raza
et al. 1989, Fig. 1). It is positioned to the southwest of the Sulaiman
Range, beyond the range front, rather than right in the apex of the
Sibi syntaxis (as would be expected if it acted as a promontory
impeding or diverting the advance of the fold-thrust belt). However,
this basement high played an important role in forming discrete
sedimentary basins in western Pakistan, in particular separating
the depocentres for Jurassic–Tertiary sediments now uplifted in
the Kirthar Ranges in the west and the Sulaiman Range in the
east (Auden 1974; Smewing et al. 2002). Indeed, this may have
been crucial in limiting the spatial extent of particular stratigraphic
horizons, such as the weak shales or muds we propose control the
advancement of the Sulaiman Range relative to the Kirthar Ranges.

We therefore think that basement topography has only played an
indirect role in governing the deformation, by limiting the area of
deposition of the pre-existing basin on the Indian plate, and therefore
giving rise to the lateral variation in geology and rheology that we
model (Fig. 7).

In our dynamic model we allow material from an unseen reservoir
to be drawn passively into the model domain, behind the advancing
range front. This is equivalent to there being a reservoir of crust that
can be drawn into the Sulaiman Range, i.e. the highlands of northeast
Afghanistan (Fig. 2b). The curved fold axes that extend as far NW
as the Katawaz basin (at ∼68◦E 32◦N; Fig. 2) suggest that this
motion is occurring, and that the structural fabric is being deformed
by motion of crustal material into the Sulaiman Ranges from the
NW. It is also possible that the ∼30–40◦ bend in the Chaman Fault
adjacent to the Sulaiman Range is related to this passive transport
behind the propagating range. Such a style of boundary condition
has previously been implemented in models of a variety of mountain
ranges (e.g. Copley 2012), and implies that the material being drawn
into the range has a similar effective viscosity as the propagating
range, or is weaker.

Palaeomagnetic studies lend support to the dynamic model pro-
posed in this paper. Klootwijk & Radhakrishnamurty (1981) find
that uplifted Jurassic limestones in the central Sulaiman Range
have rotated 50◦ clockwise relative to Indian basement since at
least the middle Eocene, but possibly as late as the Plio-Pleistocene
(Lawrence et al. 1981; Klootwijk 1984, Fig. 1b). This rotation is
not observed in Kirthar Range to the southwest, nor at the young
range front in the far eastern Fort Munro region. Rotations about
vertical axes would be expected in the range interior in the model
results shown in Fig. 6, with the same sense of rotation as observed
by Klootwijk & Radhakrishnamurty (1981).

There are very few absolute dates available for the lithological
units of the Sulaiman Range, and hence uncertainty on the age of
the fold-thrust belt itself. This is compounded by the oblique nature
of the collision and a limited understanding of the pre-collisional
boundary configuration (Treloar & Izatt 1993; Qayyum et al. 1996).
The dearth of surface velocity data, lack of knowledge of the stratig-
raphy at depth, and uncertainty about the age of the Sulaiman Range
mean that we are unable to constrain its viscosity using our model.
It should be noted, however, that the value of the viscosity does not
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affect the behaviour or topographic evolution of the range, only the
rate at which the range evolves. Biostratigraphic constraints from
northern Pakistan (Beck et al. 1995), the timing of emplacement of
ophiolites within the Sulaiman Range (Alleman 1979; Gnos et al.
1997) and Indian Plate motion reconstructions (e.g. Copley et al.
2010) put an upper bound of ∼55 Ma for the initial collision of
India with Asia in the region of the Sulaiman Range. Age con-
straints from faunal assemblages in the Katawaz Basin sediments of
the northwestern Sulaiman Range, together with structural obser-
vations from field mapping, suggest that the Sulaiman Range was
uplifted in the early Miocene, and that the major period of defor-
mation began before the Pliocene (Hunting Survey Corporation Ltd
1960; Humayon et al. 1991; Qayyum et al. 1997; Kassi et al. 2009;
Kasi et al. 2012). If we take ∼10–55 Ma as the range of possible
ages of the Sulaiman Range, then the average viscosity required to
reproduce the observed topography is 1019–1020 Pa s.

