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Coupled Rapid Erosion and Foreland Sedimentation
Control Orogenic Wedge Kinematics in the Himalayan
Thrust Belt of Central Nepal

P. G. DeCelles' © and B. Carrapa’

1Department of Geosciences, University of Arizona, Tucson, AZ, USA

Abstract Spatial and temporal coincidence among rapid Pliocene-Holocene bedrock exhumation,
development of a topographic bight, abundant monsoonal precipitation, accumulation of anomalously
thick proximal foreland basin deposits, and development of an opposite-polarity salient-reentrant couple
on the two most frontal major thrust faults in the Himalayan orogenic wedge of central Nepal provide

a basis for a model that links these diverse phenomena and could be operating in other parts of the
frontal Himalaya. Rapid bedrock erosion is documented by a concentration of young (<5 Ma) low-
temperature thermochronologic ages in the Narayani River catchment basin. Where the river exits the
Lesser Himalayan Zone, the Main Boundary thrust has a 15-km-amplitude reentrant. Directly south of
the reentrant lies the ~50 km wide Chitwan wedge-top basin, which is confined by a large salient on the
Main Frontal thrust. Rapid erosion and sediment flux out of the Narayani catchment basin, possibly due
to anomalously intense monsoonal precipitation in this topographically depressed region of central Nepal,
causes greater flexural subsidence and surface aggradation in the foreland, both of which increase initial
wedge taper and render this region more susceptible to anomalous forward propagation of the thrust
front. Analysis of the modern and post-early Miocene taper history of the thrust belt suggests that rapid
erosion hindered forward propagation of the contemporaneous Main Boundary thrust, but simultaneously
produced conditions in the foreland that eventually elevated initial taper to a critical/supercritical value
promoting forelandward propagation of the Main Frontal thrust. This analysis has implications for large
damaging earthquakes in the Himalaya.

Plain Language Summary The geological history of faulting in the Himalaya is controlled
by the distribution of mass in the mountain range and the tectonic forces acting in the ongoing collision
between India and Asia. Accordingly, erosion by large rivers, which redistributes mass from the

mountain range into the Ganges River basin south of the mountains, may control the locations, shapes,
and seismic histories of major Himalayan faults. We show a strong correlation among rapid erosion

in central Nepal, extreme precipitation, anomalous sediment deposition in the basin to the south, and
peculiarities in the shapes and movement histories of the two largest faults along the southern flank

of the range. Our findings have implications for the history of large earthquakes along the front of the
Himalaya. In particular, spatial correlations among large erosional basins in the Himalaya, thick sediment
accumulations to the south, and abrupt deflections in the shapes of major faults point to enhanced seismic
potential along the mountain front.

1. Introduction

The importance of large-scale thrust faults in the development of orogenic belts has been recognized since
the mid-1800s (Bertrand, 1884; Peach et al., 1888, 1907; Schardt, 1898; cf., Sengdr & Bernoulli, 2011 for a
review of early Alpine literature). Physical mechanisms by which large coherent thrust sheets are emplaced
upon the rocks beneath them posed a dilemma (Smoluchowski, 1909; see also; Engelder, 1990; Price, 1988)
until the overall wedge-shaped cross-section of most thrust belts became more clear (Bally et al., 1966;
Price, 1973, 1988) and the effects of elevated fluid pressures (Hubbert & Rubey, 1959) and the gravitational
body force acting on elevated rocks in the orogenic wedge were realized (Chapple, 1978; Dahlen, 1984, 1990;
D. Davis et al., 1983; D. Elliott, 1976). Together with a driving plate tectonic force, gravity acting on elevat-
ed orogenic rocks drives the orogenic wedge forward against resisting basal shear forces (e.g., Molnar &
Lyon-Caen, 1988; Willett, 1992). Analytical, numerical, and analog models that simulate or embody this
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(A) Topographic surface

concept are called critical taper models because they parameterize oro-

~ N S
genic wedges in terms of the taper angle of the orogenic wedge, which

o & T
\\ﬂ\J is the sum of the surface angle (o) and basal detachment angle () (Fig-
Basal detachment —/ T _

ure la; e.g., Chapple, 1978; Dahlen, 1984; D. Davis et al., 1983); when
the taper angle is sufficiently high, stresses within and on the wedge are
balanced and the wedge is considered to be in a critical (at failure) state.

Wupercritical Functionally critical, supercritical, and subcritical tapers result from

combinations of numerous variables and control the kinematics of brittle
and perfectly plastic orogenic wedges (Figure 1b; Chapple, 1978; D. Davis
et al., 1983; DeCelles & Mitra, 1995; Hilley & Strecker, 2004; Mitra, 1997;
Mulugeta, 1988; Platt, 1986; Stockmal, 1983; Stockmal et al., 2007; Wil-

lett, 1992, 1999; Williams et al., 1994).

4[) \\0, 65

While helping to explain many aspects of both modern (Carena
et al., 2002; Chalaron et al., 1995; Mukul, 2010; Suppe, 2007) and an-
cient (Braathen et al., 1999; DeCelles & Mitra, 1995; Horton, 1999; Meigs
& Burbank, 1997; Mitra, 1997) orogenic wedge behavior, critical taper
models themselves would seem to introduce yet another dilemma, inso-

far as an orogenic wedge is moveable only if it has sufficient taper and yet
large parts of active orogenic wedges have very low tapers. This problem
is acute at the front of the thrust belt, where it propagates into rocks and

Figure 1. (a) Schematic diagram illustrating a cross-sectional view of the sediments in the undeformed foreland basin that have a surface angle
basal detachment angle () and upper surface slope () of a typical fold- that is either very low or even negative (sloping back toward the thrust
thrust belt at large scale; driving (gravity, G; and tectonic, T) and resisting belt hinterland). This low- or negative-« (Fuller et al., 2006) situation pre-

forces (friction, 7) are annotated. (b) Lines of critical taper in terms of
basal slope (8) and upper surface slope («), calculated for different values
of pore-fluid pressure ratios within the orogenic wedge (1) and along the

vails at the fronts of all thrust belts and accretionary prisms and poses a
fundamental problem for how thrust belts are able to propagate forward

base of the wedge (4,). Values of internal wedge pore-fluid pressure ratio (Boyer, 1995; Fuller et al., 2006; Mufoz et al., 1994; Pieri, 1989; Simp-
are shown for only 4, = 0.95, but each bold line would have a similar setof ~ son, 2010; Stockmal et al., 2007; Willett & Schlunegger, 2010). Some of
curves depending on 4. Each line separates the region of subcritical wedge these cases can be explained by the presence of extremely weak rocks,

taper from supercritical wedge taper. After Willett and Schlunegger (2010).

such as salt, involved in the basal detachment (e.g., Dahlen, 1990; D.
M. Davis & Engelder, 1985; Ford, 2004; Jaumé & Lillie, 1988; Willett &
Schlunegger, 2010), but many foreland basin fills lack such lithologies. In
this paper, we combine concepts of critical taper models operating at low taper values with low-temperature
thermochronological and geological data to analyze the central Nepal segment of the Himalayan fold-thrust
belt in terms of its late Miocene-present kinematic behavior. We find that functionally critical taper at the
front of the Himalayan orogenic wedge is controlled mainly by flexural subsidence and sediment aggra-
dation, both of which increase initial taper (Boyer, 1995; Ford, 2004), defined as the sum of a, and f3,, in
the most proximal part of the Gangetic foreland basin. The trade-off between wedge erosion and sediment
aggradation in front of the wedge partly controls the rate at which the thrust belt propagates forward. This
has potential significance for kinematics of thrust belt propagation in general and for seismic hazards.

2. Tectonic and Geologic Setting
2.1. Structure and Stratigraphy of the Himalayan Orogenic Wedge

The Himalayan thrust belt in Nepal and southern Tibet is a southward tapering orogenic wedge composed
of Paleoproterozoic to Neogene rocks carried southward relative to northward underthrusting India by
thrust faults that branch upward from the Himalayan basal décollement, which slopes upward from a depth
of ~55 km beneath the northern Himalaya to the topographic surface along or near the Main Frontal thrust
(Figures 2 and 3; Duputel et al., 2016; Gao et al., 2016; Hauck et al., 1998; Nabélek et al., 2009; Schulte-Pel-
kum et al., 2005). From north to south, the thrust belt is divided into four topographic zones referred to as
the Tibetan Himalayan, Greater Himalayan, Lesser Himalayan, and Sub-Himalayan Zones (Hodges, 2000).
In central Nepal boundaries of these zones more or less follow major faults/shear zones, including the
South Tibetan fault system, Main Central thrust, Main Boundary thrust, and the Main Frontal thrust (Hodg-
es, 2000; S. B. Shrestha et al., 1987a; Stocklin, 1980; Figure 2). Another major fault, the Ramgarh thrust, is
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Figure 2. (a) Generalized geological map of Nepal (after DeCelles et al., 2020) showing tectonostratigraphic units and major faults, and highlighting location of
Chitwan wedge-top basin. Also shown are contours of depth to basement beneath the foreland basin (after Duvall et al., 2018; Raiverman et al., 1983). Geology
is depicted only for Nepal, and only the depth of basement is depicted for northern India. Line 1 is transect used to create a basin fill profile for comparison

with calculated flexural profiles in Figure 14. Line 2 is location of cross-section in Figure 3. Stars indicate locations of Tinau Khola (TK) and Bakiya Khola (BK)
sections of the Siwalik Group (see text). (b) Isopach contours of Siwalik Group (in shades of yellow and orange) in Chitwan wedge-top basin (Friedenreich

et al., 1994).

located in the Lesser Himalayan Zone a few kilometers structurally beneath the Main Central thrust (De-
Celles et al., 2020; Pearson & DeCelles, 2005; Robinson & Martin, 2014; Robinson et al., 2006; Srivastava &
Mitra, 1994).

