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The Benkar Fault Zone (BFZ) is a recently recognized, NNE-striking, brittle to ductile, cross fault that cuts across the dominant
metamorphic fabric of the Greater Himalayan Sequence (GHS) and the Lesser Himalayan Sequence (LHS) in eastern Nepal.
“*Ar/*Ar-muscovite cooling ages along a transect across the BFZ in the GHS indicate movement younger than 12 Ma. To
understand the mode of genesis, and seismo-tectonic implications of the BFZ, we mapped this fault from the Everest region in
the upper Khumbu valley toward the south, across the Main Central Thrust, into the LHS and the Greater Himalayan Nappe. We
recognize a series of cross faults segments, which we interpret the BFZ system. The currently mapped section of the BFZ is >100
km long, and its width is up to 4 km in the LHS. The BFZ is semi-ductile in the GHS region but is brittle in the south, where it
is expressed as gouge zones, tectonically brecciated zones, sharp fault planes, and segments of nonpenetrative brittle deformation
zones. From petrographic and kinematic analysis, we interpret largely a right-lateral, extensional sense of shear. Our work did
not continue into the Sub-Himalaya, but the BFZ may continue through this zone into the foreland as documented in other
Himalayan cross faults. While several genetic models have been proposed for cross faults in the Himalaya and other convergent
orogens, we suggest that the BFZ may be related to extensional structures in Tibet. Understanding cross faults is not only
important for the tectonic history of the Himalaya but due to the co-location of cross faults and seismogenic boundaries, there
may be a causal relationship. Cross faults also follow many of the north-south river segments of the Himalaya and weakened fault
rocks on the valley walls may enhance the landslide hazard in these areas.

the orogen). Previous authors have suggested a number

1. Introduction
of explanations for lateral variations in mountain belts

A review of several convergent orogenic belts around
the world reveals important lateral heterogeneities along
the length of the mountain belts. In different mountain
belts, these heterogeneities are expressed as along-strike
changes in deformation style, igneous activities, grade
of metamorphism, surface processes and geomorphology,
and/or seismic activity (see review in Giri and Hubbard
[1]). In other cases, abrupt lateral transitions coincide
with the spatial occurrence of cross faults/structures (faults/
structures that strike at a high angle to the trend of

around the world such as changes in (a) continental
margin geometry [e.g., 2]; (b) basin geometry and sediment
thickness [e.g., 3, 4]; (c) plate kinematics and obliquity of
plate convergence [e.g., 5, 6]; (d) lithospheric strength [e.g.,
7-9]; and (e) the presence of inherited basement structures
[e.g.. 10-17].

In the Himalaya, researchers have stressed the sig-
nificance of cross faults as thrust segment boundaries,
sometimes between adjacent zones of contrasting thrust
geometries [16, 18-22]. While several cross faults have been
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recognized in the Himalayan orogen at multiple structural
levels (Figure 1), their extent, mode of genesis, and their
impact on the regional seismo-tectonics remain poorly
understood. The Himalaya is the planet’s most dynamic
collisional orogenic system, and researchers have found
evidence that links cross faults with regional seismicity [21,
23-27], which makes it imperative to recognize and develop
a comprehensive understanding of these structures.

The BFZ was first recognized by Seifert [28] as a
NNE-striking, right lateral, normal cross fault that runs
along and adjacent to the Dudh Koshi valley in the eastern
Nepal Himalaya (Figure 2). Seifert [28] mapped the BFZ
in the Greater Himalayan Sequence (GHS, highest part
of the range consisting of amphibolite to granulite facies
rocks) of the Everest region but its southern continuity,
its mode of formation, and timing of movement(s) were
beyond the scope of that study. In this article, we sum-
marize the findings of Seifert [28] and present new map
data, from regions along the strike of the BFZ toward the
south, within the Okhaldhunga Window, and the Greater
Himalayan Nappe (GHN). This new field data coupled
with *Ar/*Ar-muscovite cooling ages from the GHS, and
petrographic and kinematic analysis for samples collected
from multiple levels supports the continuation of the BFZ
southward cutting across different litho-tectonic units of the
Himalaya. While multiple genetic models can explain the
BFZ, extensional fault kinematics in the GHS and possible
connection to normal fault systems toward the north point
toward the likelihood of the BFZ being genetically linked to
the ongoing extension in southern Tibet. Other Himalayan
researchers have previously explored similar connections
between cross faults and Tibetan extension [13, 15, 19, 29,
30]. The BFZ deformation, especially in the south, could
be a surface manifestation of tear(s) or basement faults/
structures, such as the West Patna Fault, in the downgoing
Indian plate.

