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How plate-boundary processes control intra-continental deformation is a fundamental question in

Earth sciences. Although it is long known that the active India–Asia convergence rate increases

eastward, how this boundary condition impacts on active growth of the Himalaya is unclear. To address

this issue, we conducted a geologic investigation of the Main Frontal Thrust (MFT), the largest and the

terraces, we establish a minimum Holocene slip rate of 2376.2 mm/yr along the decollement of the

10 km wide MFT zone in the far eastern Himalaya. This slip rate is partitioned on three structures: at

�8.4 mm/yr on the Bhalukpong thrust in the north, at �10 mm/yr across the growing Balipara

anticline in the middle, and at �5 mm/yr on the Nameri thrust in the south. Our estimated minimum

total shortening rate is significantly higher than the Holocene slip rate of 973 mm/yr for the MFT in

the western Himalaya. However, this rate is similar to or potentially greater than the slip rate of

2171.5 mm/yr for the MFT in the central Himalaya. Our results support an early interpretation that

active shortening across the Himalayan orogen is mostly accommodated by slip along the narrow MFT

zone and its linked decollement beneath the Himalaya. The eastward increase in the Holocene MFT slip

rate requires that the plate-boundary force rather than gravitational spreading is the fundamental

control on active growth of the Himalayan orogen.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The 2500 km Himalayan Main Frontal Thrust (MFT) zone is the
longest active contractional structure in the largest active collisional
orogen on Earth (e.g., Gansser, 1964; Nakata, 1989; Yeats et al., 1992;
Bilham et al., 1998; Lavé and Avouac, 2000; Avouac, 2003; Yin, 2006;
Yeats and Thakur, 2008) (Fig. 1A and B). Understanding the active
development of the MFT zone is a key for both unraveling the
mechanism of Himalayan growth (Avouac, 2003) and preparing for
major earthquake disasters in the future (e.g., Tandon, 1955; Seeber
and Armbruster, 1981; Bilham, 1995, 2004; Bilham et al., 1997, 1998,
2001; Bilham and Ambraseys, 2005; Wesnousky et al., 1999; Lavé
et al., 2005; Feldl and Bilham, 2006; Szeliga et al., 2010; Kumar et al.,
2010). Available GPS data indicate that northeast India at longitude
921E currently moves at a rate of �38 mm/yr in the N251E direction
relative to stable Eurasia, whereas northwest India at longitude 761E
moves at a rate of �35 mm/yr at N111E relative to stable Eurasia
(Zhang et al., 2004).
All rights reserved.

l.com (A. Yin).
The MFT in the eastern Himalaya links with the Sumatra
subduction zone (e.g., Le Dain et al., 1984; Angelier and Baruah,
2009; Yin, 2010); both tectonic zones have hosted frequent and
large (Ms48) magnitude earthquakes (Fig. 1C) (Tandon, 1955;
Seeber and Armbruster, 1981; Lay et al., 2005). Because of this,
establishing the structural framework and slip rate of the MFT in
the far eastern Himalaya is essential to understanding the spatial
and temporal evolution of large seismic events along this linked
plate-boundary system.

Despite its importance, only a few preliminary studies have
focused on the MFT in the eastern Himalaya (e.g., Srivastava and
Misra, 2008; Srivastava et al., 2009; Kumar et al., 2010; Chirouze
et al., 2012). This situation is in a sharp contrast to the abundant and
high-quality studies in the western and central Himalaya across the
MFT (e.g., Baker et al., 1988; Jaswal et al., 1997; Powers et al., 1998;
Lavé and Avouac, 2000; Kumar et al., 2006) (Fig. 1B). To address this
issue, we conduct geologic and geodetic studies to constrain Holo-
cene and GPS slip rates across the MFT in the far eastern Himalaya.
Our results indicate that the MFT slip rate in the eastern Himalaya is
comparable and possibly higher to that in the central Himalaya but
significantly higher than that in the western Himalaya. This observa-
tion supports a model that the active growth of the Himalayan
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orogen is mainly controlled by the velocity boundary condition
imposed by the India–Asia convergence rather than by gravitational
spreading of the Himalayan-Tibetan orogen.
2. Regional geology

2.1. Quaternary slip rates on the MFT

The intense work on the MFT zone in the western and central
Himalaya (e.g., Bilham et al., 1998; Lavé and Avouac, 2000; Yeats and
Thakur, 2008) may in part be attributed to the better constraints on
the ages of Late Cenozoic strata (e.g., Burbank et al., 1996; Ojha et al.,
2000, 2009; White et al., 2002). In Pakistan, the shortening rate
across Himalayan frontal structures is estimated to be 1474 mm/yr
over the past 5 Ma (Baker et al., 1988; Jaswal et al., 1997) (Fig. 1B).
The shortening is mostly concentrated on the MFT, with a minor
component partitioned by active faulting in the Himalayan interior
(Kaneda et al., 2008; Hussain et al., 2009). In NW India, a Pliocene-
Quaternary shortening rate of 1474 mm/yr was estimated across
the MFT and its hanging-wall structures (Powers et al., 1998).
The Holocene slip rate of the MFT in NW India is estimated to be
973 mm/yr (Wesnousky et al., 1999; Malik and Nakata, 2003;
Kumar et al., 2006) (Fig. 1B). Banerjee and Bürgmann (2002) and
Ponraj et al. (2011) obtained a GPS shortening rate of �10–14 mm
across NW Indian Himalaya. In Nepal, Lavé and Avouac (2000)
established a Holocene slip rate of 2171.5 mm/yr for the MFT
(Fig. 1B), which is similar to the GPS shortening rate across the Nepal
Himalaya (Bilham et al., 1997; Jouanne et al., 2004; Ader et al., 2012).
Lavé et al. (2005) showed that the MFT in Nepal had ruptured at
�1100 AD along 4240 km length of the MFT. This same rupture
event was extended to the eastern Himalaya over a total distance of
600–800 km (Kumar et al., 2010) (Fig. 1B). Although the Holocene
MFT slip rate increases eastward from the western to central
Himalaya, it is unclear if this trend continues to the eastern Himalaya
or an artifact of temporal changes in slip rates at different segments
of the Himalaya. An eastward increase in the MFT slip rate would
correlate with the eastward increase in the India–Asia convergence
rate (e.g., Molnar and Stock, 2009; Copley et al., 2010). This in turn
would support the notion that active growth of the Himalaya is
mainly controlled by the plate-velocity boundary condition rather
than gravitational spreading (see a recent review on this issue by Li
and Yin, 2008 and an insight from a simple analog model in Yin and
Taylor, 2011).