Five packages of rocks compose the Himalayan thrust belt in Nepal (DeCelles et al., 2020; Hodges, 2000;
Martin, 2017): from oldest to youngest these are the Lesser Himalayan Sequence (LHS); Greater Himala-
yan Sequence (GHS); Tethyan (or Tibetan) Himalayan Sequence (THS); Gondwana Sequence (GS); and the
Cenozoic Foreland Basin Sequence (CFBS). The northern half of the thrust belt (Tibetan Himalayan Zone)
is dominated by the THS, with local outcrops of GHS exposed in the North Himalayan domes. The THS
is composed of mostly unmetamorphosed Ordovician-Cretaceous carbonate and fine-grained siliciclastic
strata. The GHS sits between the Main Central thrust and the South Tibetan detachment and is composed of
Neoproterozoic-early Ordovician amphibolite facies metasedimentary and metaigneous rocks and Neogene
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Figure 3. Deformed-state (above) and restored-state cross-sections for the Main Frontal thrust system in the Chitwan wedge-top basin area. Line of cross-
section shown in Figure 2. Based on unpublished seismic data from Nepal Department of Mines and Geology and Petro-Canada (cf., Friedenreich et al., 1994;

Slind, 1993).

leucogranites. The LHS crops out in the Lesser Himalayan Zone and is composed of Paleo- to Mesoprote-
rozoic greenschist to lower amphibolite facies metasedimentary and metaigneous rocks. The GS crops out
in the Lesser Himalayan Zone and consists of Permian-Paleocene sandstone, shale, and glacial diamictite.
The CFBS crops out in the Tibetan Himalayan (along and near the Yarlung suture), Lesser Himalayan, and
Sub-Himalayan Zones. In the Tibetan Himalayan Zone the CFBS consists of Paleocene-Eocene deep marine
to deltaic sandstone and shale (DeCelles et al., 2014; Ding et al., 2005; Hu et al., 2015; Zhu et al., 2005); in
the Lesser Himalayan Zone it comprises Eocene and lower Miocene limestone, shale, sandstone, and minor
conglomerate of the Bhainskati and Dumri Formations (DeCelles et al., 2004); and in the Sub-Himalayan
Zone it consists of Middle Miocene-Pliocene siltstone, sandstone and conglomerate of the Siwalik Group
(Ojha et al., 2009). The Siwalik Group in Nepal is divided into informal lower, middle and upper members
(DeCelles et al., 1998; Quade et al., 1995).

The traces of the Main Boundary and Main Frontal thrusts are relatively straight and continuous, run-
ning parallel to the regional trend of Himalayan topography (Figure 2). Plan-view shapes of the Main Cen-
tral and Ramgarh thrusts are more irregular, with large southward and northward projecting salients and
reentrants, as well as erosional-remnant klippen and structural windows. The irregular shape of the Main
Central and Ramgarh thrust traces owes to the growth of structural culminations in the Lesser Himalayan
duplex, a large antiformal structure that runs nearly the entire length of the Himalayan thrust belt in India,
Nepal, and Bhutan (e.g., DeCelles et al., 1998, 2016, 2020; Long et al., 2011; Mitra et al., 2010; Robinson
& Martin, 2014; Robinson et al., 2006; Srivastava & Mitra, 1994; Webb et al., 2011; Yin et al., 2010). GHS
rocks cover most of the southern half of the thrust belt in eastern Nepal, but in central and western Nepal
the GHS has been widely eroded off the crest of the Lesser Himalayan duplex (Figure 2). The Jajarkot and
Dadeldhura klippen are erosional remnants of GHS rocks in western Nepal, and between the eastern termi-
nus of the Jajarkot klippe and the western edge of the Kathmandu salient lies a region in which GHS rocks
have been almost completely eroded northward to the foot of the Annapurna Range (Figure 2).

The southern part of the Himalayan thrust belt is a typical example of an active thrust belt propagating into
its undeformed low- to negative-a (Fuller et al., 2006; Willett & Schlunegger, 2010) foreland basin. This part
of the orogenic wedge is composed of several (variable along strike) thrust sheets of the Siwalik Group car-
ried by faults in the Main Frontal thrust system (Chalaron et al., 1995; Mugnier et al., 1994, 1999, 2004). Sur-
face dip data, stratigraphic sections, and sparse reflection seismic data demonstrate that the faults carrying
these thrust sheets branch upward from the Himalayan basal décollement (Almeida et al., 2018; DeCelles
et al., 1998; Mugnier et al., 1994, 1999, 2004, 2005; Powers et al., 1998; Schelling & Arita, 1991), the surface
manifestation of which is the Main Frontal thrust (Figure 3). The oldest stratigraphic unit in the hanging
wall of the Main Frontal thrust is the lower member of the Siwalik Group; this implies that the frontal part
of the thrust belt is detached at the top of the lower Miocene Dumri Formation in the subsurface. South of
the Main Frontal thrust lies the actively subsiding Himalayan foreland basin, beneath which Indian base-
ment has been flexed downward ~5-6.5 km below sea level directly adjacent to the Main Frontal thrust
(Figure 2; Burbank et al., 1996; Duvall et al., 2018; Lyon-Caen & Molnar, 1985; Raiverman et al., 1983).
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Figure 4. Topographic profiles (see Figure S1 for locations) in central Nepal. Solid line profiles with gray fill are within
the erosional bight and dashed profiles with pink fill are outside of the erosional bight.

Geomorphic and reflection seismic evidence exists for local, active blind thrusting in the subsurface south
of the Main Frontal thrust (e.g., Bhadrapur thrust in Figure 2; Almeida et al., 2018; Delcaillau, 1997; Duvall
et al., 2020).

2.2. Geomorphology

Topographic profiles oriented parallel to the shortening direction (~N18°E) in the Himalaya exhibit two
general forms: upward convex and upward concave (e.g., Bookhagen & Burbank, 2010; Duncan et al., 2003).
Upward convex profiles characterize regions in which GHS rocks are widely preserved (Bhutan, eastern Ne-
pal; Adams et al., 2016; Burbank et al., 2012; Duncan et al., 2003; Grujic et al., 2006). The region of central
Nepal between the western side of the Kathmandu salient and the eastern side of the Dadeldhura klippe
contains almost no GHS rocks south of the Annapurna Range, and topographic profiles in the shortening
direction are concave upward (Figure 4). We will refer to this relatively deeply eroded region in central
Nepal as the “erosional bight” (Figure 5). The erosional bight occupies approximately the southern third of
the ~32,000 km? Narayani River catchment (Andermann et al., 2012), which gathers the waters of the Kali
Gandaki, Modi, Madi, Burhi Gandaki, Marsyangdi, and Trisuli Rivers along with hundreds of smaller rivers
and streams that collectively drain the precipitous south flanks of the Dhaulagiri, Annapurna, Mansiri,
Ganesh, and Langtang Himal ranges (Figures 2 and 5). The northern edge of the erosional bight coincides

Décollement coupling = 0

Narayani Drainage Basin 29°N

,"Erosional Bight

28°N

&

2
S
2
B

27°N

81°E 82°E 83°E 84°E 85°E 86°E 87°E

Figure 5. Digital elevation model (GeoMapApp, GMRT) of Himalayan thrust belt in central Nepal, highlighting
the erosional bight, the Main Frontal thrust (MFT), Narayani drainage basin, physiographic transition PT, of Wobus
et al. (2003), the approximate line north of which the geodetically derived interseismic coupling along the basal
décollement drops to near zero (Ader et al., 2012), the Dang, Deukhury, and Chitwan wedge-top basins, and major
rivers of the Karnali and Kosi River watersheds.
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with a nearly straight, ~235 km long band of steep fluvial channel segments (e.g., Cannon et al., 2018;
Johnston et al., 2020; Wobus et al., 2003) and abrupt hillslope steepening referred to as physiographic tran-
sition “PT,” by Hodges et al. (2001) and Wobus et al. (2003). The Narayani basin protrudes into topographic
Tibet at its northwestern and northeastern corners by virtue of the high elevation Thakkhola and Gyirong
grabens, respectively, which are Miocene-Holocene extensional basins bounded by steep normal faults that
strike roughly north-south and dip inward toward the Narayani basin (Colchen, 1999; DeCelles et al., 2018;
Hurtado et al., 2001; Shen et al., 2016; Xu et al., 2012). The northern part of the Narayani basin between the
two grabens encompasses the >8 km high Annapurna Range as well as the region of high peaks and >5 km
base-elevations in northern central Nepal and southern Tibet. At its downstream end, the Narayani crosses
the Main Frontal thrust and enters the open foreland basin as the Gandak River, which is a major tributary
of the Ganges River. Discharge in the Gandak River at the mountain front is 5.2 X 10" m*/yr (Alford, 1992;
Rao, 1973), and sediment load is 8.2 x 10’ t/yr (Sinha & Friend, 1994).

In central Nepal, the trace of the Main Boundary thrust exhibits a prominent northward reentrant, with
an amplitude of ~15 km measured in a northeastward direction (Figure 2b). The Narayani River crosses
the Main Boundary thrust at the apex of this reentrant and enters the Chitwan wedge-top basin. Along its
southern flank the Chitwan basin is confined by the Churia Range, which consists of uplifted Siwalik Group
in the hanging wall of the Main Frontal thrust (Figures 2 and 3). The Chitwan wedge-top basin is ~94 km
long east to west, and ~51 km across from northeast to southwest. The basin is partitioned by a sub-range
composed of Siwalik Group strata uplifted above splay thrusts north of the Main Frontal thrust. The mean
slope of the Narayani River along its ~55 km valley length in the Chitwan basin is ~0.06°. Along a direct
northeast-southwest line from the Narayani exit to the north flank of the Churia Range, the basin surface
slopes ~0.32°. The northeast-to-southwest mean slope of the proximal foredeep depozone from the apex of
the Chitwan salient to the Ganges River is 0.017°; from the apex of the salient to the Gandak River (about
16 km), the mean slope is ~0.1°.

