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The Chaman fault in Western Pakistan marks the western collision boundary between the Indian and Eurasian
plates and connects the Makran subduction zone to the Himalayan convergence zone. Geomorphic-scale slip-
rates along an active strand of the Chaman fault are added to the sporadic data set of this poorly investigated
transform system. Field investigations coupled with high-resolution GeoEye-1 satellite data of an alluvial fan sur-
face (Bostankaul alluvial fan) show ~1150 m left-lateral offset by the fault since the formation of the alluvial fan
surface. A weighted mean '°Be exposure age of 34.8 + 3 kyr for the Bostankaul alluvial surface yields a slip-rate
of 33.3 4 3.0 mm/yr. This rate agrees with the geologically defined slip-rates along the Chaman fault, but is ap-
proximately twice as large as that inferred from the decade-long global positioning system measurements of
18 + 1 mm/yr. The contrast in geomorphic and geodetic slip-rates along the Chaman fault, like other major
intra-continental strike-slip faults, has two major implications: 1) the geodetic rates might represent a period
of reduced displacement as compared to the averaged Late Pleistocene rate because of transient variations in
rates of elastic strain accumulation; or 2) strain partitioning within the plate boundary zone. While strain
partitioning could be the reason of slip-rate variations within the western Indian plate boundary zone, transient
strain accumulation could explain contrasting slip-rates along the Chaman fault at this stage in its poorly under-
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stood seismic cycle.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Models of the dynamics of large-scale intracontinental deformation
are influenced by two end-member views: 1) highly localized deforma-
tion in which the lithosphere is deforming as a rigid plate (Avouac and
Tapponnier, 1993; Meade, 2007; Peltzer and Saucier, 1996; Peltzer and
Tapponnier, 1988; Tapponnier et al., 2001; Thatcher, 2007); and 2) re-
gionally distributed, continuous deformation within the lithosphere
which deforms in a fluid-like-fashion (Bendick et al., 2000; England
and Houseman, 1986; Molnar and Tapponnier, 1975; Zhang et al.,
2007). The Himalayan-Tibetan orogeny provides the opportunity to
test these two hypotheses with advances in both GPS/InSAR techniques
and in dating techniques to date Late Quaternary landforms and sedi-
ments, including, terrestrial cosmogenic nuclides (TCN) and 'C
methods. The plate bounding crustal scale strike-slip faults within the
orogen are central to such studies. Rigid-plate localized deformation
supports high long-term (10°-10° years) geomorphic slip rates
(Chevalier et al., 2005; Mériaux et al., 2004, 2005; Tapponnier et al.,
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2001; Van der Woerd et al., 1998, 2000), while diffused deformation is
supported by relatively low short-term (10°-10" years) geodetic slip
rates along these major strike-slip faults (Bendick et al., 2000; Chen
et al, 2000; England and Molnar, 2005; Phillips et al, 2004; Shen
etal, 2001).

Defining the temporal and spatial distribution of strain along plate
boundaries is challenging, but is essential for developing and testing
tectonic models. This is particularly true for the Himalayan-Tibetan
orogen, which is one of the most logistically and politically difficult re-
gions to study, yet ideal for examining the nature and dynamics of con-
tinent-continent collision. In brief, the Himalayan-Tibetan orogen
formed from the collision of the Indian and Eurasian continental litho-
spheres (Yin and Harrison, 2000). Underthrusting of the Indian plate be-
neath the Himalaya accommodates around half (Thatcher, 2007) of its
36-45 mm/yr northward movement (Klootwijk et al., 1998; Molnar
and Stock, 2009), but much of the remaining movement is adjusted
within the Tibet plateau, either localized along the crustal scale strike—
slip faults (Tapponnier et al., 2001) or distributed within the blocks
bounded by these strike-slip faults (England and Molnar, 2005;
Zubovich et al., 2010). While many studies (Bendick et al., 2000;
Chevalier et al., 2005; He and Chéry, 2008; Wright et al., 2004) have fo-
cused on understanding the deformation along these mega-structures
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Fig. 1. (a) Tectonic framework of the northwestern Indian Plate margin and Eurasia. Major active strike-slip faults, thrusts and suture zones (modified after Mohadjer et al., 2010; Taylor
and Yin, 2009) are displayed on SRTM elevation data. Blue arrows show GPS velocities with respect to fixed Eurasian plate/Afghan block (Mohadjer et al., 2010). The blue box is the position
of Synthetic Aperture Radar (SAR) data used in InSAR studies (Furuya and Satyabala, 2008). Notice the azimuth of the Indian plate motion (N12°E) against the average N34°E azimuth of
the strike of the CF is responsible for the strain partitioning in the Suliman-Kirthar Fold-thrust Belt (SK). The yellow rectangle shows position of part B. GF: Gardiz Fault; HF: Herat Fault;
KoF: Konar Fault; MBT: Main Boundary Thrust; MF: Mokur Fault; MPT: Main Pamir Thrust; ONF: Ornach-Nal Fault; PS: Panjao shear. The inset map shows location of (a) within the
Himalayan-Tibetan orogen. (b) Central section of the Chaman fault (CF) in western Pakistan shown on an Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
image (bands 1-3-2 displayed as RGB). The gentle bend in strike of the CF just north of the present study area helps create the Spinatizha thrust fault and the transpression uplifting
the Spinatizha Crystalline Complex (SCC), and a part of the alluvial fan complex of the Chaman basin (Center of the map). Yellow box shows the location of the Bostankaul alluvial fan

and Roghani Ridge in Fig. 2.

in the Himalaya and Tibet, little focus has been given to the western
Indian plate boundary, which is largely defined by the Chaman trans-
form fault system (Fig. 1a). It has been thought that the Chaman fault
zone does not play any significant role in accommodating shortening
between the Indian and Eurasian plates so it has been largely ignored,
and adding to this is the civil unrest in this region, which hinders access
to critical sites.