2.2. Tectonic setting of the eastern Himalaya

Since the pioneering work of Jangpangi (1974) and Gansser
(1983), the Bhutan Himalaya has been studied intensely in the
past five decades (Ray et al., 1989; Swapp and Hollister, 1991;
Ray, 1995; Bhargava, 1995; Edwards et al., 1996; Grujic et al.,
1996, 2002, 2006; Davidson et al., 1997; Stüwe and Foster, 2001;
Daniel et al., 2003; Tangri et al., 2003; Carosi et al., 2007; Meyer
et al., 2006; Richards et al., 2006; Drukpa et al., 2006; Hollister
and Grujic, 2006; McQuarrie et al., 2008; Kellett et al., 2009, 2010;
Long and McQuarrie, 2010; Long et al., 2011a,b; Chambers et al.,
2011). A minimum north–south shortening of �350 km since
22 Ma yields an average minimum shortening rate of �16 mm/yr
(McQuarrie et al., 2008). A GPS shortening rate 15–20 mm/yr was
obtained by Mukul et al. (2010) across the eastern Himalaya.
Although this rate is similar to the long-term minimum shortening
rate across the eastern Himalaya, their GPS velocity solution
conflicts with other data sets from the same region (see discus-
sion below). Based on 2-yr campaign and data from 8 GPS stations
across the Himalayan topographic front and the foreland region
directly to the south, Mullick et al. (2009) estimated a shortening
of about 11.171.5 mm/yr across the area. Their data also reveal
puzzling north–south extension as high as 10 mm/yr across a
NW-striking fault.

East of Bhutan, Goodwin-Austen (1864), La Touche (1883),
MaClaren (1904) and Brown (1912) first studied the Himalayan
foothill geology, while Thakur and Jain (1974), Jain et al. (1974),
Jangpangi (1974), Acharyya et al. (1975), and Verma and Tandon
(1976) established its regional tectonic and stratigraphic frame-
work. Comprehensive reviews of the eastern Himalayan geology
can be found in Tripathi et al. (1982), Thakur (1986), Kumar
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(1997), Acharyya (1998), Acharyya and Sengupta (1998), and
Nandy (2001). Recent work by Yin et al. (2006, 2010a) showed
that minimum eastern Himalayan shortening of 4500 km had
started at or prior to �25–20 Ma when widespread leucogranites
were emplaced and deformed. As the total shortening magnitude
was established by bed-length balancing of Proterozoic strata
(Yin et al., 2010a), the above estimate may include a component
of Cambro-Ordovician crustal shortening, a deformation event
well expressed in the nearby Shillong plateau to the south (Yin
et al., 2010b).

Although the Shillong plateau had experienced intense early
Paleozoic deformation, its high elevation (�1.5–2 km) is con-
trolled by Late Cenozoic thrusting along its northern and southern
edges (Evans, 1964; Gupta and Sen, 1988; Das Gupta and Biswas,
2000; Bilham and England, 2001; Rajendran et al., 2004;
Kayal et al., 2006; Biswas et al., 2007; Clark and Bilham, 2008;
Yin et al., 2010b). The current north–south GPS shortening rate is
2–5 mm/yr across the plateau (Paul et al., 2001; Jade et al., 2007;
Mukul et al., 2010), which is absorbed by plateau-bounding
thrusts and by several active left-slip faults in the plateau interior
(Kayal and De, 1991; Mitra et al., 2005; Drukpa et al., 2006;
Angelier and Baruah, 2009; Yin et al., 2010b). Some of the active
structures may have been reactivated from Cretaceous structures,
which were formed during the breakup of Gondwana (Gupta and
Sen, 1988; Kumar et al., 1996; Srivastava and Sinha, 2004a,b;
Srivastava et al., 2005).
3. Geology of the MFT in the study area

Our field area is located near Bhalukpong Village in the foothills
of the eastern Himalaya (Fig. 2). Due to the presence of dense forests
in a Wild Tiger Nature Reserve, our geologic mapping was con-
ducted mostly along road cuts, deep-cut gullies, trails, and major
river banks. The Kameng River, the largest stream in the study area,
exposes all major structures and lithologic units along its river
P
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Fig. 3. (A) Geologic map of the study area. See text for detailed mapping procedures. The map shows the locations of age samples, Total Station surveying routes, profile for

projection of Total Station data (line I–II), and the geologic cross section (line A–B). Also shown is the trench site location of Kumar et al. (2010) across the Nameri thrust.
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upper section of the Kimin Formation across the forelimb of the
Balipara anticline (Fig. 4A–C). At this field site bedding dip
changes rapidly within a section of o20 m, from 4501 to about
201. This observation suggests very rapid rotation of bedding
about horizontal axes during folding. The rotation rate of the
forelimb may be estimated if we know the duration of growth–
strata sedimentation. According to Chirouze et al. (2012, p. 127),
the accumulation rate of the Late Cenozoic sediments in our study
area is 420–440 m/Myr. The average rate of 430 m/Myr requires
46.5 ka for 20 m sedimentation, which in turn implies a forelimb
rotation rate of 7.88�10�6 yr�1. As shown below, this rotation
rate is remarkably consistent with the Holocene rotational rate
we obtained from the age and morphology of the Quaternary
terraces we analyzed across the forelimb. Together with the
absence of obvious growth strata in the older Cenozoic strata, it
appears that Cenozoic deformation in the study area may have
started after 2 Ma and possibly at a much younger time given the
high stratigraphic position of the growth strata in the Late
Pliocene-Quaternary Kimin Formation observed in this study.