The trace of the Main Frontal thrust is a near mirror image of the Main Boundary thrust, forming a prom-
inent southward projecting salient. Structural considerations indicate that the Main Boundary thrust reen-
trant is not merely the result of erosion by the Narayani River because its amplitude is too great (~15 km);
given the ~45°NE dip of the Main Boundary thrust and topography on either side of the Narayani exit
canyon, erosion alone would produce an upstream “V” with a map-view amplitude of no more than ~3 km.
Hence, the shape of the trace of the Main Boundary thrust must reflect less forward propagation of the
thrust in the vicinity of Chitwan basin. In contrast, but for similar reasons, the salient in the Main Frontal
thrust trace directly south of Chitwan basin must reflect greater forward propagation of the thrust front in
this region. Other areas in Nepal where the trace of the Main Frontal thrust bulges southward include along
the south side of the Dang and Deukhury valleys in western Nepal (Figures 2 and 5; Mugnier et al., 1999)
and the area just southwest of the exit gorge of the Kosi/Arun River in eastern Nepal. Additionally, the new-
ly discovered Bhadrapur thrust in southeasternmost Nepal (Figure 2) may represent an actively propagating
new imbricate of the Main Frontal thrust system (Duvall et al., 2020).

The northern part of the Gangetic foreland basin is occupied by fluvial megafans, alluvial fans, and numer-
ous small fluvial systems that are actively depositing boulder- to silt-sized clastic sediment (e.g., Chakraborty
et al., 2010; DeCelles & Cavazza, 1999; H. Singh et al., 1993; Sinha & Friend, 1994; Sinha et al., 1996; Wells &
Dorr, 1987). Elevations of the southward and eastward sloping active landscape surface range from maxima
of ~150-225 m adjacent to the frontal orogenic topography, down to ~30-105 m along the axial eastward
flowing Ganges River.

2.3. Precipitation

Precipitation in the Nepalese Himalaya is dominated by the Indian summer monsoon, with 54%-88% of
annual rainfall (highly dependent on location) coming between June and September (Figure 6a; Ander-
mann et al., 2012; Bohlinger & Sorterberg, 2017; M. Shrestha, 2000). The south faces of the high ranges
in central Nepal are the wettest (Bohlinger & Sorterberg, 2017; Bookhagen & Burbank, 2010; Ichiyanagi
et al., 2007; Islam et al., 2010), with mean monsoon rainfall of ~3,000-4,500 mm (Bohlinger & Sorter-
berg, 2017). Bookhagen and Burbank (2010) calibrated Tropical Rainfall Measurement Mission (TRMM)
data with data from ground stations and reported annual means over the period 1998-2007, revealing strong
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south-to-north gradients in rainfall from the wet Gangetic plains to the dry Tibetan Plateau (Figure 6b). An
east-to-west decreasing gradient in precipitation all along the Himalaya has been suggested by Hirschmiller
et al. (2014). In detail, mean annual rainfall (1998-2007) in Nepal is concentrated in two bands (Figure 6b):
one approximately along the topographic front; and a second band, restricted to the erosional bight in cen-
tral Nepal, along the topographic transition between the Lesser and Greater Himalayan Zones (Bookhagen
& Burbank, 2010; Burbank et al., 2012). Average July peak-monsoon precipitation (Islam et al., 2010) over
the period 1998-2007 shows a strong high in central Nepal overlapping the erosional bight and the southern
half of the Narayani drainage basin (Figure 6a). Western, and to some extent eastern, Nepal are compara-
tively dry, consistent with greater preservation of Greater Himalayan rocks in the hanging wall of the Main
Central thrust.

2.4. Himalayan Orogenic Wedge Taper in Central Nepal: Present and Past
2.4.1. Present Taper

Taper of the Himalayan orogenic wedge in Nepal is sparsely documented. Regional surface slope is read-
ily measured from topographic maps and digital elevation models. To determine o values, we constructed
16 topographic profiles (Figure 7) using digital elevation data from GeoMapApp (Global Multi-Resolution
Topography) spaced ~16.5 km apart and trending N18.5°E, which is approximately parallel to the shorten-
ing direction determined by geodetic studies (Bilham et al., 1997; Jouanne et al., 2004; Larson et al., 1999;
Wang & Zhang, 2001). Seven of these profiles cross the Chitwan wedge-top basin and the remainder are
northwest and southeast along strike from the Chitwan area (Figure S1). Each profile is ~150 km long and
consists of 500-700 elevation values. Bezier curves (splines) were fit to the data and then divided into 3-4
approximately linear segments whose deviations from horizontal were measured (Figure 7). The orogenic
wedge is divisible into sectors depending on « values: (1) in profiles that cross the Chitwan basin (profiles
7-13, Figure 7), a values of ~0.4°-0.55° are characteristic south of the Greater Himalayan part of the wedge,
and « values of 5.3°-15.8° (average of ~7.6°) are typical in the Greater Himalaya north of PT,; (2) in the
nine profiles (1-6 and 14-16) outside of the Chitwan region (Figure 7), the Lesser Himalayan and Greater
Himalayan sectors have average a values of ~1.6° and ~7.4°, respectively. In several profiles, short segments
of negative a values are present north of the Lesser Himalayan Mahabharat Range.

The location of the basal décollement of the Himalayan orogenic wedge is constrained in only a few
places: (1) by earthquake locations in the region of the 2015 Gorkha events (J. R. Elliott et al., 2016); (2)
by broad-band seismic modeling of P- to S-receiver functions (Duputel et al., 2016; Nabélek et al., 2009;
Schulte-Pelkum et al., 2005); (3) by reflection seismic profiles beneath the Tibetan Himalayan Zone (Gao
et al., 2016; Hauck et al., 1998) and beneath the modern foreland basin and frontmost part of the orogenic
wedge (Almeida et al., 2018; Caldwell et al., 2013; Duvall et al., 2020); and (4) by a number of structural
cross-sections that are based on surface measurements of dip and dip direction along with thicknesses of
stratigraphic units that make up the thrust belt (e.g., DeCelles et al., 2020; Khanal & Robinson, 2013; Robin-
son & Martin, 2014). In central Nepal, we estimated § values on the basis of seven different sources of infor-
mation: Three interpretations of passive-source broadband seismic profiles (Duputel et al., 2016; Nabélek
et al., 2009; Schulte-Pelkum et al., 2005); three balanced cross-sections based on surface data but partly
constrained at depth by reflection seismic data (Friedenreich et al., 1994) and the same seismic profiles and
earthquake focal mechanisms mentioned above (e.g., DeCelles et al., 2020; Khanal & Robinson, 2013); and

Figure 6. (a) Simplified tectonic map of Nepal showing major thrust faults (barbed lines) and approximate trends of structural culminations on the Lesser
Himalayan duplex (antiform symbols) overlain by July (peak monsoon) precipitation from calibrated TRMM 3B42 data averaged over the years 1998-2007
(after Islam et al., 2010). Note the northward incursion of high precipitation in central Nepal erosional bight. Inset lower left (b) shows mean annual rainfall
from calibrated TRMM 2B31 data averaged from 1998 to 2007 from Bookhagen and Burbank (2010). Color scale is approximately opposite to that of Islam et al.
(part a), with dark blue being highest rainfall amount. (c) Digital elevation model of Nepal (by T.P. Ojha), showing apatite fission track and apatite and zircon
(U-Th)/He thermochronological ages, locations of the Main Boundary (MBT) and Main Frontal thrusts (MFT), the Bhadrapur thrust (BT, Duvall et al., 2020),
Chitwan, Dang, and Deukhury wedge-top basins, and major rivers of three main watersheds of Nepal (Karnali, Gandak, and Kosi). Published data used in

this compilation are provided in Table S1. (d) Plot of ages versus longitude keyed to longitudes in part (c) showing overlap of youngest ages (of all types) in the
erosional bight and deep valleys of the Annapurna Range that drain into the bight. Ages from outside the bight that overlap longitudinally are shown by ellipses
labeled Jajarkot klippe and Kathmandu salient.
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Figure 7. Topographic profiles (irregular lines) fitted with splines (smoother lines) and annotated with average values of surface slope («). Profiles 7-13
are from within the erosional bight and annotated with location of Chitwan wedge-top basin; all other profiles are outside of the bight. Profile locations
in Figure S1. Vertical tick marks bound segments with different o values as discussed in the text. Bold ticks denote approximate southern edge of Greater

Himalayan Zone, characterized by an abrupt increase in a.
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Figure 8. Cross-section profile across the central Nepal thrust belt showing interpreted locations of the basal
Himalayan décollement in publications listed. Numbered profiles correspond to the following sources: 1, DeCelles

et al. (2020); 2, Nabélek et al. (2009); 3, Duputel et al. (2016); 4, Khanal and Robinson (2013); 5, Schulte-Pelkum

et al. (2005); 6, Elliott et al. (2016); 7, Figure 3 of this paper. Gray area indicates complete range of interpretations and
bold line is our mean approximation. See text for discussion.

the study of J. R. Elliott et al. (2016), which combined earthquake locations and geodetic data to model the
most likely position and extent of the basal Himalayan décollement during the 2015 Gorkha earthquakes.