The geomorphic expression of the Chaman fault system is evident
throughout its entire length of ~860 km along the border regions of
Pakistan and Afghanistan. The shear zone is most apparent at the con-
tact between the Quaternary alluvial deposits to the west and the
meta-sediments of the Late Eocene to Oligocene Katawaz Basin
(Carter et al., 2010) to the east of the fault (Ruleman et al., 2007;
Fig. 1). The fault also brings slivers of the Late Jurassic to Cretaceous
arc rocks west of the fault zone in contact with the meta-sediments in
some places (Lawrence et al., 1981). The shear zone varies in width
with linear zones of <1 km wide to about 20 km wide zones of multiple
strands with conjugate Riedel shears and thrust fault systems
(Lawrence and Yeats, 1979; Wheeler et al.,, 2005). The strike of the
fault ranges from N10°E to N35°E (Lawrence et al., 1992) resulting in

several double bends responsible for the popup zones that are present
throughout its length. Several incipient transpressional structures of
varying sizes have been reported throughout the length of the fault sys-
tem (Ruleman et al,, 2007; Ul-Hadi et al., 2012). The difference in azi-
muth of the Indian plate movement and strike of the Chaman fault
system essentially requires some convergence (Molnar and Dayem,
2010), which is accounted for by these features, and is a phenomenon
that shapes the geomorphic expression of a strike-slip fault system
(Frankel and Owen, 2013).

Recent GPS and InSAR studies on the Chaman fault yield slip rates of
18 £+ 1 mmy/yr (Mohadjer et al,, 2010) and a post-seismic slip-rate of
~8 mm/yr (Furuya and Satyabala, 2008; Fig. 1a; Table 1). Lawrence
et al. (1992) obtained a larger slip-rate over a geologically longer
(>10° years) timescale. They defined a displacement of 460 + 10 km,
which was based on: 1) the presence of a major thrust fault that is lat-
erally displaced for ~250 km on both sides of the Chaman fault; 2) the
correlation of subduction complexes present on both sides of the fault;
3) the depression of the Kharan desert south of the Ras Koh that is
equivalent/correlated to that of the Ab-e-Istada depression south of
the Gardez fault, and (4) the sediment of the eastern Makran Ranges
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Table 1
A compilation of previously reported offsets and slip-rates along the Chaman fault.
Slip-rate (mm/yr) Location Methods/features used Reference
08.0 31.96°N, 67.55°E InSAR (a Mw 5.0 earthquake, Oct. 21, 2005) Furuya and Satyabala (2008)
18+1 Northern segment where Chaman fault GPS observations over a seven years' time period Mohadjer et al. (2010)
bifurcates in to two strands
19-24 Central segment of the fault from 29° N to Matching four features displaced along the fault Lawrence et al. (1992)
35° N near Chaman
25-35 Northern segment of the fault in Afghanistan ~80 km displacement in a 2 Ma old volcanic unit Beun et al. (1979)

and extrapolating the rate to the Chaman fault

that is equivalent/correlated to the sediment of the Katawaz Basin.
These offsets/correlations imply an average slip rate of 19-24 mm/yr
since the inception of the strike-slip motion on the Chaman fault at
25-20 Ma (Lawrence et al,, 1992). Beun et al. (1979) extrapolated an
~60-80 km offset along a north-south fault of a volcanic unit dated at
~2 Ma to the Chaman fault and estimated a slip-rate of 25-35 mm/yr.
We present here the first '°Be TCN surface exposure ages on a displaced
alluvial fan—the Bostankaul alluvial fan (Fig. 1b)—along the Chaman
fault to provide geomorphic rates of displacement and further insight
on the evolution and recent strain accumulation along the western
Indian plate boundary zone. We examine the differences between
short-term geodetic slip rates and those based on longer timescale geo-
morphic and geologic observations to provide insights into the tectonic
evolution of the Chaman fault and to aid in future seismic hazard assess-
ment in the region.

2. Fault displacement and TCN ages
2.1. Tectonic setting of the site

The Bostankaul alluvial fan is located within the Chaman Basin near
the village of Bostankaul (30.75°N/66.48°E at ~2000 m above sea
level) and is morphostratigraphically among the oldest preserved alluvi-
al fans displaced by the Chaman fault (Ul-Hadi et al., 2012; Fig. 2 and
Supplementary Fig. 1). The Chaman Basin is a ~80 x 20 km arc-shaped
asymmetrical alluvial basin fed by a moderate to highly-incised, discon-
tinuous ephemeral stream network. The basin formed in response to the
transpressional uplift of the block comprising the Roghani Ridge, the
Spintizha Crystalline Complex and a part of the Khojak Pass Mountains
to the east of the Chaman fault. This basin is the depositional site for sed-
iments derived from the Khojak Pass Mountains, Roghani Ridge and
Spintizha Crystalline Complex (Fig. 1b). The Khojak Pass Mountains
comprise a part of the Tertiary Katawaz Basin, a remnant of the Neo-
Tethys ocean basin, which existed prior to the collision of the Indian
plate with the Afghan block and was mainly filled with Tertiary deltaic
to submarine fan sediment and late-stage molasse (Carter et al., 2010;
Qayyum et al., 1996). The Helmand desert flanks the western side of
the Chaman Basin, while two unnamed basins define the northern and
southern ends of the Chaman Basin. The southern half of the Chaman
basin is delimited by a complex transpressional structure along the east-
ern boundary of the basin, which comprises the Chaman strike-slip and
the second order Spinatizha thrust faults (Ul-Hadi et al,, 2012; Fig. 1b). A
pop-up zone is present within the transpressional structure and is com-
posed of the Spinatizha Crystalline Complex (SCC), a sliver from a pre- to
syn-collision Cretaceous Chaghai-Kandahar arc system that was present
on the southeastern boundary of Eurasia (Lawrence et al.,, 1981, 1992),
and an alluvial fan surface uplifted along the Spinatizha fault (Ul-Hadi
et al, 2012).