Bedding attitudes in Fig. 3A were obtained using three meth-
ods: (1) direct field measurements, (2) three-point solutions using
1:50,000 topographic maps superposed over mapped contacts
using LANDSAT images, and (3) rough estimates of strikes and
dips using the ‘‘Rules of V’s’’ from LANDSAT images (Fig. 3A).
Our geologic map also incorporates the early work of Kumar (1997)
who mapped the Tipi thrust, the work of Kumar et al. (2010) who
mapped the Nameri thrust, and the more recent work of Yin et al.
(2010a) who first mapped the Bhalukpong thrust (Fig. 3A).

A geologic cross section is constructed across the study area
using the dip-domain method of Suppe (1983) (Fig. 3C). We
assign a minimum depth of 4.8 km to the decollement at the
base of Permian strata, which are the oldest exposed unit in the
MBT footwall. Restoration of the section requires a minimum
shortening of 26 km (Fig. 3D). The minimum estimate comes from
the fact that the hanging-wall cutoffs of the MBT-up, MBT-low,
and the Nameri thrust are all eroded (Fig. 3C and D). If the thrust
belt between the MBT-up in the north and the Nameri thrust in
the south across our study area were initiated during the deposi-
tion of the upper Kimin Formation, it implies a minimum short-
ening rate of 13 mm/yr.
4. River terraces and channel geometry

4.1. Strath terraces in the hanging wall of the Bhalukpong thrust

The Bhalukpong thrust splits into two splays across the
Kameng River (Figs. 2 and 3A). The northern trace defining a
sharp topographic front does not cut Quaternary deposits, whereas
the southern trace places the Subansiri Formation directly over
Quaternary gravel and sand. This southern trace also displays a
prominent fault scarp (Fig. 4D). A flight of four parallel strath
terraces were mapped onto 1:50,000 Indian topographic maps in
the hanging wall of the Bhalukpong thrust zone along the Kameng
River (Fig. 5A and B). The inferred elevations of the terrace
surfaces are interpreted from extrapolating from the nearby
contour lines, which have a 40-m interval. For a ground surface
that is perfectly planar between two contour lines, their elevation
distribution can be established accurately using a linear inter-
polation. For a ground surface that is concave upwards or down-
wards, the linear extrapolation would lead to overestimates and
underestimates of the true terrace-surface elevations. Based on
comparison against our Total Station surveying results (see
below), we found that the uncertainty can be as high as 710 m
across steeply cut river banks but as low as 72 m when dealing
with regions that are flat.

We also surveyed the tread-elevation profiles using a Total
Station with sub-cm accuracy (Fig. 5C). The surveyed treads,
particularly the older terrace surfaces, display vertical undula-
tions up to 1–2 m due to fluvial erosion and colluvium deposition.
Because of this, we assigned 72 m for each Total Station survey
point in our plots (Fig. 5C). For the young terrace surfaces this
undulation is likely within 71 m.

The terrace deposits in the hanging wall of the Bhalukpong
thrust are typically 3–10 m thick and contain cobble and boulder
below and sand and silt above. The contacts between the two
types of deposits are sharp (e.g., Fig. 4A).

4.2. Quaternary age dating and interpretations

We obtained radiocarbon and optically stimulated lumines-
cence (OSL) dates from the Keck-CCAMS facility at University of
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California, Irvine, and the IIRMES Lab of California State University
at Long Beach, respectively (Table 1). As our dated charcoal
fragments are detrital, their dates represent the oldest possible
ages of sedimentation when the detrital charcoal grains were
laid down. For OSL dating, one needs to keep in mind that the
effectiveness of the technique depends on whether the dated
grains are completely bleached. The degree of bleaching of dated
quartz grains is controlled by its depositional environment
(Rhodes, 2011). That is, more effective bleaching is achieved
by repeated and/or lengthy light exposure (e.g., beaches, dunes)
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while incomplete bleaching occurs in environments with little
light exposure (e.g., debris flows, moraine, and flood deposits).
Environmental histories of dated grains also matter (Rhodes,
2011): grains recently eroded from bedrock typically bleach more
slowly than those with an extended residence at the surface.
As our OSL samples were all collected from mountain-stream-
channel deposits, it is most likely that the dated grains by the OSL
method have not been completely bleached. As a result, the
obtained ages should be regarded as lower bounds for true
depositional ages (Rhodes, 2011). Because of this issue, when
the same sediments were dated by both the radiometric and OSL
methods, we use the radiometric ages as they are not affected by
the bleaching issue. Because both radiometric dating of detrital
charcoals and OSL dating of incompletely bleached grains place
minimum ages of sedimentation, the inferred slip rates discussed
below are likely to represent lower-bound values.

