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INTRODUCTION
Interactions and feedbacks between tectonics 

and surface processes are affecting crustal de-
formation (Beaumont et al., 1992; Willett et al., 
1993; Whipple, 2009). Although sophisticated 
numerical models can simulate the details of 
such interactions, unambiguous fi eld evidence 
remains scarce.

Upper crustal deformation can be observed 
directly in active orogens, and the parameters 
controlling the deformation and morphology 
of critical Coulomb wedges have been well es-
tablished. Here, we investigate the present-day 
foreland fold-and-thrust belt (FTB) of the Hi-
malayan orogen (Avouac, 2003). Dahlen (1990) 
defi ned the steady-state width of a uniformly 

eroding wedge as e!Wsec(α + β) ≈ e!W = hV, 
where e! is erosion rate, W is wedge width, h is 
the thickness of incoming sediments, and V is 
the velocity of convergence, and α and β are the 
surface slope and dip of the basal décollement, 
respectively. Such morphological elements and 
growth parameters can be constrained precisely 
in the Himalayan FTB.

Previous studies of the Himalayan FTB have 
either concentrated on narrow segments (e.g., 
Mugnier et al., 1999) or assumed that the criti-
cal Coulomb wedge extends from the frontal 
thrust to the suture zone and exhibits constant 
morphology along the entire orogenic arc (e.g., 
Hilley and Strecker, 2004). However, conver-
gence rates between India and Eurasia (Molnar 

and Stock, 2009) and precipitation over the 
Himalaya (Bookhagen and Burbank, 2010) 
decrease signifi cantly from east to west. This 
suggests the possibility of systematic varia-
tions in the morphology and growth rate of the 
Himalayan FTB and raises questions regarding 
the dominant factors forcing these variations. 
To address these questions, we constructed bal-
anced cross sections covering the entire Hima-
layan arc, calculated shortening amounts and 
rates, and constrained climatic gradients linked 
to surface erosion.

GEOLOGICAL SETTING
From south to north, the primary structures 

extending along the Himalayan orogen (Fig. 1) 
are the Main Frontal thrust (MFT), Main Bound-
ary thrust (MBT), Main Central thrust, and South 
Tibetan detachment (Hodges, 2000). Although 
published opinions vary, we contend that the ac-
tive Himalayan FTB is delineated by the MFT 
(frontal thrust) and MBT (backstop), with fore-
land sediments (molasse) deformed in the style of 
fold-and-thrust belts lying between the two. The 
molasse consists of Middle Miocene to Pleisto-
cene alluvial sandstones, mudstones, siltstones, 
and conglomerates and is divided lithostrati-
graphically into the Lower, Middle, and Upper 
Siwalik subgroups (Burbank et al., 1996).

Based on growth strata in central Nepal, Mug-
nier et al. (2004) inferred the onset of thrusting 
on the MFT to have occurred at ca. 2.4–1.8 Ma. 
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Figure 1. Geological over-
view map of the Himalaya 
with section locations. 
Balanced cross sections 
of Siwalik Group are in-
dicated with red lines la-
beled A–J and are listed 
in Table 1. White lines 1–5 
indicate detailed strati-
graphic section locations 
with magnetostratigraphy 
(Fig. DR1 [see footnote 
1]); MBT—Main Boundary 
thrust; MCT—Main Central 
thrust; MFT—Main Frontal 
thrust; STD—South Ti-
betan detachment. Map 
compiled from McQuar-
rie et al. (2008), Powers et 
al. (1998), Chirouze et al., 
(2013), Mugnier et al., (1999), Ojha et al., (2009), and T.P. Ojha (2012, personal commun.).
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Similarly, detrital thermochronology of Siwalik 
sediments has dated the onset of exhumation of 
the frontal Siwaliks along the MFT to ca. 2 Ma 
in western and central Nepal (van der Beek et 
al., 2006) and ca. 1 Ma in Arunachal Pradesh 
(Chirouze et al., 2013), respectively.