2.2. Offset

Displacement along a strand of the Chaman fault in the study area
was measured based on three geomorphic observations to help mini-
mize the uncertainty associated with its determination (e.g. Chevalier
et al., 2005; Cowgill et al., 2009; Frankel and Owen, 2013; Owen et al.,

2011). The landforms that helped in deciphering the total displacement
are: (1) displaced alluvial fan sediment; (2) offset and deflected
streams; and (3) presence of wind and water gaps reflecting left-
lateral displacement. A concise account of these features is given below.

2.2.1. Bostankaul alluvial fan site

The displaced Bostankaul alluvial fan was mapped in the field and
by using GeoEye-1 imagery. At this site the Bostankaul alluvial fan
(surface/sediments mapped as Qf1) overlies the rocks of the Khojak
Pass Mountains to the east and is terminated to the west by a faulted
contact with a ridge called the Roghani ridge (the northern most ex-
treme of the SCC; Figs. 1b and 2). The geomorphology of the Roghani
ridge is described in more detail in Ul-Hadi et al. (2012). In the south,
the Bostankaul alluvial fan has an erosional contact with a younger gen-
eration of alluvial fans (mapped as Qf3), while in the north, the main
part of the Bostankaul alluvial fan coalesces with another displaced allu-
vial fan of approximately the same age to form a bajada. On the west
side of the Chaman fault, where the Bostankaul alluvial fan borders
the rocks of the Roghani Ridge, the Chaman fault traverses the main
body of the alluvial fan and displaces it left-laterally. The southward-
displaced part of the alluvial fan stands high up to ~15-30 m above
the present depositional surface making the only east-facing fault
scarp that is present within the study area (Fig. 2c). On average this
part of the alluvial fan lies almost at the same topographic level
(~1850 m above sea level) as the northward-displaced portion of the
Bostankaul alluvial fan that lies east of the Chaman fault (Fig. 3). The al-
luvial surface has an average gradient of ~8 m/km from east to west and
records stream avulsion and incision as up to ~40 m deep (Fig. 3a). On
the southern periphery of the Bostankaul village there is a sharp slope
discontinuity of about 30-35 m (Figs. 3a and 4b), while northern limit
of the Bostankaul alluvial fan is not clearly defined because of the two
coalescing alluvial fans that form a bajada (Fig. 2). This discontinuity
in slope at the southern extreme of the alluvial fan surface marks the
southern boundary of the Bostankaul alluvial fan and we use this
discontinuity as a piercing point. Although this line of reference may
have been reworked by erosional processes due to the presence of an
active ephemeral stream, the alluvial sediment present on both sides
of this line is distinctive from each other (Fig. 4a). This southern erosion-
al termination of the Bostankaul alluvial fan east of the fault line is
marked by a small patch of alluvial fan that is left over either from the
main alluvial fan body or an eroded away younger alluvial fan surface.

The sediment of the Bostankaul alluvial fan (Qf1) is marked by soil
development and lithification to a level, which is lacking in sediment
piles (Qf3) present south of the Bostankaul alluvial fan (Qf1) (Fig. 4).
Non-cohesive to granular soil is developed in the Qf1 surface to a
depth of ~1 m (Ul-Hadi et al,, 2012). Rock fragments of gravel and
sand sizes make the bulk of this soil horizon. In highly leached zones
these soils are more cohesive. Most of the human settlements (villages
and fields) are inhabited on these surfaces where water is available
(Figs. 2 and 4). Fanglomerates are not exposed commonly within the
Qf1 surface, but can be seen mostly along the stream banks or in thrust
blocks west of the Chaman fault. Qf3 surfaces are more uniform and un-
consolidated having little stream incision, and mostly undeformed
(Figs. 2c and 4c). The southward displaced part of the Bostankaul alluvi-
al fan is an outlier comprising sediment correlating to the main alluvial



392 S. Ul-Hadi et al. / Tectonophysics 608 (2013) 389-400

#8 | Khujak Pass Range
= | M Spinatizha Cryst.

—;\‘— Chaman Fault
A_A Spinatizha Fault
(+) Sample Location
[Qf3[Qf2 mmaft
Bl Fault Gouge

Complex

i -

e

LS

Fig. 2. Geology and geomorphology around the Roghani ridge and Bostankaul alluvial fan. (a) GeoEye-1 satellite image (Red-Green-Blue) of the Bostankaul alluvial fan and Roghani ridge.
The stream (narrow whitish feature cutting in center across the ridge) that contributed to the alluvial fan surface is represented by east-west directed paleo-channel also cutting across the
ridge although at a higher altitude (dark grayish linear feature south of the main stream). Yellow box shows location of the Fig. 4c. The red lines A and B are the transect lines for the profiles
shown in Figs. 3a and 6b, respectively. The bullet-tailed arrows with numbered letter P show capture location and look direction of the field photographs shown in Figs. 2c and 4a-d.
(b) Alluvial fan surfaces Qf1 to Qf3 and bedrock superimposed on a GeoEye-1 image with the locations of dated samples. The ridge is dissected by four water gaps (white numbers 1
to 4) and two wind gaps (black numbers 1 to 2) corresponding to the northern (1) and central (2) water gaps. The positions of these wind and water gaps record left-lateral movement
along the Chaman fault at different time scales. Black lines AA’ to FF’ are the profile lines in Fig. 5b. (c) Field photograph showing a part of the Bostankaul alluvial fan (Qf1), a younger
alluvial fan (Qf3) just south of the BF, and Roghani ridge, as been relocated by a strand of the Chaman fault. West-southwest looking view of a part of BF that lies to the west of the Chaman
fault and which is displaced towards south from the main BF body in the north. This part of the fan is making an east facing fault scarp with a maximum vertical height of ~40 m where
sample # BK-1 was collected from a meter-sized sandstone boulder. Notice the smooth comparatively less incised surface of the Qf-3. An ephemeral stream to the north of the Qf-3 surface

separates it from the Qf-1 surface.

fan sediment based on its top soil horizon, relatively good lithification,
and deep erosion (Figs. 2c and 4). There are about four small mounds
lined along a straight north-south line marking an east facing fault
scarp (Figs. 2 and 4). The southernmost sediment pile is the last pre-
served patch of the Bostankaul alluvial fan; we use this as the second
piercing point to measure the total displacement along the Chaman
fault (Fig. 5).