Our dating strategy was to collect sand samples of fine-grained
sand at the uppermost horizon of the gravel and boulder layer
and/or at the lowest horizon of the sand–silt layer. Following Lavé
and Avouac (2000), we interpret the upper layer of sand and silt
as a result of over-bank deposits on top of entrenchment of strath
terraces, whereas the lower layer of gravel and boulders formed
as a result of deposition when the strath surfaces were still parts
of active stream channels. As the terrace treads are parallel to one
another and to the active Kameng River, we interpret that the
longitudinal treads represent the past channel profiles. The parallel
relationship also suggests that the river has maintained a constant
equilibrium profile during the formation of the observed terraces.
This interpretation implies that the channel response time to tectonic
and climatic perturbations is much shorter than the formation time
of individual terraces, which is characteristic for humid regions with
high seasonality (Bull, 1991). A consequence of this interpretation
is that all the surveyed terraces were developed synchronously.
Note that Srivastava and Misra (2008) obtained OSL ages for all four
terraces in the hanging wall of the Bhalukpong thrust that we
mapped. Their data are also summarized in Table 1.

4.3. River terraces across the growing Balipara anticline

The Balipara anticline is bounded by the Bhalukpong thrust zone
in the north and the Nameri thrust in the south. The backlimb beds
dip 8–151 near the fold hinge and 20–451 farther to the north
(Fig. 3A). Due to poor access and poor outcrop conditions, few
bedding attitudes were obtained across the forelimb (Fig. 2).

Three terraces across the backlimb (TB1, TB2 and TB3) and
three terraces across the forelimb were mapped in this study
(TF1, TF2 and TF3) (Fig. 6A and B). The backlimb terrace TB1 can be
further divided into two sub-surfaces: TB1a and TB1b. The TB1a

surface is exposed along the two sides of Kameng River and is
mostly covered by forests. The strath surface of TB1a has a gentler



Table 1
Age summary of quaternary units.

Sample numbers GPS location Method Ages Unit/position

(1) BT HW
PB 02-14-06-(1)B N27101004.0200 OSL dating 8986.87923.6 yr BP T2 (BT hanging wall)

E92138011.9400

SM-2 N27100053.6000 OSL dating (1) 7.270.7 ka BP

(2) 8.270.7 ka BP

T2 (BT hanging wall)

E92138016.3000

SM-3 N27101000.3000 OSL dating 10.471.4 ka BP T3 (BT hanging wall)

E92138009.2000

PB 02-13-06-(3)B N27101004.5600 OSL dating 4084.27530.4 yr BP Talus on top of T2 (BT hanging wall)

E92138002.9400

PB 02-13-06-(4)B N27100058.6800 OSL dating 10,385.371230.6 yr BP T4 (BT hanging wall)

E92138000.8400

SM-4 N27100058.2000 OSL dating 13.973.1 ka BP T4 (BT hanging wall)

E92137059.1000

(2) BA backlimb
AY 02-21-06 N27100048.2400 Radiocarbon dating 618737 yr BP TB1a (backlimb of Balipara anticline)

E92138048.0600

SM-1 N27101002.4000 OSL dating 7.371.0 ka BP TB1b (backlimb of Balipara anticline)

E92138048.9000

PB 02-16-06-(3)A N26156029.1700 Radiocarbon dating (1) 922711 yr BP

(2) 906728 yr BP

Soil layer on top of TB2 (backlimb of Balipara anticline)

E92147040.7100

PB 02-16-06-(3)C N26156029.1700 OSL dating 60947719.6 yr BP TB2 (backlimb of Balipara anticline)

E92147040.7100

PB 02-16-06-(3)B N26156029.1700 OSL dating 16,347.572584.5 yr BP TB2 (backlimb of Balipara anticline)

E92147040.7100

(3) BA forelimb
PB 02-15-06-(2) N26159.7180 Radiocarbon dating (1) 1237729 yr BP

(2) 3721738 yr BP

TF3 (forelimb of Balipara anticline)

E92147.6960

PB 02-24-06-(4) N26156038.0400 Radiocarbon dating (1) 883738 yr BP

(2) 883738 yr BP

TF2 (forelimb of Balipara anticline)

E92141037.7400

BT, Bhalukpong thrust; BA, Balipara anticline; HW, hanging wall; PB samples are from this study while SM samples are from Srivastava and Misra (2008).
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north-dipping slope than the nearby active Kameng River. As a
result, its northernmost part is buried below Quaternary gravels
immediately below the Bhalukpong thrust (Fig. 4D) whereas its
southern part emerges above the stream channel of the Kameng
River along which bedding of the Kimin Formation can be observed
and measured directly (Fig. 3A). The relationship between the TB1a

strath terrace and the Kameng River channel is similar to that shown
in Fig. 7C.

Directly against the Kameng River, the TB1a strath surface is
about 2 m above the Kameng stream channel, whereas its top
surface is about 3.5–4.5 m above the stream channel. The TB1b

terrace surface is extensively farmed and can be accessed easily
by numerous roads. Our Total Station surveying indicates that
this and all other backlimb terrace surfaces are parallel. This is in
contrast to the observation based on Total Station surveying
across the forelimb where the terraces converge towards the
southern edge of the Balipara Hills (Fig. 6C). The converging
relationship across the forelimb is well displayed by the best
preserved and most continuous TF1 tread and our Total Station
data obtained from the TF3 surface (Fig. 6A and C). The conver-
gence of the TF1 strath surface towards the TF0 at the mouth of an
active stream channel can be observed directly in the field, which
is expressed by an upstream increase in the height of the TF1

strath surface (Fig. 4A and F).
Although the survey terrace profiles across the forelimb con-

verge to each other, they do not intersect at one point at the base
of the surveyed hill slope. The range of scattering as allowed by
the distribution and uncertainty of the data points is 775 m
when all the surveyed profiles are projected onto a horizontal
plane passing the base of the slope. The data scatter may be
attributed to (1) projection of non-planar terrace surfaces, (2) pro-
jection of a curvilinear hinge zone around which the terrace
surfaces were rotated, and (3) southward motion on the Nameri
thrust. Regardless of the causes for the terrace profiles not
intersecting precisely at a point, the fact that the terrace slope
increases with age can be attributed to forelimb rotation during
folding, although the hinge of rotation may have migrated with
time laterally (Fig. 6C).