Published interpretations of the location of the basal décollement exhibit up to ~6 km of variability in the
interpreted depth under most of the southern 100 km of the thrust belt, with variability increasing north-
ward (Figure 8). Because different data sources are more reliable for different segments of the profile, we
chose an “average” basal décollement as follows: (1) in the southern 30 km of the profile we favor the loca-
tion of the décollement according to balanced structural cross-sections, at a depth of ~5-7 km (all depths
with respect to sea-level). The balanced cross-sections are based on measured thicknesses of the Siwalik
Group and surface dip orientations, and reflection seismic profiles verify the location of the décollement
(Duvall et al., 2020) so this segment of the décollement is considered to be well constrained (Figure 3). (2)
Approximately 30 km north of the southern edge of the profiles, the depth of the décollement is pinned to
~6.5 km by balanced cross-sections, the model of J. R. Elliott et al. (2016), and the broadband seismic profile
of Schulte-Pelkum et al. (2005). (3) Between 30 and 60 km, the depth of the décollement in the balanced
cross-section interpretations diverges by ~5 km, but at 60 km six of the interpretations place the décolle-
ment within a relatively narrow depth range of 10-12.5 km; five of these six interpretations place it between
10 and 11.5 km depth, so we place the average at ~11.0 km. (4) Between 60 and 90 km, the interpretations
of Nabélek et al. (2009), Duputel et al. (2016), J. R. Elliott et al. (2016), and DeCelles et al. (2020) place the
décollement within a depth window no wider than ~2.5 km, whereas Schulte-Pelkum et al. (2005) and
Khanal and Robinson (2013) show the décollement ~5 km deeper over the same region. The average décol-
lement can be divided into four segments, with § varying from ~3° beneath the most proximal part of the
foreland basin south of the Main Frontal thrust, to ~3.5° beneath the Chitwan wedge-top basin (Figure 3),
to ~6.6° (beneath the Lesser Himalayan Zone), to ~9.1° (north of the Main Central thrust; Figure 8). The
analysis below is limited to the southernmost ~80 km of the orogenic wedge. North of ~80 km the surface
and décollement slopes increase dramatically, the décollement is located at a depth >18 km below the sur-
face, and brittle behavior of the orogenic wedge and its basal décollement is unlikely (Avouac, 2007; J. R.
Elliott et al., 2016; Williams et al., 1994).

To summarize, a varies along strike by about a degree, being lowest (~0.3°) in the region of the Chitwan
wedge-top basin and the erosional bight (~1.2°). Northward, « steepens to >7° throughout the south-facing
slope of the high Himalaya. The location and shape of the basal décollement is less certain, but its regional
mean position suggests 8 values of ~3.5° beneath Chitwan basin, ~6°-7° beneath the Lesser Himalayan
part of the wedge from Chitwan to approximately the trace of the Main Central thrust, steepening to >10°
toward the rear of the wedge. Because the location of the basal décollement is so uncertain it is not possible
to assess along-strike changes in § that might correspond to those seen in the values of a. It appears that
overall taper in the Lesser Himalayan wedge in central Nepal ranges between ~6.5° and 8.5°.

2.4.2. Present Orogenic Wedge Strength

Following Suppe (2007) it is possible to infer overall strengths of the basal décollement and the orogenic
wedge based on the assumption that critical wedge taper represents a balance of driving and resisting forces
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(see also von Hagke et al., 2014). The analysis assumes mechanical homogeneity and utilizes Dahlen’s
(1990) equation 99 (using a small-angle approximation), which for a subaerial orogenic wedge simplifies to

ﬂ+yb(1—ib)+pii}{

1+2(1-2) sing |, € W
1-sing | pgH

o« +f=

in which S, and C are pressure-independent components of fault and wedge strengths, respectively, 1, is the
basal coefficient of friction and ¢ is the internal angle of friction, 1, and A are the basal and internal pore-flu-
id pressure ratios, respectively, p is the density of rocks that form the wedge, g is gravitational acceleration,
and H is the thickness of the wedge. Grouping terms that represent dimensionless fault strength (F, in the
numerator) and wedge strength (W, in the denominator), Equation 1 reduces to

which can be rearranged to yield a simple linear relationship

F w

o=

T+ W o 1+W

B 3)

that represents a line of negative slope, o =%(p-0) —sf. The intercept (oc( ﬂ:o)) and slope, s, of this line

can be estimated by linear regression of multiple (a, 8) pairs in an orogenic wedge (Carena et al., 2002;
Suppe, 2007). Further, for subaerial orogenic wedges,

W=s/(1—s) (@)

and Equation 2 can be rearranged and solved for F as follows:

F:(a+ﬁ’)W+a, ©)

which, in the special case of 8 at &« = 0, becomes

F = )W (Suppe, 2007). (6)

Equation 4 may be used by linear regression to determine slope values in situations where multiple o and
B values can be measured from a given thrust belt, and Equations 5 and 6 can be used in combination with
determination of W, as explained below.

Individual measurements of taper (o and § within a given local sector) in an orogenic wedge can also be
used to constrain values of F and W (Suppe, 2007). In central Nepal, four distinct taper districts are relevant:
within the Lesser Himalayan Zone of the erosional bight, in the Lesser Himalayan Zone outside of the bight,
in the Chitwan wedge-top region, and in the undeformed foredeep directly south of the Main Frontal thrust
and the Churia Range (Figure 9). Together these tapers illustrate overall increasing values of both a and
from the front of the Himalaya to its high elevation hinterland region (Figure 9). Table 1 lists values of «,
B, a + B, and corresponding versions of Equation 5 for F as a function of W, which are plotted in Figure 10.
Assessment of W can take advantage of the relationship (Dahlen, 1990)

W=(0'1—0'3)/0'3 =(0'1—0'3)/ng. (7)

For a Lesser Himalayan wedge of density 2,650 kg m~> and thickness H = 12 km, the regional minimum
principal stress is approximated by pgH = 03 = oy ~ 312 MPa, and the Coulomb failure criterion pro-
vides an estimate of regional maximum shear strength (o.) assuming that Byerlee’s (1978) law is applicable
(up = tang = 0.85), yielding o, = 0.850y ~ 265 MPa.
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Figure 9. Critical taper diagrams showing surface slope («) as a function of décollement slope (8) calculated for
various combinations of basal strength (1), internal strength (u), internal pore-fluid pressure ratio (1), and basal pore-
fluid ratio (4,). Black rectangles represent a-3 combinations in the (A) modern Gangetic foredeep, (B) Chitwan wedge-
top basin, and (C) the Lesser Himalayan part of the orogenic wedge north of Chitwan basin.

Taper Parameters (in Radians) and Corresponding Equations Used in

Figure 10

Location a B F=(a+pW+a
Foredeep 0.0017 0.0611 F =0.0628W + 0.0017
Chitwan wedge-top 0.0052  0.0611 F=0.0663W + 0.0052
LH in erosional bight 0.0087 0.1134 F=0.1221W + 0.0087
LH outside erosional bight ~ 0.0279  0.1134 F = 0.1413W + 0.0279

The radius, R, of the Mohr circle that corresponds to g; = 312 MPa and
0. = 265 MPa (with u, = tang = 0.85) is o./cos¢ ~ 347 MPa. In Mohr
space, o3 = 03 + 2R = 1,006 MPa. Using these results in Equation 7 pro-
duces a maximum W value of 2.2, which applies to all four of the curves
in Figure 10 (using o = 2,500 kg m™> and H = 5 km for the Chitwan
wedge top basin and foredeep wedges). Corresponding maximum values
of F for the Lesser Himalayan wedge within and outside of the erosional
bight are F = 0.28 and F = 0.34, respectively (Figure 10; using equations
from Table 1). For the Chitwan wedge, Equation 6 produces an F value of
0.13, for B, = o) = 3.5°% the corresponding equation from Table 1 produces
F = 0.15. These are probably maximum values of F and W for their re-
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Figure 10. Plot of dimensionless fault strength (F) versus wedge
strength (W) (Suppe, 2007). Sloping lines are functions from Table 1.
Lines terminate at maximum W values corresponding to tang = 0.85
(Byerlee’s law). Horizontal dashed lines indicate corresponding maximum
values of F for different sectors of the Himalayan wedge labeled as
follows: Max LH,,—Lesser Himalayan wedge outside of the erosional
bight; Max LH;,—Lesser Himalayan wedge inside the erosional bight;
Max Chitwan—the sector of the wedge in the Chitwan wedge-top basin
area. Gray area represents range of fault strength values determined by
Cattin and Avouac (2000), Avouac (2007), and Dal Zilio et al. (2019) for
the Himalayan basal décollement. Vertical line labeled Taiwan is wedge
strength of the Taiwan orogenic wedge from Suppe (2007). Vertical

line labeled Himalaya is value of W calculated for ¢ = 30°, and dotted
horizontal lines indicate corresponding values of F as discussed in text.

spective sectors of the Himalayan orogenic wedge (Figure 10). If we low-
er the angle of internal friction of the orogenic wedge to 30° (i, = 0.58),
W =1.33, and F = 0.09 for the Chitwan wedge and F = 0.17-0.22 for the
Lesser Himalayan wedge. W values for the Chitwan and Lesser Himala-
yan wedges correspond to absolute strength values of 162 and 414 MPa,
respectively, which are well within the range of typical upper crustal
strengths (Jackson, 2002; Mackwell et al., 1998; Ord & Hobbs, 1989; Te-
sauro et al., 2015). All of the Fvalues are very low, corresponding to basal
shear strengths of ~11-67 MPa. For comparison Suppe (2007) used Equa-
tions 4 and 5 and a linear regression of multiple values of « and 8 for the
Taiwan thrust belt to derive a W value of 0.6, and F values of 0.07-0.11.
Cattin and Avouac (2000), Avouac (2007), and Dal Zilio et al. (2019) esti-
mated a range of basal friction values in the Himalayan orogenic wedge
between 0.07 and 0.13 (Figure 10).