2.2.2. Stream deflections
Stream abandonment and deflection are common along most of the
length of the Chaman fault and is more evident at the contact of the

alluvial deposits and the bedrock (Lawrence et al., 1992; Ul-Hadi et al.,
2012). Drainage patterns along active strike-slip faults are a time-
dependent complex phenomenon and can lead to over estimation of
the fault movement (Frankel and Owen, 2013). We used beheaded and
deflected streams to calculate the left-lateral displacement along the
Chaman fault in the study area. Transverse stream networks (s1 to s3)
progressively cut across the shutter ridge that has developed at the
downstream side of the fault (Fig. 5a). Initially the shutter ridge captured
the stream (t1) resulting in deflection (t2) and ultimate abandonment
(t2 through t4). The abandoned downstream part of the channel (s1)
was reoccupied by another stream (s2), which was captured by the
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Fig. 3. (a) Surface expression of the northward-displaced part of the Bostankaul alluvial fan (Qf1) and its association with Qf3 which lies almost ~40 m below the average Qf1 surface at
~1900 m above sea level. Bostankaul village which is located on a part of the Qf1 surface is separated from the main fan body by a major stream dissecting the alluvial surface. Notice the
narrow V-shaped stream in the center of the profile depicting fast incision and uplift. For location of the profile lines see Fig. 3a. (b) Surface expression and geometry of the fault scarp along
the southward displaced part of the Bostankaul alluvial fan west of the Chaman fault. Longitudinal surface profile of this Qf1 body (AA’) shows three small yet prominent sediment bodies
separated by two ephemeral streams. This incised body of alluvial sediment was once a continuous block displaced intact along the fault making a shutter ridge and has caused stream
capture and ultimate abandonment. Surface profiles orthogonal to the fault trace showing the east facing fault scarp (BB’-FF'). This Qf1 body makes a sharp east facing fault scarp
which rises ~15 m in the south to more than 30 m in the north above the Qf3 surface The almost vertical fault scarp is a continuous plane of more than 1000 m length from the Bostankaul
village in the north to the southern limit of the Qf1. For location of the profile lines see Fig. 3b.

fault movement and is present to the left of the stream s1. While the first
stream (s1), which has been captured and abandoned by the shutter
ridge and fault movement cut across the ridge as sO in order to keep its
course. The phenomenon is repeated several times with the continued ac-
tivity along the fault resulting in several beheaded streams (t3 and t4)
cutting across the shutter ridge. Restoration of the original stream to the
beheaded streams can help in estimating the final displacement along a
fault.

The southward displaced part of the Bostankaul alluvial fan, which is
present to the west of the Chaman fault, has acted as a shutter ridge in
shaping the stream network of the area. This east facing fault scarp
bounded ridge is comprised of four small patches of alluvial fan sedi-
ments (Figs. 2 and 5). These sediment patches were once a continuous
unit displaced as a single block but are now incised by three beheaded
ephemeral streams that have flowed across the ridge from east to
west (Fig. 5b). The continued left-lateral movement of the Chaman
fault has caused simultaneous stream capturing, deflection, abandon-
ment, and ultimate incision of this pile of alluvial sediment, as been
explained in Fig. 53, in a way that has resulted in the present day geo-
morphology of the area (Fig. 5b).

2.2.3. Roghani ridge

This 8 x 1.5 km lenticular shaped ridge (Fig. 2) is the northern ex-
tremity of the transpression comprising rocks of the Spinatizha Crystal-
line Complex. This is an isolated ridge that has recorded simultaneous
progressive uplift associated with the northward propagation of the
Spinatizha thrust and left lateral displacement along the Chaman fault
(Ul-Hadi et al., 2012). The continued movement along the Chaman
fault system formed four prominent transverse water gaps and two cor-
responding wind gaps that traverse the ridge (Fig. 2). The development
of wind and water gaps, is common along growing structures especially

along the thrust bounded folds (Burbank et al, 1996; Keller and
DeVecchio, 2013). It is essential to have at least two sets of wind and
water gaps in a growing fault-bounded fold to estimate any lateral
growth and direction of an active fault system (Azor et al., 2002). In
the case of Roghani ridge we have observed two prominent water
gaps with their corresponding wind gaps arranged in a way that sup-
ports northward growth of the Spinatizha thrust and left-lateral move-
ment along the Chaman fault (Fig. 6). The abandoned stream, which we
assume as the past course of the present ephemeral stream (central
water gap at ~1800 m above sea level) that cut across the center of
the Roghani ridge may have fed to the Bostankaul alluvial fan is 77 +
15 m above the water gap. Laterally the two gaps are 1348 4+ 15 m
apart with the water gap to the north of the wind gap implying a left lat-
eral displacement and northward propagation of the ridge (Fig. 6). The
other set of wind and water gaps at the northern end of the ridge also
reinforce same sense of motion but with smaller lateral displacement
(~450 m) and vertical uplift (~56 m) recording a younger activity
along the Chaman fault system. The water gaps in the southern end of
the ridge pose a complex evolution history with no preserved wind
gap and will complicate further restoration of the displacement
recorded by Bostankaul alluvial fan.