Sample AY 02-21-06 (see Fig. 3A for location) was collected
from a fine-grained sand layer immediately above a 3–4 m thick
boulder layer exposed at along the Kameng River below the
Bhalukpong thrust (Fig. 4D). This sample yields a 14C date of
618737 yr BP. The detrital nature of the dated charcoal grains
places 618737 yr BP as the maximum age of deposition.

We obtained three samples from terrace deposits of TB2 in a
4 m thick section. Samples PB 02-16-06-(3A) and PB 02-16-06-
(3B) were collected from two fine-grained sand in the middle and
upper parts of a gravel layer; the samples yield OSL ages of
16.472.6 ka BP and 6.170.7 ka BP, respectively. We interpret
these ages to represent the times when channel deposition was
active. Sample PB 02-16-06-(3)C was collected at the base of a
sand–silt layer, which yields two 14C age clusters at 922711 yr
BP and 908728 yr BP. We interpret these dates to represent
the onset of strath entrenchment induced by stream incision.
As the dated charcoal grains are detrital, the above dates repre-
sent the maximum ages of terrace deposition. An OSL date of
7.371.0 ka BP was obtained by Srivastava and Misra (2008) from
TB1b deposits. In light of our OSL dates with clearly defined
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stratigraphic relationships on timing of channel abandonment,
the older OSL age obtained by Srivastava and Misra (2008) may
represent the time when the stream deposition of TB2 sediments
was still active.

We obtained age constraints from two forelimb terraces.
Sample PB 02-24-06-(4) from TF2 deposits yields two radiocarbon
ages clusters at 912711 yr BP and 883738 yr BP, whereas
sample PB 02-15-06-(2) from TF3 deposits yields two radiocarbon
age clusters at 3721738 yr BP and 1237729 yr BP. As dated
charcoal grains are detrital, the younger ages of 883 yr BP and
1237 yr BP are taken to represent the lower age bounds of TF2 and
TF3 sediments, respectively.

4.4. Relationship between channel geometry and Quaternary fault

activities

Channel geometry of the Kameng River changes noticeably as
it traverses major Cenozoic structures in the study area. In the
hanging wall of the Tipi thrust, the channel is nearly straight
and forms a deep-cut gorge. The channel is characterized by
lacking point-bar deposits (segment A in Fig. 3B). South of the Tipi
thrust the Kameng River displays meandering channel geometry
(segment B in Fig. 3B) with well-developed point bars. The river
valley is expressed by gentler channel-wall slopes than those
north of the Tipi thrust (see topographic profiles shown in
Fig. 5A). The Kameng River doubles its channel width immedi-
ately across the Bhalukpong thrust and displays dominantly
braided-channel networks (segment C in Fig. 3B). The braided
river channel increases its width sharply southward across the
Nameri thrust (segment D in Fig. 3C). As the Bhalukpong and
Nameri thrusts can be shown to be active, as both cut Quaternary
deposits, the abrupt change in channel morphology across them
can be confidently correlated to active tectonics (e.g., Bull, 1991;
Lavé and Avouac, 2001; Duvall et al., 2004; Turowski et al., 2006,
2009; Amos and Burbank, 2007). This correlation for the Tipi
thrust is not obvious, as the abrupt change in channel morphology
correlates to different lithology across the fault: the more
weathering-resistant Dafla Formation in the hanging wall and
less weathering-resistant Subansiri Formation in the hanging wall
(Fig. 3B). Lithology-controlled changes in channel geometry with-
out the influence of tectonics have been documented widely
around the world (Cook et al., 2009; Roberts and White, 2010).
From our analysis of LANDSAT images, the trace of the active
Bhalukpong thrust appears to merge with the Tipi thrust along
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strike to the east, requiring that some portions of the Tipi thrust
may be active. Indeed, Devi et al. (2011) argued that the Tipi thrust
is active at a site about 100 km east of our study area (Fig. 1A).
5. Quaternary shortening rate across the MFT zone

5.1. Slip rate along the Bhalukong thrust

Assuming a constant incision rate during the development of
terraces in the hanging wall of the Bhalukpong thrust, we obtain an
incision rate of 5.470.4 mm/yr (Fig. 5D). Because thrusting along
the Bhalukpong thrust may lead to burial of the offset footwall
channel (Fig. 7A and B), the hanging-wall incision rate can only be
used to constrain a minimum rate of tectonic uplift and the related
slip rate along the underlying thrust. This scenario also applies to
the presence of multiple active thrusts (Fig. 7C). Although the
Bhalukpong thrust dips 551 at the surface (Fig. 3A), its cutoff angle
to the hanging-wall bedding is about 22–301 (Fig. 4D). This
observation suggests that the dip of the thrust across its footwall
ramp must dip at 22–301, assuming that it has not been modified as
shown in our cross section (Fig. 3C). Using the functional form of
_S ¼ _I=sin a

� �
, where _S is the slip rate on the fault, _I is the vertical

incision rate, and a is the dip angle of the fault, we obtain an uncer-
tainty of the fault slip rate due to a variation of fault dip angle to be
s _S r9 @ _S=@a

� �
sa9þ9 @ _S=@_I

� �
s_I 9¼ 9_I cosa=sin2a

� �
sa9þ9 s_I=sina

� �
9.

We assume that the variations of fault dip and incision rate 407151
and 5.470.4 mm/yr. Thus, for a¼401, sa ¼ 101, I¼5.4 mm/yr, and
s_I ¼ 0:4, we obtain an uncertainty for the estimated slip rate of
8.4 mm/yr to be s _S r2:37 mm=yr, or _S ¼ 8:472:4 mm=yr.