Décollement and wedge strength parameters can also be graphically or
analytically inverted from the wedge taper (Figure 9). Many combina-
tions of basal and internal strength and fluid-pressure ratios can create
critical taper curves that overlap with the taper values of the four dis-
tricts of the thrust belt (Figures 9 and 11). The present Lesser Himala-
yan wedge, both within and outside of the erosional bight, overlaps with
typical high basal-friction critical wedges (Figure 11). High-strength
wedges (u = 0.8-0.85), riding on moderately over-pressured to nearly
litho-pressured (4 = 1, = 0.67-0.9) décollements or décollements with
moderate coefficients of basal friction (u, = 0.4 to 0.7) can produce tapers
that match the Lesser Himalayan wedge taper. In contrast, only wedges
with basal décollements characterized by very low coefficients of friction
(1p = 0.2 to 0.3) and high fluid-pressures (1 = 1, = 0.67 to 0.9) can ob-
tain a critical value of taper as low as that in Chitwan basin and in the

D&E 1985

Greater Himalayan wedge

Davis et al. 1983
High basal friction

B()

Ford 2004

Figure 11. Critical taper solutions for orogenic wedges with very low taper values (D&E: Davis & Engelder, 1985;
diamonds: Ford, 2004; W&S: Willett & Schlunegger, 2010) compared with higher basal friction wedges (Taiwan, Carena
et al., 2002) and theoretical and experimental high basal friction wedges (Davis et al., 1983). Gray rectangles represent
a-f combinations in the (A) modern Gangetic foredeep, (B) Chitwan wedge-top basin, and (C) the Lesser Himalayan
part of the orogenic wedge north of Chitwan basin. Black circle is approximate average -3 combination of the Greater
Himalayan sector of the orogenic wedge in central Nepal (from Figures 7 and 8).
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proximal foredeep (Figure 9). The low-critical-taper frontal parts of the Himalayan wedge in central Nepal
have tapers that are comparable to those in salt-based and very low basal-friction wedges (Figure 11; e.g.,
Dahlen, 1990; D. M. Davis & Engelder, 1985; Ford, 2004; Jaumé & Lillie, 1988; Willett & Schlunegger, 2010).
As no evaporites are present in the Siwalik Group, the likely culprit for low-taper criticality in the frontal
Himalaya is the localization of the basal décollement in weak shale of the lower member of the Siwalik
Group or the underlying Dumri Formation (Chapman & DeCelles, 2015), with or without high fluid pres-
sures. Evidence for high fluid pressures in the Himalayan orogenic wedge includes high electrical conduc-
tivity with low V,/V; (see Lemmonier et al., 1999; Sheehan et al., 2014); moreover, abundant water in the
wedge is expected from metamorphic reactions and foreland sediment compaction beneath and within the
wedge (Avouac, 2003, 2007; Lemmonier et al., 1999) as well as the abundant seasonal rainfall (Bettinelli
et al., 2008; Chanard et al., 2014).

Taper in the Greater Himalayan sector of the orogenic wedge increases dramatically northward to values
that are incompatible with typical brittle critical-taper wedges (Williams et al., 1994), with « values >7°
and 8 values >9° (Figure 11), and thence flattens northward as the topographic surface rolls out onto the
Tibetan Plateau. The steep Greater Himalayan south face is relatively narrow (20-40 km, Figure 7) and fits
the model results of Williams et al. (1994) for wedges and décollements that are in transition from brittle to
ductile behavior. Williams et al. (1994) found that the steep (high «) zone in numerically modeled orogenic
wedges is bracketed by points at depth where the lower part of the wedge becomes ductile and where the
basal décollement becomes ductile. Over this relatively narrow zone, wedge strength decreases rapidly be-
cause the hanging wall rocks have begun to deform ductilely while the décollement remains frictional. As
noted by D. Davis et al. (1983), Dahlen (1990), and Avouac (2007) this portion of the Himalayan wedge and
its basal décollement are most likely transitioning from brittle-frictional behavior to ductile behavior, with
local rapid uplift controlled by rapid erosion and flexural isostatic response above the major footwall ramp
on the basal décollement. North of the base of the footwall ramp >20 km below the surface, the basal décol-
lement is weakly coupled and ductilely creeping and the lower, hotter part of the wedge is likely ductile as
well, consistent with the locations of the 2015 Gorkha earthquakes and modeling of geodetic data (Figure 5;
Ader et al., 2012; Avouac et al., 2015; J. R. Elliott et al., 2016; Stevens & Avouac, 2015).

2.4.3. Paleo-Taper

Although reconstructing paleo-taper, even in a still-active thrust belt such as the Himalaya, is fraught with
imponderables, it is nevertheless possible to infer paleo-taper functional states (subcritical, critical, su-
percritical) based on structural/kinematic and erosional behavior and lithological aspects of the orogenic
wedge (e.g., DeCelles & Mitra, 1995). Because orogenic wedges are probably at near-critical state most of the
time (Mitra & Boyer, 1986), even minor changes in various parameters may have a strong effect on wedge
kinematics (Bettinelli et al., 2008; Mukul, 2010). From a kinematic viewpoint, periods of duplexing and
out-of-sequence thrusting are likely signals of an orogenic wedge that has insufficient taper to propagate
forward (Avouac, 2007; DeCelles & Mitra, 1995; Fillon, Huismans, van der Beek, & Mufioz, 2013; Gutscher
et al., 1996; He et al., 2015; Kukowski et al., 2002; Mitra, 1997; Mitra & Boyer, 2020; Mitra et al., 2010). Con-
versely, long-distance thrust propagation events may be a response to critical or supercritical taper (DeCelles
& Mitra, 1995; Stockmal et al., 2007). Numerical, analytical, and analog models demonstrate that causes of
these different behaviors span a wide range of possibilities, including changes in bulk-rock rheology and
basal strength, fluid pressures within and at the base of the wedge, changes in erodibility as a function of
rock type exposure, changes in climate (especially rainfall), and changes in flexural subsidence (e.g., Buit-
er, 2012; Carrapa, 2009; Dahlen, 1990; D. Davis et al., 1983; Fillon, Huismans, & van der Beek, 2013; Fillon,
Huismans, van der Beek, & Mufioz, 2013; Fuller et al., 2006; Gutscher et al., 1996; Hilley & Strecker, 2004;
Jaumé & Lillie, 1988; H. Liu et al., 1992; Roe et al., 2008; Stockmal et al., 2007; Stolar et al., 2007; Storti &
McClay, 1995; Tomkin & Roe, 2007; Whipple & Meade, 2004; Willett, 1992; Willett & Schlunegger, 2010;
Williams et al., 1994). All of these phenomena are related to both inherent wedge properties and/or external
influences such as climate.

The kinematic history of the Himalayan thrust belt in Nepal during Miocene-present time exhibits three
general behavioral modes: (1) During the early Miocene, shortening was dominated by long-distance
(>100 km) displacements of the Main Central and Ramgarh thrust sheets (DeCelles et al., 2001, 2016, 2020;
Long et al., 2011; Robinson & Martin, 2014; Robinson & McQuarrie, 2012; Robinson et al., 2006). (2) Be-
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ginning ca. 11 Ma, the Lesser Himalayan duplex began to grow beneath the Ramgarh and Main Central
thrust sheets, as duplex horses composed of LHS rocks began to stack up in relatively short-distance thrust
displacement events (DeCelles et al., 2016, 2020; Robinson & Martin, 2014; Robinson & McQuarrie, 2012;
Robinson et al., 2006). Mid-Miocene duplexing within the interior of the thrust belt was a trans-Himala-
yan phenomenon (e.g., Bhattacharyya & Mitra, 2009; DeCelles et al., 2001, 2016; Long et al., 2011; Mitra
et al., 2010; Robinson & Martin, 2014; Robinson et al., 2006; Webb, 2013), suggesting that an external forcing
process was responsible for this change in kinematic behavior. (3) Beginning ca. 5 Ma in Nepal (but possibly
earlier in northern India; Meigs et al., 1995; R. Thiede et al., 2017) fault slip was concentrated on thrust
faults at the front of the range, including the Main Boundary thrust and, subsequently, thrusts in the Main
Frontal thrust system by 2-3 Ma (Mugnier et al., 2004; van der Beek et al., 2006). In the Chitwan sector the
Main Frontal thrust propagated ~85 km southward into the foredeep stratigraphy, and subsequent shorten-
ing of these rocks amounted to ~42 km (Figure 3).

We interpret the long-distance displacements on the Main Central and Ramgarh thrusts as a sign that the
thrust belt was functionally critical to supercritical during early Miocene time, probably because it was
composed of relatively strong rocks that were durable in the erosional regime at the surface (e.g., Hilley &
Strecker, 2004), and because the rocks within the Main Central and Ramgarh thrust shear zones were rel-
atively weak. Growth of the Lesser Himalayan duplex probably signals a kinematic response to a phase of
externally imposed subcritical taper, perhaps in response to increased erosion during intensification of the
Indian monsoon ca. 12-11 Ma (Dettman et al., 2001). After ~5 Myr of being held in check by rapid erosion,
the thrust front began to propagate forward again via Pliocene-Quaternary slip on the Main Boundary and
Main Frontal thrust systems (DeCelles et al., 2020).

2.5. Thermochronology as Proxy for Erosion

Cooling ages from low-T thermochronology can provide information on erosion and hence on tectonic
and geomorphic processes (Braun et al., 2006). Thermochronological ages from central Nepal are generally
Pliocene and younger, attesting to rapid, high-magnitude erosion (Blythe et al., 2007; Herman et al., 2010;
Johnston et al., 2020; Nadin & Martin, 2012; Robert et al., 2011).

Low-temperature thermochronologic ages (apatite fission track [AFT], zircon fission track [ZFT], apatite
(U-Th)/He [AHe], and zircon (U-Th)/He [ZHe]) from Nepal are between ~15 and 1 Ma (Blythe et al., 2007;
DeCelles et al., 2020; Herman et al., 2010; Nadin & Martin, 2012; Robert et al., 2009, 2011; Sakai et al., 2013;
Streule et al., 2012; van der Beek et al., 2016). At regional scale, cooling ages in central Nepal are younger
than cooling ages in western Nepal (Figures 6¢c and 6d). ZHe and AFT ages from central Nepal are mostly
<5 Ma with a strong component of AFT ages <2 Ma, whereas ages west of the Kali Gandaki River are
>5 Ma and as old as ~14 Ma (Figure 6¢). AFT ages of sand samples from the Kali Gandaki River and Modi
Khola show that catchments of these rivers are characterized by 8-6 Ma detrital populations (DeCelles
et al., 2020); ZFT ages from the Kali Gandaki River are between ~10 and 20 Ma (Bernet et al., 2006). Detri-
tal ““Ar/*Ar ages from Central Nepal suggest that erosion was concentrated along a 200 km long by 25 km
wide band that overlaps the surface trace of the Main Central thrust (essentially PT,; Johnston et al., 2020;
Wobus et al., 2003).