2.2.4. Observed displacement

The southward-displaced part of the Bostankaul alluvial fan was re-
stored to its original position utilizing morphostratigraphy of the alluvial
fan surfaces (Qf1-Qf3) and the ephemeral stream network of the area.
Restoring the Qf1 surface back to its most probable original position,
considering the geometry of the main stream that has fed to the alluvial
surface and the abandoned streams that cut across the southward-
displaced part of the main alluvial surface, shows a total displacement
of 1150 £ 55 m (Fig. 5d-f). The average stream width of about 35-
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Spinatizha Crystalline Comple

Fig. 4. (a) View of the ephemeral stream that separates Qf-1 and Qf-3 surfaces and flowing orthogonal to the displaced part of the Qf-1 where it diverts towards south and follow a course
longitudinal to the Spinatizha crystalline complex. Red arrows point to the trace of the fault. (b) Main surface of the Bostankaul alluvial fan where most of the samples are collected. The
overall surface is flat with a westward gradient of ~8 mm/m. Narrow streams with vertical and well-defined banks have incised the surface which is contrary to the Qf-3 surface (see
Fig. 2c). The five samples that were collected from this surface are well spaced and settled in central parts of the flat surfaces with almost no burial or erosional signatures. (c) Field
view of a Qf3 surface with little or no incision. These generations of the alluvial surfaces are smooth and flat lying showing less deformation as compared to the Qf1 surfaces. (d) An
about 40 m vertical section within a Qf1 surface incised by a stream showing a well-lithified succession. (e) A close-up view of a vertical section in a Qf3 surface exposed in a stream.
Qf3 sediments are unlithified and devoid of any soil development. (f) Field view of an upper section of a Qf1 surface showing extreme leaching and soil formation. All Qf1 surfaces are
marked by soil development supporting human settlements where water is present as in Bostankaul village which resides on a Qf1 surface.

40 m (Ul-Hadi et al., 2012) adds to the total uncertainty in measuring most patch of Qf1 sediment west of the fault. Entrenchment of the shut-
displacement recorded by this displaced part of the alluvial fan body, ter ridges and development of the transverse drainage along the grow-
to the otherwise sharp lines of reference i.e. the southern erosional ing structures is a complex phenomenon (Burbank et al., 1996; Keller
boundary of the main alluvial fan east of the fault and the southern- and DeVecchio, 2013; Pearce et al., 2004) and can add significant
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1150 £ 556 m

Fig. 5. Schematic representations and geomorphological interpretations of the displaced landforms and transverse streams pattern across a shutter ridge along an active strand of the left-
lateral Chaman fault. (a) Progressive representation of stream deflection and ultimate abandonment through time due to left-lateral movement observed along the Chaman fault in area
where the shutter ridges develop on the western side of the fault. Initially the streams flowing orthogonal to the fault get deflected (during t = 1) and eventually abandoned (dotted
lines). The upstream portion of the stream cut across the ridge forming a new channel (s0) (during t = 2) while the abandoned downstream part (s1) is reactivated as the downstream
portion of streams to the south (s2). With continued left-lateral movement the process repeats several times (e.g. during t = 3 and t = 4). (b) Present day stream network flowing across
the Chaman fault in the Bostankaul alluvial fan area. The active stream (blue) is captured along the fault trace. Abandoned downstream portions of this stream are shown in red. Left lateral
offset along the Chaman fault is recorded by the southward displaced part of the Bostankaul alluvial fan forming an east facing fault scarp and abandoned streams. Dotted black line shows
the measured displacement of 1150 & 55 m along this segment of the fault between the two pinning points 1 and 2 at the interface of the Qf1 and Qf3 alluvial fan sediment. Arrow heads at
the top and bottom of the image show the trace of the fault. (c), (d), and (e) Restoration of the active stream to its three downstream beheaded channels that cut-across the shutter ridge.

The final restoration accounts for 1150 + 55 m total displacement.

uncertainty to the apparent displacement along the faults (Frankel and
Owen, 2013). However, in the study area the presence of Qf1 sediments
on both sides of the Chaman fault allows restoration of the displaced al-
luvial sediment to its most possible original geometry. Although the
timing of the entrenchment of Qf1 west of the fault is unknown the
four mounds which are composed of Qf1 sediment were once a single
body of sediment that was displaced southward along the fault. This is
supported by the similarity in sediment type within each individual
mound, the presence of these sediments at the same topographic level,
their soil development, and the landform with an eastward facing fault
scarp. A stepwise restoration of the Qf1 surface west of the Chaman
fault using the beheaded streams that cut across this sediment body
gives ~280 m displacement (Fig. 5¢) in case of the northernmost stream,
~620 m (Fig. 5d) in case of the central stream, and finally ~1150 m dis-
placement (Fig. 5e) in case of the southernmost stream (Fig. 2b). The

timing and mechanism of entrenchment are explained in Fig. 5a with
t = 4 representing the present day landscape. The final displacement
of ~1150 m is further supported by the topography of the Roghani
ridge with the present positions of the adjacent water and wind gaps
in center of the ridge, which are laterally separated by ~1350 m showing
a left-lateral sense of movement.

2.3. 1%Be TCN dating

Eight samples were collected for '°Be TCN dating from the three dif-
ferent alluvial fan surfaces, including six from the Bostankaul alluvial fan
surface (Qf1), which records the total displacement of 1150 + 55 m
(Table 2; Fig. 2). The samples were collected from well-embedded sand-
stone boulders, typically meter-sized, that have well developed rock
varnish and were sourced from the Khojak Pass Mountains (Fig. 7a
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Fig. 6. (a) Perspective view extracted from GeoEye-1 data draped over ASTER DEM of the
Roghani ridge, Bostankaul alluvial fan (Qf1 surface and Bostankaul village) and Qf3. The
southward displaced part of the BF present west of the fault line (red dotted line) stands
above the low lying Qf3. The older fan surface is deeply incised compared to the younger
smooth surface. Roghani ridge is dissected by water gaps and wind gaps. (b) Longitudinal
profile across the Roghani ridge. Note the gradual decrease in wind gaps (hollow arrows)
and water gaps' (filled arrows) elevation towards north. The wind gap associated with the
central water gap is been translated towards south 1348 + 15 m, which reconciles with
the surface dislocation of about 1150 4 55 m of the Bostankaul alluvial fan by a strand
of the Chaman fault. The elevation difference of 77 + 15 m between the two gaps ac-
counts for the vertical uplift of the ridge. The northern set of wind and water gaps repre-
sent younger and continued activity of the Chaman strike-slip and Spinatizha thrust faults
with ~450 lateral and ~55 m vertical displacements. Location of the profile line is marked
in Fig. 2a.