Note that the above estimated slip on the Bhalukpong thrust
should represent a minimum value. This is because the reference
surface for fault offset is the strath surface (i.e., the top of the river
bedrock), not the top surface of channel gravel deposits used in
the above offset estimates. As shown in Fig. 3D the footwall
deposits directly below the Bhalukpong thrust are unconsolidated
Quaternary gravels where no strath surface is exposed. In fact, the
footwall strath surface does not emerge in the active river channel
for 41 km downstream from the trace of the Bhalukpong fault
(see Fig. 2A). On the other hand, the offset in the hanging wall is
measured by exhumed strath surfaces. Thus, the vertical distance
between the active channel surface overlain by Quaternary
sediments and the hanging-wall strath surfaces represents mini-
mal vertical offset caused by motion on the Bhalukpong thrust.
The above stated field relationship is illustrated in Fig. 7C.

5.2. Shortening rate across the Balipara anticline

To explain progressive steepening of the forelimb terraces and
parallel relationship of the backlimb terraces (Fig. 6C), we propose a
simple model in which the formation of the Balipara anticline was
accommodated by distributed shear across the forelimb of the fold
together with motion on the Nameri thrust (Fig. 7D and E). As we
have no controls on the deformation field of the forelimb at depth,
the geometry of the inferred forelimb shear zone is not constrained.
The simplest assumption is that the shear zone directly above the
Nameri thrust is part of the Nameri fault zone. That is, the shear
zone is bounded by the Nameri thrust below and a parallel plane
above (Fig. 7D). According to our simple model, the tectonic uplift
rate of the backlimb _U

� �
may be related to the slip rate _S1

� �
on the

Nameri thrust and the shear–strain rate _g
� �

across the forelimb by
the following relationship (Fig. 7E):

_U ¼ ½ _S1þ
_S2�sinðbÞ ¼ ½ _S1þH _g�sinðbÞ ð1Þ

where b is the dip angle of the Nameri thrust (which is assumed
to be parallel to the simple-shear zone across the forelimb), _S2 is
the slip rate across the forelimb shear zone, and H is the thickness of
the forelimb shear zone. The forelimb shear–strain rate can be
obtained from the elevation profiles and ages of the forelimb
terraces by

_g ¼
tan yiþ1�yi

� �

tiþ1�ti

� � ð2Þ

where yiþ1 and yi are the slopes of forelimb terrace surfaces
developed at stages (iþ1) and i, and tiþ1 and ti are the ages of
terraces.

To determine the tectonic uplift rate for the backlimb of the
Balipara anticline, we use the ages and elevation profiles of
the backlimb terraces to estimate the incision rate. Similar to
the situation for the terrace development in the hanging wall of
the Bhalukpong thrust, the incision rate of the backlimb also
represents a minimum value of the tectonic uplift rate because
sedimentation in the footwall of the Nameri thrust may have
buried the offset channels. As mentioned above, detrital charcoal
collected from terrace deposits of TB1a yields a maximum age
of deposition at � 618 yr BP (e.g., site AY 02-21-06 in Fig. 3A).
The terrace surface lies about 3.5 m above the modern stream
channel of the Kameng River (Fig. 4D), which requires a minimum
incision rate of 5.7 mm/yr since the onset of its entrenchment. Based
on our Total Station surveying, the tread of terrace TB2 lies 4 m above
terrace surface TB1b, which is in turn �1 m above TB1a (Fig. 6C).
Using the youngest radiocarbon age of 908 yr BP for the age of TB2

formation, we obtain a minimum incision rate of 9.4 mm/yr since the
start of its entrenchment. Averaging the two estimates yields an
incision rate of 7.571.9 mm/yr. According to Kumar et al. (2010),
the Nameri thrust dips from 81 to 301 at the surface. To be
conservative for our slip rate estimates, we took a dip angle of 301
for the Nameri thrust and the bounding planes of the inferred
forelimb shear zone. This assumed thrust and shear-zone dip
requires a minimum total slip rate of 1573.8 mm/yr along the
decollement below the Nameri thrust and the Balipara anticline.

The horizontal distance of our Total Station surveying profile
across the forelimb is 1300 m, along which tilted terrace surfaces
were observed (Fig. 6C). A 301 dip of the shear zone requires a
minimum thickness of 650 m. The shear–strain rate can be
calculated from the observed magnitude of angular rotation of
TF2b and TF3 with respect to TF0 and their ages. We take the
youngest charcoal ages of 883 yr B.P. and 1237 yr B.P. for the
maximum ages of the two terraces. The rotation of terraces can be
determined from the gradients of TF0, TF2b, and TF3 at 0.01143,
0.01714, and 0.04286 from the elevation profiles (Fig. 6C). The
above information yields a minimum rotation rate (¼minimum
shear–strain rate) of 6.47�10�6 yr�1 for TF3 and a minimum
rotation rate of 2.54�10�5 yr�1 for TF2b relative to TF0. Note that
the above rotation rate is remarkably similar to the rotation rate
of 7.88�10�6 yr�1 we derived from the growth–strata relation-
ship across the forelimb along the same valley. Using the mini-
mum shear-zone thickness of 650 m and the average of the two
minimum rotation/shear–strain rates, we obtain a minimum slip
rate of 9.876.8 mm/yr across the surface of the inferred forelimb
shear zone. As the minimum total slip rate is �15 mm/yr and the
minimum shortening rate across the forelimb shear zone is
�10 mm/yr when removing the uncertainties, we obtain a
roughly estimated Holocene slip rate of �5 mm/yr for the Nameri
thrust.
6. Discussion