ZHe ages from Greater Himalayan rocks of the Dadeldhura and Jajarkot klippen in Western Nepal are
between ~14 and 10 Ma and AFT ages are between ~9 and 4 Ma (DeCelles et al., 2020). Middle Miocene
ages correlate with the timing of emplacement of the Ramgarh thrust (~14-10 Ma) and initial growth of the
underlying Lesser Himalayan duplex (DeCelles et al., 2001, 2020; Robinson & McQuarrie, 2012; Robinson
et al., 2006). Overall, the low-temperature thermochronologic data suggest rapid erosion of 2-8 km of rock
from the region of the erosional bight between ca. 4 Ma and the present, whereas regions west and east of
the bight eroded more slowly (Figure 6d).

2.6. Sedimentation in the Foreland

Sedimentation in the foreland basin of southern Nepal and northern India is documented by reflection
seismic data and sparse hydrocarbon exploratory wells (Duvall et al., 2018, 2020; Karunakaran & Ranga
Rao, 1976; Raiverman et al., 1983; Rao, 1973). Depth to basement is greater than 6 km in the most proximal
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parts of the foredeep (Figure 2a). The bulk of the material above basement is Miocene-Pleistocene foreland
basin deposits, and the deepest part of the section is likely to be Eocene-lower Miocene deposits with local
upper Paleozoic-Cretaceous accumulations (Duvall et al., 2020). Depth to basement decreases southward
over a distance of 200 km to ~1,000 m, consistent with deposition in a northward down-flexing foreland
basin system (Lyon-Caen & Molnar, 1985). Second-order complexities in the depth contours are interpret-
ed as related to intra- or sub-basinal faults (Duvall et al., 2018; Raiverman et al., 1983). A large southward
bulging salient in the basement depth contours exists in the region directly south of the Chitwan salient,
with a maximum depth >6,000 m, roughly 2,000 m deeper than in adjacent areas to the east and west (Fig-
ure 2a). At least 4,500 m of this depth consists of Miocene-Pleistocene Siwalik Group foredeep facies (Du-
vall et al., 2018; Friedenreich et al., 1994). Unfortunately, the ages of these deposits are not well resolved,
although some authors have reported age picks on seismic profiles (Duvall et al., 2020). Equivalent surface
sections of Siwalik Group that have been magnetostratigraphically dated (e.g., Ojha et al., 2009) are incom-
plete, especially in the poorly consolidated upper part of the section. The thickness distribution of post-low-
er Siwalik Group strata within Chitwan basin-proper is shown in Figure 2b (Friedenreich et al., 1994). In
paleomagnetically dated surface sections nearest to Chitwan basin, located at Bakiya Khola (east) and Tinau
Khola (west) (stars on Figure 2a), the boundary between the lower and middle Siwalik members ranges
between ca. 11 and 10 Ma (Ojha et al., 2009), so it is likely that the Chitwan basin isopach map reflects dep-
osition of sediments that post-date 11 Ma. Two large concentrations of sediment accumulation >2400 m,
separated by a zone of somewhat thinner (by ~200 m) deposits beneath the main channel of the Narayani
River, dominate Chitwan basin fill.

3. Synthesis and Working Model

The geology, geomorphology, and climate in central Nepal present an interesting puzzle: How did the front
of the thrust belt advance so much farther toward the foreland during Main Frontal thrusting, whereas just
prior to that, during Main Boundary thrust activity, the thrust front was evidently strongly inhibited from
forward propagation? What are the relationships among the erosional bight, the Lesser Himalayan duplex,
excess sedimentation in the foreland basin, and rapid young erosion? It is tempting to associate growth
of the Lesser Himalayan duplex with excavation of the erosional bight, insofar as duplexing is commonly
considered to be a kinematic signal of a thrust belt in a subcritical state owing to erosion of its internal
part (e.g., DeCelles & Mitra, 1995; Fillon, Huismans, van der Beek, & Muiioz, 2013; Konstantinovskaia &
Malavieille, 2005; Y. Liu et al., 2020). Two facts, however, refute this interpretation: (1) based on thermo-
chronology the erosional bight most likely post-dates the main phase of growth of the duplex, and (2) the
duplex is present along strike over a distance of >1,500 km and is a fundamental structural feature of the
Himalayan thrust belt, regardless of the presence or absence of erosional anomalies such as the erosional
bight in central Nepal. This is not to imply that the Lesser Himalayan duplex is unrelated to erosion and
subcritical taper; on the contrary good arguments can be made that the duplex began to form during a pe-
riod of intensified monsoonal activity around 12-11 Ma (DeCelles et al., 1998, 2020; Dettman et al., 2001;
Robinson et al., 2006). Thermochronological data summarized here, however, indicate that the erosional
bight is probably no older than ~4 Ma.

A more general problem is whether duplexing is indicative of subcritical taper. Duplexing experiments
generally are not tuned to taper state (e.g., Gutscher et al., 1996; Konstantinovskaia & Malavieille, 2005; Ku-
kowski et al., 2002), and so the idea of duplexing to build taper might be considered as an empirical concept
rather than a proven physical requirement. Duplexing is probably best considered a form of internal wedge
deformation that takes place in the context of a transition between two different geometrical forms that are
both functionally critical, one with lower and one with higher taper (Fillon, Huismans, van der Beek, &
Murioz, 2013; Gutscher et al., 1996).

We propose the following sequence of events in central Nepal to explain the time-space relationships among
erosion, foreland sedimentation, and thrust kinematics:

1. (Figure 12a) Between ~14 and 12 Ma the Ramgarh thrust sheet was emplaced on top of a regional
low-angle footwall ramp cutting southward upsection from upper Lesser Himalayan rocks to Cenozoic
foreland basin deposits (DeCelles et al., 2001, 2020; Robinson & Martin, 2014; Robinson & McQuar-
rie, 2012; Robinson et al., 2006). Total slip was on the order of 100 km, and the absence of other major
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retards forward propagation of MBT while
sediment aggrades proximal foreland
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Figure 12. Schematic maps of central Nepal showing the temporal sequence of thrusting, erosion, and sedimentation
in the foreland basin system. See text for discussion.

thrusts and shorter wavelength folds suggests that the thrust belt was in a critical to supercritical (stable
sliding) state with a relatively low taper angle. This state of behavior (stable sliding with very low re-
gional taper) could have been related to a relatively high internal strength of the wedge (dominated by
ortho- and paragneiss) in combination with a weak phyllosilicate-rich basal décollement/shear zone
(DeCelles et al., 2020).

. (Figure 12b) Beginning about 11 Ma, thrust horses of Lesser Himalayan rocks were clipped off of the

footwall beneath the Ramgarh thrust by rejoining intra-duplex splay thrusts and the antiformal Lesser
Himalayan duplex began to develop. These duplex splays likely fed slip upward and southward into the
Ramgarh thrust shear zone, possibly daylighting along the frontal trace of the Ramgarh thrust; no sig-
nificant break-through thrusts have been documented in the Ramgarh hanging-wall rocks. Duplexing
continued until at least 5 Ma, and may be still active (Mendoza et al., 2019). The cause of duplexing
was likely rapid erosion owing to a combination of monsoon intensification (Dettman et al., 2001) and
regional stripping of relatively durable (Cannon et al., 2018) Greater Himalayan metamorphic rocks and
simultaneous regional exposure of structurally underlying much weaker and more easily eroded Lesser
Himalayan rocks (DeCelles et al., 2020).

. (Figure 12c) Beginning around 5 Ma, the Main Boundary thrust became active and juxtaposed Pro-

terozoic Lesser Himalayan strata against upper Miocene-Pliocene strata of the upper Siwalik Group.
Conglomerates in the upper Siwalik member contain abundant Lesser Himalayan quartzite clasts, sug-
gesting derivation from the hanging wall of the Main Boundary thrust as well as from older thrust sheets
in the duplex (DeCelles et al., 1998; Szulc et al., 2006). No branchline between the Ramgarh and Main
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Boundary thrusts has been documented, suggesting that the Main Boundary thrust is not part of the
Lesser Himalayan duplex; instead, it probably represents resumption of forward thrust belt propagation
after reestablishment of regional critical taper.

4. (Figure 12c) Low-T thermochronological data compiled here (Figures 6c, d) demonstrate that rapid ero-
sion in the central Nepal erosional bight commenced ca. 4-5 Ma, at about the same time as the main
phase of Main Boundary thrust slip. Thus, we propose that the Narayani reentrant on the trace of the
Main Boundary thrust owes to hinderance of forward propagation of this part of the thrust in response
to local, erosionally controlled taper reduction of the Lesser Himalayan part of the orogenic wedge. Al-
though the absence of hanging-wall cutoffs prevents rigorous comparison of Main Boundary thrust slip
along strike, simple geometric considerations as discussed above demonstrate that the reentrant reflects
less forward propagation of the MBT at that location than along strike to the east and west. Similar be-
havior of thrust faults in situations with variable along-strike erosion have been modeled and document-
ed in the field (e.g., Graveleau & Dominguez, 2008; Horton, 1999; Leturmy et al., 2000; Y. Liu et al., 2020;
Marques & Cobbold, 2002). This type of thrust belt behavior does not require a subcritical stress state: the
local decrease in propagation rate on the MBT (and the entire thrust belt) could reflect a net decrease in
orogenic wedge material flux owing to the local increase in erosion. This would be manifest as a decrease
in wedge growth rate at critical taper.