and b). Boulders rich in quartz, with little evidence of weathering, were
preferentially sampled. About 700-1000 g of sample was collected from
the top 1-3 cm of each desired boulder using a hammer and chisel. The
samples were crushed in the geochronology laboratories at the Univer-
sity of Cincinnati and quartz was separated from the 250-500 pum parti-
cle size fraction using the acid dissolution and heavy liquid separation as
described in Owen et al. (2006, 2011). A low background Be carrier
("°Be/Be < 8 x 10~ '°) was added to the purified quartz and Be was
separated using ion exchange chromatography. Be(OH), was precipi-
tated at pH > 7 and oxidized in quartz crucibles at a temperature of
700 °C. BeO was then mixed with Nb metal prior to determination of
the °Be/°Be ratio by accelerator mass spectrometry at the Purdue
Rare Isotope Measurement (PRIME) Laboratory at Purdue University.
SPEX beryllium standard (trace ICP/ICP-MS grade) at 1000 mg mL™!
in 2% HNOs was used for all samples and blanks. Two chemical
blanks were processed and had a weighted mean !°Be/°Be ratio of
7.68 + 2.24 x 10~ '°. The Purdue Rare Isotope Measurement (PRIME)
Laboratory accelerator mass spectrometer was calibrated using stan-
dard 200500020 from KN Standard Be 0152 with a '°Be/*Be ratio of
9465 x 10~ 15, All '°Be/°Be ratios were converted to the revised ICN of
Nishiizumi et al. (2007), which is the most commonly used AMS stan-
dard. Normalizing the measured isotopic ratios to this standard result
in a production rate of 4.5 + 0.3 '°Be atoms/yr and a half-life of
1.36 Myr for age calculation (PRIME Laboratory). '°Be concentrations
in quartz were calculated from !°Be/°Be measured ratios using the

Table 2

Sample locations, descriptions, and summarized '°Be TCN data and ages for three alluvial fan surfaces including the displaced Bostankaul alluvial fan.

Agef'g Agef,h

19Be concentration®®

10Be/%BeP<

Be carrier

Shielding Denudation Quartz®
factor

Depth  Production rate

Altitude Size Thickness

Surface Lithology  Location

Sample

rate

(atoms/g/yr)

a/b/c axes

Longitude

Latitude

number

kyr
3854+ 1.6 3854+ 3.7
345+ 13 3454+ 33

131+ 13

kyr

10* atoms/g SiO,

421 £ 017 6412 £ 2.62
485 + 0.18 57.14 + 2.15
1.77 £ 017 22.04 4+ 2.14
274 £ 014 5282 + 2.74
426 £ 0.16 52.96 + 2.02

297 +£ 0.11
0.45 + 0.06

x10'3

(mg)

g

(mm/yr)

Muons'
0.335

Spallation’
14.86
14.77
14.87
14.69
14.58
1439
14.81

(cm)

0
0
0
0
0
0
0
0

(cm)
15
2

1

120/110/100 2.5

(cm)

(m asl)
1926
1923
1921
1921

0.3626

21.585

1.0
1.0
1.0
1.0
1.0
1.0

90/50/40
90/60/40

66.488
66.488
66.488
66.488
66.488
66.475
66.482
66.456

Sandstone 30.763

Qf1

NBK-1

27.2966 03547

0.334

Sandstone 30.763

Qft

NBK-2
NBK-3

131 + 1.7

263834 0.3620

0.336
0.334

170/140/60
0.332

Sandstone 30.761

Qft

320+ 17 320433

324 +£13 324+ 31

16.6977 0.3549

Sandstone 30.761

Qf1

NBK-4
NBK-5
BK-1

25.8119 0.3539

2.5
2
2
1

230/90/60

1909
1884

Sandstone  30.765

Qf1

386+ 1.5 386+ 3.7

62.26 + 2.35
10.76 + 1.51

149789 03462

0.330
0.335
0.325

130/50/40
110/40/50
130/90/80

Sandstone  30.745

Qft

6.7 + 1.1

6.5 + 09
201 £ 14 201 422

1.16 & 0.08 3142 £ 2.13

0.3451

13.8512 0.3629
11.5341

1.0
1.0

1391

1928
1826

Sandstone  30.747
Sandstone  30.733

o
QR

BK-3
RG-2

2 Adensity of 2.6 g cm~> was used for all surface samples.

b Isotope ratios were normalized to '°Be standards prepared by Nishiizumi et al. (2007) with a value of 2.85 x 10~'? and using a '°Be half-life of 1.36 x 10° years.

¢ Uncertainties are reported at the 10 confidence level.
4" Samples were corrected for a mean blank '°Be/°Be

7.68 + 224 x 1072,

¢ Propagated uncertainties include error in the blank, carrier mass (1%), and counting statistics.

' Beryllium-10 model ages were calculated with the CRONUS-Earth online calculator, version 2.2 (Balco et al., 2008; http://hess.ess.washington.edu/).

& Analytical uncertainty is quoted.

_h Uncertainty quoted by propagated error in the model ages includes a 6% uncertainty in the production rate of '°Be and a 4% uncertainty in the °Be decay constant.
I Constant (time-invariant) local production rate based on Lal (1991) and Stone (2000). A sea level, high-latitude value of 4.5 + 0.3 at '°Be g~ ' quartz was used.

I Constant (time-invariant) local production rate based on Heisinger et al. (2002).
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Fig. 7. (a) View of a typical boulder sample used in dating the BF surface. The meter-sized and well-set boulders on the flat surfaces showing no toppling or burial were sampled. All the
samples collected from BF surface are well exposed having no apparent shielding of the cosmic rays. (b) A close-up view of the boulder in (a) showing complete desert varnishing and
having no weathering effects of peeling off. (c) Probability density function (PDF) and (d) weighted mean of the '°Be model ages of the Bostankaul alluvial fan. All the ages used in
calculating the slip-rate cluster around weighted mean alluvial fan age of 34.8 4 3.0 kyr excluding the outlier (Sample # NBK-3).

total Be in the samples and the sample weights. Production rates were
scaled to the latitude and elevation of the Chaman sampling sites
using the star scaling factors of Stone (2000) and an assumed 2.2%
sea-level-high-latitude (SLHL) production muon contribution using
the CRONUS-Earth online calculator version 2.2 (Balco et al., 2008;
http://hess.ess.washington.edu/). These scaling factors reproduce the
star scaling factors of Lal (1991). '°Be concentrations were then
converted to zero-erosion exposure ages using a SLHL '°Be production
rate of 4.5 4 0.3 atoms/g quartz/yr (cf. Kubik and Ivy-Ochs, 2004;
Nishiizumi et al., 1989). The impacts of topographic and depth corrections
were determined by numeric integration of the flux corrected for the dip
and topography at all azimuth directions (Nishiizumi et al., 1989).