The estimated minimum slip rate on the Bhalukpong thrust is
8.472.4 mm/yr, whereas the estimated minimum slip rate along
the same decollement below the Balipara fold and the Nameri
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thrust is 1573.8 mm/yr. This yields a minimum total slip rate of
23.476.2 mm/yr along the MFT-zone decollement (Fig. 3C). Note
that the above estimates critically depend on the deep crustal
structures inferred from construction of a balanced cross section,
which is a possible but non-unique solution. This uncertainty
cannot be evaluated quantitatively without subsurface data such
as seismic reflection profiles and drill-hole controls on the
thickness and position of stratigraphic units and fault positions.
With this uncertainty in mind, our estimated slip rate along the
MFT-zone decollement in the eastern Himalaya is similar in
magnitude to and potentially greater than the estimated Holo-
cene slip rate of 2171.5 mm/yr for the MFT in the central
Himalaya (Lavé and Avouac, 2000). However, our estimated
Holocene shortening rate in the eastern Himalaya is significantly
higher than the Holocene shortening rate of 973 mm/yr for the
MFT in the western Himalaya (Wesnousky et al., 1999; Malik and
Nakata, 2003; Kumar et al., 2006). Our estimated MFT slip rate
together with the existing MFT slip-rate estimates from the
western and central Himalaya indicates that the active deforma-
tion of the Himalayan orogen correlates closely to the eastward
increase in the Indo-Asian convergence rate (e.g., Molnar and
Stock, 2009).

We obtain a GPS velocity field across the Himalayan orogen and
southern Tibet referenced to the stable interior of the Indian craton
(Fig. 8). Data used in our plot are from Gan et al. (2007), Jade et al.
(2007) and Ader et al. (2012). Although the work of Mukul et al.
(2010) covers the region of our interests, we decided not to include
their GPS data as we found their data analysis and processing
problematic. First, some of their sites in the figures and the data
table do not match one another. Second, we are unable to obtain a
reliable reference from their dataset as there is only one IISC site
located on the undeforming part of the Indian craton. Finally, our
attempt to align their GPS velocity field with ITRF shows that
velocities of two IGS sites (IISC and LHAS) are in conflict with their
ITRF velocities by up to 4–5 mm/yr. It is also surprising to note that
some of the regional velocities of Mukul et al. (2010), with longer
durations of observations, are more scattered than the data of Jade
et al. (2007) from the same sites. In contrast, we find that the data
by Jade et al. (2007) at IGS sites (e.g., IISC, LHAS, KIT3, POL2 and
SELE) agree well with ITRF velocities up to o1–3 mm/yr. Note that
we also did not include the GPS data from Mullick et al. (2009) from
the Sikkim Himalayan topographic front. This is because we are
uncertain if their detected north–south extension at a rate of
10 mm/yr across a NW-striking fault (presumably a thrust as it
parallels to the Himalayan front) is an artifact of landsliding rather
than tectonics.

The GPS velocity field of Gan et al. (2007) was derived from a
velocity solution of the Crustal Motion Observation Network
Project (CMONOC) (Niu et al., 2005) and the published solutions
of Paul et al. (2001), Wang et al. (2001) and Banerjee and
Bürgmann (2002). Integration of the above solutions was accom-
plished by tying station velocities at fiducial and collocated sites
using a 7-parameter Helmert transformation. Our final GPS
solutions are referenced to ITRF2005 (Gan et al., 2007). The
largest postfit residuals for the common stations between differ-
ent datasets are �2.6 mm/yr and �1.7 mm/yr for the east and
north velocity components. To further improve our GPS solutions
we aligned the solutions of Wang et al. (2001) and Banerjee and
Bürgmann (2002) with that of Gan et al. (2007) by rigid body
rotation under velocity constraints at commonly used fiducial
sites (i.e., IISC in India, LHAS in Tibet of western China, and KIT3,
POL2 SELE, WUHN, and SHAO in central and eastern Eurasia). The
postfit residuals for the horizontal components at these sites are
o3 mm/yr. Lastly, we rotate the combined velocity datasets into
an India-fixed reference frame while minimizing postfit residuals
at sites located in the stable part of the India plate (i.e., IGS, IISC
and 7 regional stations in northwest India and southernmost
Nepal). This operation results in postfit residuals of o2 mm/yr for
the east and north velocity components after excluding 2 sites
with larger postfit residuals in the initial solution. Our final
velocity solution shows the relative motion of GPS stations with
respect to the undeforming northwestern India (Fig. 8). This
allows us to compare the GPS velocity field to the Holocene
deformation rates across the Himalaya and southern Tibet.

As the Himalayan orogen is an arc in map view, we use a small
circle to best represent the trace of the MFT. This was followed by
dividing the Himalayan arc into five segments radiating from the
pole that generated the MFT arc (Fig. 8). Although the final plots
clearly show scatter (Fig. 8), some first-order trends are evident.
A right-slip shear rate of 5–10 mm/yr is evident across the western
Himalaya, which is broadly compatible with the Holocene and long-
term average slip rate over the span of the Karakorum fault ranging
from 1 to 10 mm/yr (Searle, 1996; Murphy et al., 2000, 2002; Brown
et al., 2002; Phillips et al., 2004; Lacassin et al., 2004; Chevalier et al.,
2005; Valli et al., 2007). They are also consistent with the decadal
slip rate inferred from a local GPS network survey and an InSar
study across the fault (Wright et al., 2004; Valli et al., 2007). A left-
slip shear of 2–6 mm/yr parallel to the Himalayan arc occurs across
the eastern Himalaya, which is probably accommodated by the
newly discovered left-slip Dinggye-Chigu fault zone with a slip rate
of 4–8 mm/yr (Li and Yin, 2008). Occurrence of left-slip faulting in
the eastern Himalaya is inconsistent with active eastward extrusion
of the Tibetan plateau, as it requires a through-going right-slip shear
across the whole Himalayan arc (e.g., Armijo et al., 1986). Van der
Woerd et al. (2009) reinterpreted the left-lateral drainage deflection
pattern along active faults observed by Li and Yin (2008) and
suggested that they are related to left-slip faulting. Their reinter-
pretation was disputed by Li and Yin (2009) and our regional GPS
velocity field in Fig. 8 reinforces Li and Yin’s (2008) proposal that the
Himalayan arc is currently deforming by combined arc-
perpendicular shortening and symmetric arc-parallel right-slip
shear in the west and left-slip shear in the east across the orogen.