As discussed above, our model horizontal strain-rate field is con-
sistent with the general spatial distribution of thrust and strike-slip
earthquakes observed in the Sulaiman Range, and includes a zone of
low strain rate in the interior of the model range comparable with the
aseismic zone in the Sulaiman Range. However, our model shows
strong compressive strain right at the front of the lobe, whereas
significant thrust faulting earthquakes are absent from the immedi-
ate range front of the nose of the Sulaiman Range, and are instead
set back from the range front. As the most recently uplifted part
of the range, containing the youngest material, this is no surprise.
Geological maps show that the nose of the Sulaiman Range and the
area immediately ahead in the foreland are covered by recent mo-
lasse (Hunting Survey Corporation Ltd 1960), shed from the range
front. The cover sequence of the Indian Shield is also comprised
of a significant proportion of Indus floodplain gravels and clastic
material shed from the Himalaya to the north (Qayyum et al. 2001).
It is likely that much of the material in this area is not consolidated
enough to be able to fail in earthquakes, hence the lack of seismicity.
However, thickening and consolidation probably permits the seis-
mic activity observed in a band across the nose, set back from the
range front (Fig. 3). Further thickening and heating would result in
the dominance of ductile deformation, as implied by the aseismic
material to the north of the band of earthquakes.

For simplicity we used a constant-viscosity Newtonian fluid to
model the Sulaiman Range. Using results from previous studies we
can examine how our model results would change if more complex
rheologies were used. The inclusion of non-Newtonian behaviour
[used to model dislocation creep (e.g. Hirth & Kohlstedt 2003), and
deformation on faults if the stress exponent is sufficiently large (e.g.
Sonder & England 1986)] would change the details of the model
results, but not the large-scale features we interpret. Non-Newtonian
behaviour would focus the deformation into narrower zones, but the
difference in topographic slope and deformation style between the
areas with differing lower boundary conditions would be maintained
(Gratton et al. 1999; Copley & McKenzie 2007). As discussed by
Copley & McKenzie (2007), in the region with a stress-free base, the
motions are governed by the layer in the overlying material which
has the highest effective viscosity. For the case of a rigid base, the
motions are governed by the viscosity structure within the entire
thickness of the overlying material. Changes in the details of the
viscosity structure can therefore make changes in the relative rates
of propagation for a given rheological structure, but the features
of the model we interpret here (the lateral variations in surface
slope, and the location and orientation of the active deformation)
are dominantly controlled by the lateral variation in lower boundary
condition that we model.

The effects we discuss in the Sulaiman Range may be important
elsewhere along the fold-thrust ranges of the Alpine-Himalayan belt.
In the frontal portion of the Zagros Mountains of Iran, known as
the Simply Folded Belt, much of the medium-magnitude seismicity
occurs in the lower sedimentary cover and the thrust strikes follow
the orientation of the range front (Nissen et al. 2011b). However, the
GPS-derived convergence rate is only accounted for in part by the
total seismic moment release across the range (Jackson & McKenzie
1988; Masson et al. 2005), therefore it is thought that aseismic
processes are important in this fold-thrust belt (Nissen et al. 2011b).
The deformation in the SFB is strongly influenced by the presence
of Hormuz salt at the base of the cover sequence and evaporitic
detachment horizons throughout (McQuarrie 2004; Sherkati et al.
2005). While the Sulaiman Range forms a wide lobe, the map-view
geometry of the Zagros mountain front is much more linear. This
is thought to be due to its large along-strike length resulting in
curvature requiring a long time to develop (Copley 2012). Despite
that, the range front does exhibit some second order sinuosity, with
lobes and embayments on a scale of ∼200 km. These are thought
to be due to the respective presence or absence of a basal salt layer
(McQuarrie 2004; Nissen et al. 2011b), similar to the relatively
weak Mesozoic sediments under the Sulaiman Range, and may
have a similar effect in reducing the shear stress transmitted to the
base of the deforming cover sequence by the rigid plate underneath.

7 C O N C LU S I O N S

(1) We present teleseismic body waveform inversion results for
10 moderate-sized earthquakes in the Sulaiman Range, showing
that this is an active fold-thrust belt characterized by shallow thrust
faulting close to the range front, strike-slip faulting towards the
margins, and an aseismic interior. The seismicity appears to be
restricted to the sedimentary sequence and does not involve the
underthrusting Indian Shield.

(2) The fanning of thrust slip vectors around (and at an oblique
angle to) the highly curved range front indicates that gravitational
driving forces play a role in controlling the deformation. The prop-
agation of this lobe, and the resulting topography, is likely to be
controlled by the presence of low viscosity units in the pre-existing
foreland cover sequence.