TCN ages were calculated by applying the Stone (2000) and Lal
(1991) time-independent model using the CRONUS-Earth online calcu-
lator, version 2.2 (Balco et al., 2008; http://hess.ess.washington.edu/).
We use the time-independent model because of the continued debate
regarding appropriate corrections and models for temporal variation
in Earth's magnetic field. However, we recognize that different models
may give up to 9-11% difference in ages. Slip rate studies generally
use 4-10 '°Be ages per surface to identify clustering and to help assess
if there are the problems associated with erosion and/or exhumation
of boulders that would result in underestimates of the true age of the
surface or inheritance resulting in overestimates of the true age of the
surface (Blisniuk et al., 2010; Chevalier et al., 2005; Frankel et al.,
2007a,b).

2.3.1. 1%Be model ages

Our '°Be ages, excluding the one outlier (Sample # NBK-3), are
well clustered and tightly define the age of the displaced Bostankaul
alluvial fan between 32 and 39 kyr (weighted mean age 34.8 +
3.0 kyr (20 error) excluding the outlier; Fig. 7c and d). The '°Be
age of 13.1 4 1.7 kyr for sample NBK-3 is likely the result of en-
hanced weathering and/or toppling of the sampled boulder. The
10Be age for a sample on southward-displaced part of the Bostankaul

alluvial fan is 38.6 & 3.7 kyr (BK-1), which falls within the '°Be age
cluster for the main alluvial fan (Fig. 7).

The young age of 6.5 & 1.1 kyr for sample BK-3, a boulder on an
alluvial fan surface south of the displaced Bostankaul alluvial fan
(Qf1), can be explained either as a boulder from within a much younger
alluvial surface that formed after the abandonment of the Bostankaul
alluvial fan—hence marking the southern fringe of the alluvial fan. Or
the BK-3 sample by itself represents the southern extreme of the
Bostankaul alluvial fan (Qf1) that has been uplifted and eroded away
since the abandonment of Qf1 surface, resulting in a younger deposi-
tional age. The first possibility places an upper limit on the displacement
to be 1150 4 55 m, which is in agreement with the displacement
recorded by the positions of the water and wind gaps. In contrast,
restoration of the alluvial fan based on the eroded portion of the
alluvial fan, from its presumed apex, yields a total displacement of
about 880 + 55 m for the Bostankaul alluvial fan surface.

The only dated sample west of the Roghani ridge dates to 20.1 +
2.2 kyr, which we group with the ages of Bostankaul alluvial fan because
of the sedimentological similarity in the two alluvial surface. The differ-
ence in the ages may reflect a more eroded alluvial surface west of the
ridge in contrast to the alluvial surface present east of the Roghani
ridge. Therefore the alluvial surface that we dated west of the ridge
can be argued to be of the same generation of alluvial fan as the
Bostankaul fan. This implies that the Bostankaul alluvial fan and alluvial
fans west of the Roghani ridge pre-date the uplift of the ridge, which
rises 77 £+ 15 m above alluvial fan surface (Fig. 7), along the Spinatizha
thrust fault.

3. Slip-rates

Matching the 1150 4+ 55 m offset with the surface abandonment
sample ages for the Bostankaul alluvial fan yields a geomorphic left-
lateral slip rate ranging from 30.1 + 2.9 to 36.2 4+ 3.1 mm/yr,
with an average of 33.1 & 3.2 mm/yr. These geomorphic rates are
consistent with the geologically (10° years) estimated slip-rates of
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25-35 mm/yr and 19-24 mm/yr (Beun et al., 1979; Lawrence et al.,
1992), although they are at the high range. In contrast, the geomor-
phic rates are more than two to four times that of the geodetically
estimated rate of 18 + 1 mm/yr (Mohadjer et al., 2010) and the
post-seismic slip-rate of ~8 mm/yr that was estimated from InSAR
analysis (Furuya and Satyabala, 2008).

4. Discussion

Multiple slip-rates are important for understanding the nature and
development of fault systems (Frankel and Owen, 2013; Frankel et al.,
2011). However, discrepancies between slip rates determined for differ-
ent time intervals has led to contrasting interpretations including secu-
lar variations in slip-rate along faults (e.g. Chevalier et al., 2005; Frankel
and Owen, 2013), and strain trade-off among interacting faults and fault
inversion (e.g. Blisniuk et al., 2010; Hoeft and Frankel, 2010; Oskin et al.,
2007). Some studies have tried to reconcile geodetic and geomorphic
slip-rates (Cowgill et al., 2009).

The geomorphic slip-rate of 33.3 + 3.0 mm/yr along a strand of the
Chaman fault measured during this study is about double that of the
geodetically estimated rate of 18 + 1 mm/yr (Mohadjer et al,, 2010)
but in close agreement with the long-term slip-rates of 25-35 mm/yr
and 19-24 mm/yr (Beun et al., 1979; Lawrence et al., 1992). The dis-
crepancy between geomorphic and geodetic slip-rates in this area
could be a result of either: 1) The mid-crust is fairly low viscosity in
this area as indicated by the presence of ~20-25 km thick crystalline
crust under the Chaman fault (Jadoon and Khurshid, 1996), and the
fault is late in earthquake cycle with a locking depth reaching to
~15 km (Ambraseys and Bilham, 2003; Szeliga et al., 2009), causing sur-
face velocities to be slower than might be the case if the mid-crust
hadn't flowed so much early in the earthquake cycle. 2) Much of the de-
formation within this area in the past was taken up on the Chaman fault.
However, changing fault properties (such as frictional strength) of this
fault and the other candidate structures that may take up the plate mo-
tion may have changed relative to one another, which may favor current
motions along other structures rather than the Chaman fault. In this sce-
nario, the GPS data are reflective of the current Chaman fault loading
rate, but plate-boundary motions are simply being accommodated else-
where due to changing fault properties.