The GPS velocity field also shows a systematic east–west change
in the arc-perpendicular shortening rate across the Himalaya and
southernmost Tibet, at �14 mm/yr in the west, �20 mm/yr in the
center, and �29 mm/yr in the east (Fig. 8). The 14 mm/yr GPS
shortening rate across the western swaths is slightly higher than the
Holocene shortening rate of 973 mm/yr across the western Hima-
laya (Wesnousky et al., 1999; Malik and Nakata, 2003; Kumar et al.,
2006), implying additional active structures such as the Karakorum
fault north of the MFT to have accommodated the extra arc-
perpendicular shortening. It has been noted that the GPS shortening
rate across the central Himalaya is similar to the Holocene slip rate of
the MFT across the same longitude, which implies that most of the
active convergence of the Himalayan orogen is accommodated by slip
on the MFT (Lavé and Avouac, 2000). Our GPS result is consistent
with this inference. For the eastern swaths the 29 mm/yr shortening
rate relative to fixed India is accommodated by active deformation
across the eastern Lhasa block, the Himalayan orogen, and the
Shillong plateau. As the eastern Lhasa block is dominated by east–
west extension (Zhang et al., 2004) in the GPS velocity field, its active
deformation probably contributes little to the total 29-mm/yr short-
ening. Thus, this shortening must be partitioned in the eastern
Himalaya and the Shillong plateau. GPS surveys and modeling of
leveling data indicate a present shortening rate of 2–5 mm/yr across
the Shillong plateau (Bilham and England, 2001; Paul et al., 2001;
Jade et al., 2007). This requires a 24–27 mm/yr shortening rate across
the eastern Himalaya, which is consistent with our estimated rate of
23.476.2 mm/yr.

It is possible that southern Tibet may be under significant active
contraction, which cannot be differentiated completely between the
Himalayan shortening caused by the locking of the MFT at depth.
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However, recent work by Ader et al. (2012) shows that an elastic
back-slip model can satisfactorily explain the observed GPS data
across the Himalaya and southern Tibet, with a typical fault locking
length of �100 km. In light of lack of any known contractional
structures in southern Tibet north of the Himalaya east of the
Karakorum fault (e.g., Taylor and Yin, 2009), we believe that the
observed north–south GPS shortening strain across at least the
central and eastern Himalaya was dominantly and possibly entirely
induced by the locking of the Himalayan Main Frontal Thrust.

Our results have important implications for the development of
the Tibetan plateau. Although the plateau currently displays a strong
east–west asymmetry in its north–south width, this geometry could

not have been induced by an eastward increase in the India–Asia
convergence rate if our observation of the MFT-slip-rate distribution
along the Himalayan arc can be generalized to the geologic past. This
is because the asymmetric effect of the plate boundary convergence
rate, about 10 mm/yr difference at the eastern and western ends of
the Himalaya (Molnar and Stock, 2009), has been ‘‘filtered’’ out by
along-strike variation of deformation within the Himalaya. Thus,
alternative explanations such as a change in polarity of thrust
systems along the northern margin of the Tibetan plateau (Cowgill
et al., 2003) and partitioning of inhomogeneous shortening across
central Asia should be considered (e.g., Neil and Houseman, 1997).
When evaluating seismic hazards, Himalayan earthquake geologists
have implicitly assumed that the MFT has a uniform slip rate
everywhere across the Himalayan topographic front (e.g., Kumar
et al., 2010). However, if the shortening rate of the MFT zone
increases eastward and the repeated major earthquakes have similar
magnitudes, the MFT along the central and eastern Himalayan front
would have shorter recurrence intervals and host more frequent large
earthquakes than those along the MFT in the western Himalaya.
7. Conclusions

Restoration of a balanced cross section and the observed growth–
strata relationship require a minimum shortening rate of 13 mm/yr
across the eastern Himalayan orogenic belt since �2 Ma. Topo-
graphic surveying and dating of Holocene river terraces in the
Bhalukpong area of the eastern Himalaya constrain a minimum
total shortening rate across the 10 km wide Main Frontal Thrust
(MFT) zone to be at 23.476.2 mm/yr. This total shortening rate is
similar to the GPS shortening rate across southeastern Tibet and the
eastern Himalaya, indicating that the MFT zone is the dominant
structure accommodating nearly all active deformation of the
region. The total shortening rate across the 10 km wide MFT zone
in the eastern Himalaya is distributed across three active structures:
at �8.4 mm/yr on the Bhalukpong thrust in the north, at �10 mm/yr
across the Balipara growing anticline in the center, and at �5 mm/yr
on the Nameri thrust in the south. Although the obtained shortening
rate of 23.476.2 mm/yr across the eastern Himalaya is similar to or
greater than the estimated slip rate of 2171.5 mm/yr for the MFT
zone in the central Himalaya, this rate is significantly higher than the
slip rate of 973 mm/yr for the MFT zone in the western Himalaya.
This observation supports an interpretation that the active growth of
the Himalayan orogen is driven by an eastward increase in the plate
convergence rate between India and Asia. It also supports the
proposal of Lavé and Avouac (2000) that active Himalayan shortening
is mostly accommodated by slip along the discrete MFT zone
bounding the Himalayan front
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