(3) Numerical modelling of the Sulaiman Range as a viscous flow
propagating over a laterally variable base reproduces the first-order
topography and geometry and generates a model surface velocity
field and horizontal strain rate field compatible with the observed
seismicity.
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Masson, F., Chéry, J., Hatzfeld, D., Martinod, J., Vernant, P., Tavakoli, F.
& Ghafory-Ashtiani, M., 2005. Seismic versus aseismic deformation in
Iran inferred from earthquakes and geodetic data, Geophys. J. Int., 160,
217–226.

McCaffrey, R., Zwick, P. & Abers, G., 1991. SYN4 Program, IASPEI Soft-
ware Library, 3, 81–166.

McKenzie, D., Nimmo, F., Jackson, J.A., Gans, P.B. & Miller, E.L., 2000.
Characteristics and consequences of flow in the lower crust, J. geophys.
Res., 105(B5), 11 029–11 046.

McQuarrie, N., 2004. Crustal scale geometry of the Zagros fold–thrust belt,
Iran, J. Struct. Geol., 26(3), 519–535.

Molnar, P. & Lyon-Caen, H., 1989. Fault plane solutions of earthquakes and
active tectonics of the Tibetan Plateau and its margins, Geophys. J. Int.,
99, 123–153.

MonaLisa & Jan, M. Q., 2010. Geoseismological study of the Ziarat
(Balochistan) earthquake (doublet?) of 28 October 2008, Curr. Sci., 98(1),
50–57.
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A P P E N D I X A : WAV E F O R M I N V E R S I O N
R E S U LT S

The minimum misfit solutions for waveform modelling of 10 events
in the Sulaiman Range are presented in Figs A1–A10. Each figure is
split into two panels; the upper showing all seismograms inverted for
P waveforms, the lower those for SH waveforms. The title gives the
date (yyyy-mm-dd) and moment magnitude of the event; the subti-
tle gives the focal mechanism parameters (strike/dip/rake/centroid
depth/scalar moment) obtained via the inversion. Seismograms are
labelled with the station name (e.g. NRIL) and alphabetic tag (e.g.
A), assigned (in alphabetical order) according to azimuth, clock-
wise from north. Seismograms are plotted around the appropriate
lower hemisphere projections of the focal sphere (P or SH) at their
approximate station azimuth and the tag is plotted on the lower
hemisphere projection at the point of intersection of the ray path.
Observed seismograms are plotted with a solid line, synthetics with
a dashed line, and the ticks mark the window of data used in the
inversion. Black and white circles show the P- and T-axes, respec-
tively. The amplitude scale (micrometres) is given to the bottom left
of the focal sphere (N.B. for visual clarity, this may differ for P and
SH waveforms). The source–time function (STF) is plotted under
the P hemisphere, the seismogram timescale below.

Grey, starred station names indicate that the data was not used
in the final inversion but are provided for comparison. For nodal
planar stations, or stations with excessive noise, the direct arrivals
are expected to have a very low amplitude compared to the back-
ground station noise, so it is not always possible to pick a direct
arrival time for realigning the synthetic seismograms; often only
the depth phases show clear arrivals in the broad-band data. In
this case the seismograms are not included in the final inversion
but are displayed to show the fit of the synthetics to the depth
phases. The horizontal component data for stations TRI and MDT
appears to be reversed in polarity compared with nearby stations
for all the events we modelled. The seismograms from these sta-
tions have been flipped for display, but not included in the final
inversion.
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Figure A1. Minimum misfit solution for the earthquake of 31st May 1995.
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Figure A2. Minimum misfit solution for the earthquake of 4th March 1997.
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Figure A3. Minimum misfit solution for the earthquake of 20th March 1997.
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Figure A4. Minimum misfit solution for the earthquake of 24th August 1997.
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Figure A5. Minimum misfit solution for the earthquake of 7th September 1997.
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Figure A6. Minimum misfit solution for the earthquake of 26th June 1999.
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Figure A7. Minimum misfit solution for the earthquake of 12th July 1999.
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Figure A8. Minimum misfit solution for the earthquake of 28th October 2008.

 at U
niversity of C

am
bridge on M

arch 10, 2015
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


708 K. Reynolds, A. Copley and E. Hussain

Figure A9. Minimum misfit solution for the earthquake of 29th October 2008.
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Figure A10. Minimum misfit solution for the earthquake of 9th December 2008.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this article:

Appendix B. Earthquake parameters.

Appendix C. Additional model results. (http://gji.oxfordjournals.
org/lookup/suppl/doi:10.1093/gji/ggv005/-/DC1).

Please note: Oxford University Pres is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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