5. (Figure 12d) Sediment produced by excavation of the erosional bight accumulated in the proximal part
of the foreland basin, possibly as a fluvial megafan (Chakraborty et al., 2010; DeCelles & Cavazza, 1999).
Addition of this sediment load onto the foreland lithosphere would have augmented the downward
flexure of the lithosphere and aggraded the topographic surface, increasing both o, and 3, of the wedge
of basin fill in the foredeep outboard of the erosional bight. Slopes on the modern foreland basin surface
north and south of the Churia Range (i.e., in the Chitwan wedge-top basin and in the open Gangetic
foredeep depozone) are between ~0.1° and 0.3°, providing estimates of ¢, and the value of « that is suf-
ficient for critical behavior, respectively. An estimate of 5, can be derived from the Miocene to modern
isopach data in the Gangetic foredeep (Figure 2a). The isopach pattern indicates that the foredeep fill
thickens from 1,000 to ~5,000 m over a south-to-north distance of ~190 km, with some complexity in
the 3,000 m isopach contour (possibly due to subsurface faulting). A smoothed curve that captures the
endpoints of the thickness profile plots between modeled flexural profiles for a lithosphere with flex-
ural rigidity of 3.0 x 10* to 1.0 X 10> Nm flexed beneath half-loads that produce average topography
150-200 km wide and 4 km high (Figure 13). First derivatives of these flexural profiles provide values of
Bo, which range between ~2.5° and 4.5° within 50 km of the thrust front (Figure 13). These values of a,
and 5, (0.1° and 2.5°-4.5°, respectively) can be compared with an c value of 0.3° and § value of 3.5° in the
modern Chitwan area (Figure 3), and average a values of 0.5°-1.6° and average (3 values of 6°-7° for the
Lesser Himalayan part of the thrust belt as previously discussed (Figure 9). Total (initial) taper of the un-
deformed foredeep is ~2.6°-3.1°, whereas total taper for the Chitwan and Lesser Himalayan parts of the
thrust belt is ~4°-8° (Figure 9). It is clear that §, is controlled by flexural rigidity of foreland lithosphere
and the thickness of sediment in the foredeep (e.g., Boyer, 1995; Ford, 2004; Stockmal et al., 2007).

4. Discussion

4.1. Alternative Mechanisms

Salients and reentrants along the fronts of thrust belts are globally ubiquitous and several mechanisms exist
for their development (Macedo & Marshak, 1999; Marshak, 2004; Mitra, 1997; Yonkee & Weil, 2010). Possi-
ble alternative mechanisms for the pattern of salients and reentrants along the frontal Nepalese Himalaya
include the presence of preexisting structures in Indian basement beneath the foreland basin (e.g., Gahalaut
& Kundu, 2012; Godin et al., 2019), along-strike differential strain partitioning, and possible spatial variations
in the strength of the frontal part of the basal décollement (see review by Graveleau et al., 2012). Basement
buttressing (e.g., Macedo & Marshak, 1999) is unlikely because the reentrants and salients have opposing po-
larity; if basement features were affecting the Main Frontal thrust, they should have had a similar effect on the
Main Boundary thrust. The effect we are discussing operates at ca. 100 km along-strike wavelengths, whereas
basement buttressing-induced salients that have been documented in other thrust belts have much larger
spacing (e.g., Macedo & Marshak, 1999; Mitra, 1997; Mouthereau et al., 2012; Yonkee & Weil, 2015). Although
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Figure 13. (a) Flexural profiles (lower, upward convex curves) for homogeneous continuous plates of flexural rigidities (D) as listed, flexed under half-

loads that would support illustrated topography (depicted as gray boxes); two different loads are shown. Bold dashed curves represent approximate sediment
accumulation in the foreland basin deposits of the Siwalik Group (from isopach contours in Figure 2). Upper, concave upward curves represent first derivatives
of the flexural profiles, which approximate décollement slope (8). (b) Expanded § plots within 100 km of the thrust belt front, for varying values of D as listed,
corresponding to adjacent plots in part (a). White circles represent § value for the Chitwan wedge-top basin (see Figure 3).

structures have been inferred to exist in Indian basement beneath the foreland basin, they are spaced several
hundred kilometers apart and do not coincide spatially with the Chitwan salient on the Main Frontal thrust
(Gahalaut & Kundu, 2012; Godin & Harris, 2014; Godin et al., 2019; Sastri et al., 1971). Along-strike strain par-
titioning and large lateral ramps are unlikely causes of the Chitwan phenomenon because major along-strike
changes in slip and stratigraphic separation on the Main Frontal and Main Boundary thrusts are not supported
by balanced cross-sections and geological maps (e.g., DeCelles et al., 2001, 2020; Khanal & Robinson, 2013;
Khanal et al., 2014; Mugnier et al., 1999; Robinson & Martin, 2014; Robinson et al., 2006; Schelling, 1992).
Variation of strength in the basal décollement due to lithological or fluid attributes is plausible but would
be surprising for its exact coincidence with the Main Boundary thrust reentrant, the erosional bight, and the
anomalous thickness of foredeep deposits in the Chitwan area.

4.2. Other Examples and Implications for Himalayan Seismicity

Analog (Leturmy et al., 2000; Mugnier et al., 1997) and analytical/numerical (Fillon, Huismans, van der
Beek, & Muiioz, 2013, Fillon, Huismans, & van der Beek, 2013; Stockmal et al., 2007; Willett & Schluneg-
ger, 2010) models illustrate the effect of foredeep sediment accumulation in promoting forward propaga-
tion of the front of a thrust belt (Figure 14). In the case of central Nepal, the implication is that erosion
of the bight both hindered MBT forward propagation and, eventually, produced the volume of sediment
in the foredeep that locally increased flexural subsidence (raising 3,), aggraded the depositional surface
(increasing «), and elevated the internal strength of the foredeep wedge (Fillon, Huismans, van der Beek,
& Muiioz, 2013; Stockmal et al., 2007; Willett & Schlunegger, 2010). When the appropriate values were
reached, initial taper on the foredeep wedge became functionally supercritical in the Chitwan region and
the Main Frontal thrust, which was becoming active along the whole Himalayan orogenic front, propagated
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Figure 14. Sequence of Lagrangian-Eulerian frictional-plastic finite element model results abstracted from Stockmal et al. (2007, their Figures 10a-10c). Times
indicate time elapsed since initiation of model. Values of &x indicate cumulative distance of shortening. Numbered vertical lines are originally spaced 15 km
apart and are progressively disrupted and transposed as the thrust belt advances. No vertical exaggeration. Gray material represents synorogenic sediment,
which begins to accumulate in frame (b). Note the close connection between sediment deposition, increased subsidence, and forward propagation of the thrust
front. Also note out-of-sequence thrusting that takes place near reference lines 7 and 8 at the 9 My stage (c). Three weak detachment levels are present in

this model. Dashed lines indicate incipient slip. Arrows and lowest line in frame (a) represent eventual flexural subsidence that takes place to accommodate

sediment load shown in frame (c).

~85 km out to its anomalously far forward location. Similar patterns of localized forward thrust propa-
gation are found in analog models (Graveleau & Dominguez, 2008; Marques & Cobbold, 2002) and have
been suggested to control along-strike variations in thrust front propagation in other thrust belts (e.g., De-
Celles 1994; Horton, 1999; Leturmy et al., 2000; Y. Liu et al., 2020). Resolution on the timing of the several
splay thrusts that disrupted the Chitwan area is too poor to assess whether these faults formed in-sequence
or out-of-sequence, but the models of Stockmal et al. (2007) suggest that once the wedge-top basin becomes
confined by the new frontal thrust ridge, out-of-sequence thrusts begin to internally shorten the wedge-top
(Figures 14b and 14c).

If our model is correct, other regions of the frontal Himalaya where the Main Frontal thrust has propagated
anomalously far to the south are candidates for the same combination of erosional, depositional and kine-
matic events. Reentrants on the Main Boundary thrust and salients on the Main Frontal thrust are common
along the length of the Himalayan thrust belt. One obvious region in western Nepal is the area of the Dang
and Deukhury wedge-top basins, where the Main Frontal thrust has propagated ~45 km farther south than
it has along strike to the east and west, at a scale similar to that of the Chitwan salient (Figures 2 and 5).
Although this region is associated with an erosional anomaly that is not as prominent as the one in central
Nepal (Figure 5), the Main Boundary thrust does not exhibit a significant reentrant and foreland isopachs
do not show anomalously thick sediment accumulation directly south of the salient (Figure 2a). It is pos-
sible that the Dang-Deukhury wedge-top area is somewhat older than the still active Chitwan wedge-top
area, or that propagation of the Main Boundary thrust was simply not hindered to the same extent as it was
at the Narayani River exit canyon. A more likely candidate for a linkage among erosion, deposition, and
structural kinematics might be the Karnali River watershed, just west of the Dang-Deukhury wedge-top
area (Figure 2). The Karnali area contains excess foredeep sediment, a large river basin (42,890 km?) with an
erosional anomaly, a structural reentrant on the trace of the Main Boundary thrust, and a large wedge-top
basin (Figure 2a). Our model would predict that an active blind thrust (shown as a dotted line on Figure 2a)
should be present in front of the relatively straight mapped trace of the Main Frontal thrust. A third likely
candidate is in eastern Nepal where the Arun River exits the orogenic front and becomes the Kosi River,
which is depositing the second largest fluvial megafan in the Himalayan foreland basin (next to that of the
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Tista River). Here, the Main Frontal thrust extends 40 km farther into the foreland than along strike, but
its trace is buried by the Kosi fan and remains undocumented in the subsurface. Farther southeast, Duvall
et al. (2020) reported thrust offset on the blind Bhadrapur thrust ~37 km south of the mapped trace of the
Main Frontal thrust. Isopach patterns from this region are complex, however, possibly owing to oblique
faults in the subsurface. The thrust belt in all three of these candidate regions is still largely dominated by
outcrops of GHS high-grade metamorphic rocks; only the central Nepal erosional bight is virtually stripped
of these more resistant (Cannon et al., 2018) rocks. Conceivably, as erosion continues in these other regions,
softer rocks of the LHS will become widely exposed and erosional bights will develop accompanied by
strong side-effects on orogenic wedge behavior (e.g., Hilley & Strecker, 2004).