The displacement along the Chaman fault measured during this
study represents many earthquake cycles spanning the last ~35 kyr.
These earthquakes may account for the overall average displacement
and thus restricting the impact of inter- and/or post-seismic relaxations,
which has a major impact on the GPS and InSAR constrained slip-rates
(e.g. Meade, 2007). Seismic activity including instrumental data from
1974 until 2010 as well as the two historic earthquakes (Mw ~ 6.7
1892 Chaman earthquake and Mw ~ 7.7 1935 Quetta earthquake)
(Fig. 8), as summarized by Ambraseys and Bilham (2003), shows
fewer events than the expected as compared to the total convergence
accommodated by the boundary zone (Molnar and Dayem, 2010).
Most of the activity is predicted within the central part of the Chaman
fault system with a slip-rate of 49.1 mm/yr within a zone of 60 km,
which includes the Chaman fault and our study area (Fig. 8). While in
north and south of this zone the slip-rate is estimated to be 3.1 mm/yr
and 0.5 mmy/yr, respectively. Based on the seismic record of the last cen-
tury Ambraseys and Bilham (2003) predicted a slip deficit that could be
enough to trigger one or more events of M,, > 7 in this 60 km wide
western plate boundary zone. They also concluded that the seismic ac-
tivity of the past century in the region is not representative of the
long-term slip-rate within the plate boundary zone. This further implies
that the fault segment which is the center of most of the studies (the
northern part of the Chaman fault that runs in Pakistan) is moving
slow at this stage in its poorly understood seismic cycle (Szeliga et al.,
2012) as compared to the cumulative geomorphic slip-rate as has
been noticed along other faults such as the San Andreas fault system
in Southern California (Chuang and Johnson, 2011). However, the
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6.0-6.4
65-7.3
Strike-slip

Thrust fault

\

Fig. 8. Seismicity within a part of the western Indian plate boundary zone including instru-
mental earthquake data from 1974 to 2010 with events larger than Mw 4.0 (from USGS
earthquake catalog) and the historical Mw ~ 6.7 Chaman earthquake of 1892 (star 1)
and Mw ~ 7.7 Quetta earthquake of 1935 (star 2) (Ambraseys and Bilham, 2009). Seismic
activity is concentrated east of the Chaman fault with almost no seismicity in the west of
the fault. The three 60 km wide zones (red north-south lines) were estimated by
Ambraseys and Bilham (2003) based on about 200 years earthquake data showing an
average slip-rate of 49.1 mm/yr in the western zone with a cumulative moment release
equivalent to ~13.2 mm/yr slip-rate. This zone includes the Chaman fault which limits
the boundary zone in the west. Numbers in black rectangles in each 60 km swath is the
equivalent slip-rate of the moment release, while black numbers at the bottom of the
figure resemble slip-rate equivalent to the reduction in moment release. Active to recently
active strike-slip and thrust faults are modified after Ruleman et al., 2007.

earthquake cycle for the Chaman fault system is poorly defined across
many time intervals and, of course, a more comprehensive dataset
needs to be obtained from future studies. Moreover, plate boundary ve-
locities estimated from InSAR data spanning a year and a half show ep-
isodic slip along a creeping Chaman fault associated with a M,,5.0
earthquake (Furuya and Satyabala, 2008), implying larger displace-
ments with surface ruptures associated with high magnitude events
such as the 1892 Chaman earthquake, which are prevalent in this region
(Lawrence et al., 1992). InSAR investigations on longer timescales may
be able to resolve the strain distribution within the plate boundary zone.

Fault inversion within the shear zone may account for the presently
slower displacements (18 & 1 mm/yr) along the Chaman fault, which
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is a common characteristic of strain distribution within the plate bound-
ary (Bennett et al., 2004). The Ghazaband, Gardez and Ornach-Nal faults
(Fig. 1), which mark the eastern limit of the shear zone (Lawrence et al.,
1992), might be the candidates for strain trade-off between the Chaman
fault and these other faults. However, it is very unlikely that strain
trade-off can occur on a shorter timescale (<10° yr) and as such these
complimentary faults within the shear zone are responsible for sparse
tectonic activity in Quaternary (Lawrence et al., 1992). Another possibil-
ity which may be causing the disparity might be the convergence of the
fold thrust belts along this transpressive plate boundary resulting in
strain partitioning rates ranging from 3 to 6 mm/yr (Bernard et al.,
2000; Szeliga et al,, 2009) to 13 4+ 3 mm/yr (Ambraseys and Bilham,
2003) (Fig. 8). Strain partitioning is essential to the geometry of the az-
imuth of the Indian Plate motion relative to Eurasia (N12°E) and strike
of the Chaman fault (N34°E) (Molnar and Dayem, 2010), which implies
strain distribution within the northwestern rigid Indian Plate boundary,
although most of the strain is accommodated along the Chaman fault.

5. Conclusions

We obtained a slip-rate of 33.3 + 3.0 mm/yr along a strand of the
Chaman fault; this is the first geomorphic based rate derived from an ac-
tual displacement along this structure. Strain partitioning within the
plate boundary zone may be the main factor causing the disparity in
geodetic and geomorphic slip-rates along the Chaman fault; however,
transient strain accumulation within in the plate boundary zone is a
possible explanation for a faster slipping Chaman fault with a low vis-
cosity mid-crust under the Chaman fault system, measured on a 35 ka
time-scale, which may be moving slow at its present stage in the seismic
cycle. Interpretations of current geodetic and geomorphic datasets con-
clude that strike-slip faults in the Chaman transform zone along the
Indian plate boundary have a complex history and evolution.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2013.09.009.
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