Central to eastern Bhutan is the only segment 
of the Himalaya characterized by active struc-
tures in the foreland crust. There, the reverse 
faults bounding the Shillong Plateau have accom-
modated part of the convergence since ca. 9 Ma 
(Biswas et al., 2007; Clark and Bilham, 2008), 
i.e., before the onset of shortening of the FTB. 
Furthermore, contraction rates across the Bhutan 
Himalaya are no lower than those across other 
segments and follow the general west-to-east 
gradient of GPS velocities (Burgess et al., 2012). 
Accordingly, we conclude that the deformation 
trend within the Himalayan FTB is independent 
of shortening across the Shillong Plateau.

The two principal drivers of the Himalayan 
FTB appear to have remained constant since long 
before the onset of deformation. For example, 
convergence rates between the Indian and Eur-
asian plates have been steady since ca. 11 Ma 
(Molnar and Stock, 2009). Similarly, the Indian 
summer monsoon, which contributes most of the 
precipitation to the Himalaya, has been present 
since at least 12 Ma (Dettman et al., 2003). We 
suggest that the Himalayan FTB is in tectonic 
steady state because the physical characteristics 
of a wedge system approach steady values on a 
million-year time scale; in fact, the response time 
to any signifi cant change in the parameters gov-
erning the morphology of the orogenic wedge is 
thought to be 0.25–2.5 m.y. (Whipple, 2009).

BALANCED CROSS SECTIONS
Several researchers have constructed bal-

anced sections across the Himalayan FTB and 
have calculated shortening amounts and veloci-
ties (e.g., Schelling, 1992; Mugnier et al., 1999, 

2004; Powers et al., 1998). However, establish-
ing deformational and morphological trends 
along the Himalayan FTB using published data 
can be problematic owing to variations in the 
methods adopted to construct and balance cross 
sections and to revision of some of the param-
eters (e.g., timing of deformation) since their 
publication. To obtain an internally consistent 
data set that describes shortening of the Hima-
layan FTB, we compiled published and unpub-
lished structural data to reconstruct eight pub-
lished sections using Move 2D (www.mve.com/
software/2dmove) (Fig. 2; Figs. DR3–DR6 in 
the GSA Data Repository1). Moreover, we con-
structed two new sections in eastern Bhutan and 
western Arunachal Pradesh (India) (red I and J 
in Fig. 1). We adopted the upper boundary of the 
Lower Siwalik subgroup as a common reference 
level to calculate shortening because it is the 
lowest and most complete formation; thus, it has 
accumulated the most strain within the Siwalik 
Group. We followed Mugnier et al. (2004), as-
suming that deformation within the Himalayan 
FTB commenced at the boundary between the 
Upper and Middle Siwalik; however, we veri-
fi ed and revised (where required) deformation 

age at each section using local stratigraphic ages 
for this boundary (Table 1).

Results vary widely among the ten cross sec-
tions. Total shortening and shortening veloc-
ity are 8.3–37.7 km and 3.20–9.66 mm yr–1, 
respectively, and exhibit no clear spatial pattern 
(Fig. 3A). In contrast, extension is remarkably 
constant (Table 1), with a mean of 0.48 ± 0.04 
when the two westernmost sections are excluded. 
Strain rates increase steadily from west to east 
(2.52–6.96 × 10−15 s–1; Fig. 3A) and are of the 
same order of magnitude as current strain rates 
(Fig. 3A; Kreemer et al., 2003). Moreover, the 
width of the FTB is highly variable, although it 
generally decreases from west to east (Fig. 3B).

DISCUSSION
Three principal processes govern the morphol-

ogy of a critical Coulomb wedge (e.g., Dahlen et 
al., 1984): (1) growth in its mechanically criti-
cal state according to the mechanical properties 
of the rocks within the wedge; (2) accretion of 
material at a rate equal to the product of the con-
vergence velocity and the thickness of the ma-
terial; and (3) removal of material by erosion. 
Because the lithology of the Himalayan FTB is 
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Figure 2. Illustrative cross section G from Figure 1. Top: Current geometry of 
wedge. Bottom: Retro-deformed wedge. MBT—Main Boundary thrust; SuT—Sun-
jhari thrust; KaT—Kamala thrust; SiT—Sindhuli thrust; MFT—Main Frontal thrust.