Additional candidate areas exist outside of Nepal. In some cases, such as the Salt Range salient in northern
Pakistan, coupling of anomalous thrust-belt erosion, Main Boundary thrust reentrant, and the frontal Salt
Range thrust (equivalent to the Main Frontal thrust) salient is dramatic. The Salt Range thrust has propa-
gated more than 130 km out from the location of the Main Boundary thrust, and extreme hinterland erosion
is associated with the Indus River and its major tributaries. Long-distance forward propagation of the Salt
Range thrust is accompanied by structural bivergence and relatively little hanging-wall deformation over
a wide region. Overall taper of this part of the orogenic wedge is extremely low (<1.5°) and probably owes
to the presence of Eocambrian salt in the basal décollement zone (Baker et al., 1988; Jaumé & Lillie, 1988;
Lillie et al., 1987; Pennock et al., 1989).

A second well-documented candidate for the type of complex behavior illustrated by the Chitwan region is
the Kangra reentrant in northern India (Powers et al., 1998; T. Singh et al., 2012). In this region, the trace of
the Main Boundary thrust exhibits a large reentrant, whereas the Main Frontal thrust propagated ~100 km
southwestward into the foreland and its hanging-wall rocks were shortened by ~23 km. Like the Chitwan
wedge-top basin, the hanging wall of the Main Frontal thrust is locally disrupted by a belt of small thrust
faults and related folds but is otherwise largely undeformed. Powers et al. (1998) showed that 3, is ~2.5°
based on the Janauri-2 and Adampur wells, and total taper in the Kangra reentrant is up to ~4°. The largest
erosional anomaly associated with the Kangra reentrant is the Sutlej River drainage basin, which flows into
the eastern part of the reentrant after crossing the Main Boundary thrust. The Pakistan and Kangra exam-
ples closely resemble the numerical models produced by Stockmal et al. (2007) and Fillon, Huismans, van
der Beek, and Mufioz (2013).

Finally, the northeastern part of the Himalayan thrust belt in Arunachal Pradesh provides a smaller but
elegant example of Chitwan style erosion-sedimentation-kinematic coupling where the Kameng River exits
the thrust belt in a reentrant on the Main Boundary thrust, flows across a small (~15 km wide) wedge-top
basin, and exits into the undeformed foredeep (Burgess et al., 2012). The south flank of the wedge-top basin
is formed by the Balipara anticline above the Nameri thrust, which is the local name for the Main Frontal
thrust (Burgess et al., 2012). The Nameri thrust has a salient form that has propagated ~20 km south of
a reentrant on the Tipi thrust, which is an intra-Siwalik Group thrust. Burgess et al. (2012) and Chirouze
et al. (2013) provided age constraints of ca. 1 Ma through Holocene time for slip on the Main Frontal thrust
system in this area. Upstream in the Kameng River drainage basin, low-temperature cooling ages (mainly
AFT ages) demonstrate rapid exhumation during latest Miocene-Pliocene time (DeCelles et al., 2016). Our
model would predict that sediment produced by this rapid hinterland erosion accumulated in the foredeep,
caused slightly greater flexural subsidence, increased f3, to a critical value, and the frontal Nameri thrust
propagated forward. Very young radiocarbon ages from deformed Quaternary strata on the backlimb of
the Balipara anticline suggest the frontal anticline is still active (Burgess et al., 2012; Kumar et al., 2010).
We emphasize that none of these other examples has been adequately documented to test the model we
present, with perhaps the exception of the Kangra reentrant where ample reflection seismic and well data
are available (Powers et al., 1998) and numerous thermochronological studies have been undertaken in
the adjacent hinterland region (Deeken et al., 2011; Eugster et al., 2018; Schlup et al., 2011; R. C. Thiede &
Ehlers, 2013; R. Thiede et al., 2004, 2017, R. C. Thiede et al., 2005, 2009; Vannay et al., 2004).

Further study of these and other potential examples of linked erosion-deposition-kinematic behavior in the
Himalaya is warranted because they could, eventually, shed light on seismic hazard assessments insofar as
the largest earthquakes in the Himalaya take place on the basal décollement where and when it feeds slip
to the surface along the Main Frontal thrust or blind frontal imbricates (e.g., Avouac, 2003, 2007; Avouac
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Figure 15. Approximately west-to-east topographic profile ~40-50 km south of the Himalayan topographic front in
northern India, from a point 12.4 km north of Muzarfarnagar to a point 8.7 km east of Dhubri on the Brahmaputra
River. Major rivers and fluvial megafans are labeled, and lower line connects most of the topographic lows to help
emphasize the positive anomalies.

et al., 2015; Bilham, 2019; Bollinger et al., 2014, 2016; Lavé & Avouac, 2001; Lavé et al., 2005; Wesnousky
et al., 2017). If hinterland erosion, foreland deposition, and propagation of the Main Frontal thrust are tied
together, then additional means of predicting likely regions of future large earthquakes, albeit at coarse
temporal resolution, might be provided by detailed studies documenting recent hinterland erosion and
linked foreland sedimentation. For example, a longitudinal topographic profile located 40-55 km south
of the orogenic front (the approximate average distance of forward propagation of the frontal thrust sys-
tem) in northern India shows broad topographic swells with amplitudes of 20-50 m and wavelengths of
100-200 km (Figure 15). Two of these are associated with the Kosi and Tista fluvial megafans in the eastern
part of the transect, and the others are associated with the Ganga, Mahakali, Karnali, and Gandak Rivers.
These areas might be subject to future “break-outs” of the frontal thrust if connected to corresponding re-
gions of rapid erosion. Moreover, recent studies of short-term deformation associated with seasonal rainfall
(Bettinelli et al., 2008; Bollinger et al., 2007; Chanard et al., 2014; Gautam & Tiwari, 2007; Panda et al., 2018)
and the significant effect of monsoonal (both normal and abnormally intense) precipitation on sediment
yield at individual drainage-basin scale (Bookhagen et al., 2005a, 2005b) suggest potential for more refined
spatial and temporal predictions.

The work-flow for identifying seismically “primed” regions of the foreland would thus entail (1) documen-
tation of sediment overaccumulations in topographic and subsurface (isopach) data sets; (2) assessment
of whether erosional anomalies in the thrust belt are spatially associated with foreland sediment accumu-
lations; (3) compilation or production of low-temperature thermochronological data sets from candidate
source drainage basins in the thrust belt—if these data document recent rapid exhumation (ca. <3 Ma) the
mechanism we propose could be operating; and (4) assessment of Main Boundary and Main Frontal thrust
geometries, with emphasis on reentrant-salient pairs that are in opposite geometric polarity. To these geo-
logical data sets could be added detailed paleoseismic and tectonic geomorphologic studies to further assess
seismic potential. Areas marked by all of these features should be primed for large earthquakes along the
frontal fault system.

5. Conclusions

In central Nepal, Chitwan wedge-top basin is bracketed by the Main Frontal thrust salient and Main Bound-
ary thrust reentrant at the Narayani River. The wedge-top basin formed when the Main Frontal thrust
propagated ~85 km outward from the contemporaneous thrust front, and subsequent shortening reduced
the width of the basin by about 50%. Foredeep basement in front of the Chitwan salient has been flexed
downward >6 km and lies beneath anomalously thick Miocene basin fill, as does the Chitwan wedge-top
basin. Low-temperature thermochronological data from the Narayani River drainage basin suggest that
rapid Plio-Pleistocene erosion was coeval with slip on the Main Boundary thrust, and this suggests that for-
ward propagation of the Main Boundary thrust was hindered by reduced orogenic wedge taper. At the same
time, sediment derived from the Narayani watershed was accumulating in the proximal Gangetic foredeep,
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augmenting flexural subsidence in this region. Eventually, both 8, and «, values were increased sufficiently
to produce a critical initial taper (sensu Boyer, 1995), and the Main Frontal thrust propagated anomalously
far into the foredeep. Together with evidence for anomalous precipitation in central Nepal, this suggests
that rapid thrust belt erosion, kinematic stalling of the frontal thrust, consequent sedimentation in the
undeformed foredeep, and eventual break-out of a new frontal thrust with a salient geometry are linked
together in a climate-erosion-sedimentation-kinematic system that accomplishes forward migration of the
thrust front in spite of low- to negative-a conditions.

Modern taper of the Himalayan orogenic wedge remains poorly documented, but available data suggest that
the wedge in central Nepal can be divided into three segments in the shortening direction: (1) the frontal
wedge consists of the proximal foredeep and adjacent wedge-top basins and their structural-topographic
boundaries, which together have total taper of ~3°-4° (almost all of which is in 8, and $3); (2) the Lesser
Himalayan part of the thrust belt, which has total taper of ~6°-7.5° divided between « values of 1°-1.6° and
B values of 5°-6°; and (3) the Greater Himalayan part of the thrust belt, which has widely varying but very
high values of «, 8, and total taper of >15°. The taper estimates suggest that the frontal part of the orogenic
wedge is riding on a very weak, possibly overpressured, basal décollement (though not as weak as the basal
décollement in the salt-bearing Pakistan foreland) and the Lesser Himalayan part of the wedge is a typical
moderate to high basal-friction critical wedge. The Greater Himalayan part of the orogen is not behaving
according to classic Mohr-Coulomb critical taper theory, probably because the lower part of the orogenic
wedge and the basal décollement transition to ductile behavior beneath the southern and northern edges,
respectively, of the Greater Himalayan Zone.

Insofar as the largest earthquakes in Nepal take place on the Main Frontal thrust system, results reported
here suggest that future large earthquakes will be primed by anomalously thick foredeep/wedge-top sedi-
ment accumulation, which increases both 8, and « to values sufficient to allow forward propagation of the
thrust front. The same phenomena (augmented flexural subsidence and surface aggradation) are likely to
promote seismicity on sectors of the Main Frontal thrust and its extant imbricates.

Data Availability Statement

The published thermochronology data compiled in Figures 6¢ and 6d are from Blythe et al. (2007), Rob-
ert et al. (2009, 2011), Herman et al. (2010), Streule et al. (2012), Nadin and Martin (2012), McCallis-
ter et al. (2014), McDermott et al. (2015), van der Beek et al. (2016), Lama Sherpa (2020), and DeCelles
et al. (2020), included in Table S1, and in the Reference list.
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