TABLE 1. RESULTS FROM THE BALANCED AND RETRO-DEFORMED CROSS SECTIONS

Section Shortening
(km)

Extension
e = ∆L/L0

Age of Upper/Middle 
Siwalik boundary, t (Ma)

Shortening velocity
(mm yr–1)

Strain rate ė = e /t
(s–1)

Sediment thickness
(m)

Sediment accreted 
volume fl ux (m2 yr–1)

A 23.0 ± 3.47 0.22 2.70 ± 0.3 8.52 ± 1.60 2.52 × 10−15 ± 4.73 × 10−16 7546 64.3 ± 12.1
B 10.6 ± 2.67 0.23 2.70 ± 0.3 3.93 ± 1.08 2.75 × 10−15 ± 7.56 × 10−16 ––
C 25.7 ± 2.21 0.41 4.83 ± 1.0 5.32 ± 1.19 2.70 × 10−15 ± 6.05 × 10−16 6472 34.4 ± 7.7
D 37.7 ± 8.77 0.49 4.83 ± 1.0 7.81 ± 2.43 3.20 × 10−15 ± 9.97 × 10−16 6376 49.8 ± 15.5
E 31.1 ± 3.22 0.48 3.22 ± 0.3 9.66 ± 1.35 4.74 × 10−15 ± 6.61 × 10−16 5091 49.2 ± 6.9
F 27.0 ± 2.98 0.46 3.22 ± 0.3 8.39 ± 1.21 4.54 × 10−15 ± 6.55 × 10−16 5286 44.3 ± 6.4
G 29.3 ± 1.52 0.44 3.42 ± 0.6 8.57 ± 1.57 4.03 × 10−15 ± 7.37 × 10−16 5733 49.1 ± 9.0
H 32.6 ± 2.29 0.48 3.42 ± 0.6 9.53 ± 1.80 4.46 × 10−15 ± 8.42 × 10−16 5340 50.9 ± 9.6
I 8.31 ± 1.45 0.57 2.60 ± 0.3 3.20 ± 0.67 6.96 × 10−15 ± 1.46 × 10−16 2931 9.4 ± 2.0
J 16.5 ± 1.91 0.44 2.60 ± 0.3 6.35 ± 1.04 5.40 × 10−15 ± 8.82 × 10−16 4736 44.8 ± 7.3

Note: See Figure 1 for section locations. Errors in the cross sections were determined using the area-balancing error method (Judge and Allmendinger, 2011). The 1σ 
uncertainties were propagated from the errors in the cross sections and uncertainties on stratigraphic ages (see text). We use the standard defi nition of the linear strain, 
extension, as the ratio of change of length (∆L) and the initial length (L0). The deformation age at each section was determined using the local stratigraphic age of the 
Upper/Middle Siwalik Group boundary (Fig. DR1 [see text footnote 1]).
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homogeneous, potential along-strike variations in 
wedge deformation and morphology can be ex-
plained by accretionary and erosional fl uxes that 
are locally steady but vary along strike.

Accretion of Material
Convergence in a critical Coulomb wedge 

is accommodated by (1) material fl ux from the 
back of the orogenic wedge, (2) accretion of 
material from the foreland, and (3) sliding of the 
wedge over the foreland. Owing to the lack of 
data constraining the fl ux of material from the 
back of the belt, we considered an end member 
in which erosion of mass from north of the MBT 
is suffi cient to prevent any introduction of mate-
rial into the Himalayan FTB from the north.

The spatial distribution of strain rates calcu-
lated from the cross sections correlates well with 
that of strain rates associated with Indian plate 
convergence (Fig. 3A). Convergence velocities 
between the Indian and Eurasian plates have 
been shown to vary laterally from ~34 mm yr–1 
in the northwest to ~44 mm yr–1 in the northeast 
of India (Molnar and Stock, 2009). This trend is 
refl ected in the current contraction rates across 
the Himalaya, which are ~15 mm yr–1 greater in 
the east than the west (Burgess et al., 2012). In 
contrast, long-term shortening velocities exhibit 
no spatial trend, which impedes calculation of 
material fl ux into the Himalayan FTB. The vari-
able amount of shortening registered in Himala-
yan molasse may be caused by the foreland sed-
imentary basin geometry, which is complicated 
by sediment transport characteristics and the 
geometry of sub-basins (Burbank et al., 1996).

Comparison of Holocene slip rates across the 
MFT (i.e., ~21–23.4 mm yr–1; Lavé and Avouac, 

2000; Burgess et al., 2012; Mugnier et al., 2004) 
with the long-term shortening velocities suggests 
that only a third to half of the Neogene molasse 
was accreted to the Himalayan FTB. Actually, 
fi eld observations (Husson et al., 2004; Mugnier 
et al., 1999) suggest that part of the molasse de-
scends beneath the backstop. Thermal kinematic 
models of the Himalaya (e.g., Herman et al., 
2010) have demonstrated that the convergence is 
partitioned into overthrusting and underthrusting 
with a partitioning factor λ of ~0.7, indicating 
that about a third of the convergence is accom-
modated by overthrusting at rates of 6–7 mm yr–1. 
This is consistent with our observations.

The average velocity of 6.8 ± 2.4 mm yr–1 
multiplied by the measured sediment thickness 
within the FTB yields an eastward decrease in 
material fl ux. Because plate convergence veloci-
ties were 13% higher in the east than the west 
during the deformation of the Himalayan mo-
lasse, scaling the average shortening velocity 
arbitrarily to obtain an equivalent velocity trend 
along the FTB yields a laterally constant mass 
accretion rate (represented by cross-sectional 
volumetric fl ux) of ~40–60 m2 yr–1 (Table 1), 
equivalent to the estimate by Husson et al. 
(2004). Although the values we have calculated 
may be subject to larger uncertainties, we are 
confi dent that the lateral trends obtained corre-
spond to those present in the fi eld.

Wedge Erosion
Surface mass transport on the Himalayan 

FTB is controlled by the Indian summer mon-
soon (Bookhagen and Burbank, 2010). Rainfall 
and associated runoff are primary drivers of ero-
sional mass removal from a wedge, the rate, ε, 

of which is often described by a bedrock inci-
sion law and has been argued to be controlled 
by a stream-power erosion law described by 
channel slope (S), catchment area (A, a proxy 
for discharge), and erosional effi ciency (K): 
ε = –KAm Sn, where m and n are power law ex-
ponents (Whipple and Tucker, 1999). The erod-
ibility factor K is a dimensional coeffi cient of 
erosion that incorporates the effects of changes 
in river channel geometry, effective precipita-
tion, and the resistance of bedrock to fl uvial 
incision. Higher values of K, corresponding to 
more effi cient erosion, have been shown to favor 
a narrower wedge (Whipple, 2009). The Siwalik 
Group lithologies are homogeneous throughout 
the Himalayan FTB (Burbank et al., 1996), re-
sulting in constant rock erodibility along strike 
and leaving climate as the primary parameter 
controlling the erodibility factor K.

To characterize along-strike climatic varia-
tion, we extracted annual rainfall amounts and 
specifi c stream power (SSP), calculating the 
median rainfall and the sum of SSP over the Hi-
malayan FTB (Fig. DR7). SSP was calculated 
according to Bookhagen and Strecker (2012). In 
short, SSP is the product of the specifi c weight 
of water, discharge (adopted from calibrated 
remote-sensing rainfall data; cf. Bookhagen and 
Burbank, 2010), and channel slope divided by 
channel width. SSP is a proxy for fl uvial ero-
sion, although it relies on discharge calculated 
from calibrated remote-sensing rainfall data; 
thus, it more accurately refl ects climatic impacts 
in areas with steep rainfall gradients. A distinct 
eastward-increasing gradient in rainfall rates 
and in SSP can be seen in the Himalayan FTB, 
concomitant with the eastward decrease of belt 
width (Fig. 3B).

Interplay of Convergence Velocity and 
Climate

Analytical coupled erosion-deformation 
models (e.g., Hilley and Strecker, 2004) have 
demonstrated that the morphology of a steady-
state wedge at its Coulomb failure limit is 
controlled by (1) the mechanical properties of 
rocks in the wedge, (2) the décollement sole-out 
depth, (3) erosional exponents, (4) basin hydro-
logical parameters, and (5) the ratio of the fl ux 
of the tectonically added material to the erod-
ibility factor (hV/K). The fi rst three parameters 
remain almost constant along the Himalayan 
FTB, whereas along-strike variations in hydro-
logical parameters were addressed in the previ-
ous section. Similarly, all of the components 
of the last parameter are known to vary later-
ally. In general, increasing hV/K produces wider 
wedges (Hilley and Strecker, 2004; Whipple, 
2009). Increases in this ratio may result from 
increasing material fl ux (hV) introduced into the 
wedge, or decreased erosional power due to re-
duced precipitation and runoff (discharge), here 
exemplifi ed by SSP.
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Figure 3. A: Graph of shortening ve-
locity (blue circles), strain rate (red 
squares), and sediment thickness 
(green bars) of Siwalik Group plotted 
against distance along Himalayan arc. 
Dark and pale colors represent data 
from this study and published sections, 
respectively. Red line is best fi t of strain 
rate in Himalayan fold-and-thrust belt 
(FTB). Plate strain rate (dashed red line) 
was calculated from plate convergence 
velocity of Molnar and Stock (2009), as-
suming Indian plate motion is distrib-
uted over lithosphere with thickness of 
200 km. Gray circle is average shorten-
ing velocity and gray line is shortening 
velocity scaled to vary at same rate as 
plate convergence velocity. B: Graph 
plotting width of Himalayan FTB with 
distance along Himalayan arc against 
total annual rainfall and specifi c steam 
power (SSP). The oscillations in SSP 
along strike are associated with varia-
tions in rainfall (discharge), catchment 
size, and channel slope distribution 
within the catchment.
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Poorly constrained long-term shortening ve-
locities preclude accurate and precise calculation 
of the material fl ux. Circumstantial evidence sug-
gests that the material fl ux either slightly decreas-
es eastward or remains approximately constant 
along the arc. Assuming the latter, which is more 
likely, the steady-state wedge width equation, 

 
W

hV
e e

= ≈
! !

1
, 

indicates that wedge width is inversely propor-
tional to erosion rate. In summary, the observed 
eastward decrease of the Himalayan FTB width 
is consistent with the eastward increase of precip-
itation and the SSP on the Himalayan foothills.

CONCLUSIONS
Within the active foreland fold-and-thrust 

belt of the Himalaya, extension, strain rate, and 
belt morphology vary systematically from west 
to east. Strain rates correlate well with west-to-
east increases in convergence rates according 
to both long-term plate velocity data and GPS 
data, suggesting that Pliocene to Holocene 
shortening is externally imposed and related to 
plate convergence rates. Conversely, the east-
ward decrease in belt width corresponds to an 
eastward increase in rainfall rates and specifi c 
stream power. Although mass accretion rates 
have not been well constrained, we argue that 
they remain relatively constant along the FTB.

We suggest that the morphology of the Hima-
layan FTB is controlled primarily by erosion, in 
accordance with the critical taper model. Surface-
material removal is mainly controlled through 
rainfall and runoff and can be expressed as spe-
cifi c stream power. Of the parameters considered, 
lithology, erodibility, and rock mechanical prop-
erties are relatively homogeneous throughout the 
belt. Thus, we conclude that climatically induced 
erosion is the principal control on Himalayan 
foreland fold-and-thrust belt morphology.
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