2. Tectonic Setting

2.1. Tectono-Stratigraphy of the Himalaya. The onset of
continental collision along the Indian and Asian plate
margins between 61 and 55 Ma was followed by thicken-
ing, shortening, and imbrication of the down-going Indian
crustal rocks resulting in the formation of the dynamic
Himalayan orogenic belt [31-39]. The Himalaya has been
viewed as a composite of four major, laterally continu-
ous litho-tectonic units. From north to south, they are
the Tibetan Tethyan Sequence (TTS), the GHS, the LHS,
and the Sub-Himalaya. These units are each bounded
by north-dipping faults: the South Tibetan Detachment
System (STDS), the Main Central Thrust (MCT), the Main
Boundary Thrust (MBT), and the Main Frontal Thrust
(MFT) (Figures 1 and 2) [40-49].

The TTS has largely been defined as a Paleozoic and
Mesozoic marine succession of siliciclastic and carbonate
rocks deposited in the Tethys Sea [50-54]. The STDS, active
during ~28-23 Ma to 16-12 Ma (see Goscombe et al. [48]),
juxtaposes these very-low to low-grade (greenschist facies)
metamorphic rocks of the TTS against the higher-grade
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GHS along a system of low-angle, extensional, top-to-the-
north, ductile shear zones, and brittle faults [55-61].

The GHS consists of Neoproterozoic to Ordovician (990
Ma to 520 Ma), high-grade metamorphic rocks of the
Indian continent [47, 49, 62-66]. During the Cambrian
Bhimphedian Orogeny, rocks of the GHS were deformed,
metamorphosed, and intruded by granites with U-Pb ages
ranging in between 581 Ma and 453 Ma [64-74]. How these
midcrustal rocks were exhumed remains an area of active
research in the Himalaya [75-81]. Carosi et al. [82] have
stressed the importance of in-sequence and out-of-sequence
thrusts and shear zones within the GHS, which in general
has been mapped as one continuous tectonic unit.

In the vicinity of the Everest region, the GHS con-
sists of amphibolite to granulite facies, sillimanite-grade,
metapelite, orthogneiss, calc-silicate, and amphibolite along
with leucogranite intrusions [59, 69, 80, 83-89]. Follow-
ing the India-Asia collision, these rocks experienced the
prograde Barrovian Eohimalayan metamorphism under
pressure-temperature conditions of 650°C-680°C, 78 kbar
(kyanite + sillimanite grade) between ~39 Ma and 30 Ma,
which was followed by the sillimanite + cordierite grade
Neohimlayan metamorphism during 28 Ma to 16 Ma at
600°C-750°C, 3-5 kbar [72, 80, 88, 90-93]. Timing of
voluminous melt injection and leucogranite crystallization
within the GHS has been well constrained between 24 Ma
and 15 Ma (see Cottle et al. [94]). In the Everest region,
the STDS is represented by the upper, brittle Qomolangma
Detachment, with the Ordovician Limestone in the hanging
wall, and the lower, ductile Lhotse Shear Zone, with
middle-to upper-greenschist facies schist and calc-silicate
rock of the Everest Series in its hanging wall (footwall
of the Qomolangma Detachment) (Figure 2) [69, 95-97].
Extensional movement along the Lhotse Shear Zone ceased
prior to 16 Ma, while the Qomolangma Detachment was
active until at least 13 Ma [94, 98]. Cessation of movement
along the STDS has been interpreted as the end of tectonic
exhumation of the GHS, which was followed by erosional
exhumation that likely was accelerated in the Pliocene [80,
98-101].

Apatite fission track ages within the GHS of the
Everest and surrounding regions progressively increase with
elevation from ~1 Ma near the MCT to ~3 Ma near the
STDS [102]. Zircon fission track (ZFT) ages range between
~4 Ma and ~16 Ma and *Ar/*Ar muscovite cooling ages
range between ~10 Ma and ~17 Ma, and both systems show
a systematic increase in ages with elevation [102-104].

The MCT is the lower structural boundary of the
GHS and has been variously mapped as (a) a lithological
boundary between low- and high-grade metamorphic rocks
[40, 84, 105-107]; (b) the kyanite isograd [42, 52, 83]; (c)
an abrupt change in U-Pb detrital zircon ages [62, 108]
and in Nd isotope compositions [49, 109, 110]; (d) a thick
shear zone with or without an upper or lower fault [111,
112]; and (e) the base of a high strain zone [113]. Above or
within the MCT zone, the metamorphism is inverted from
chlorite- to sillimanite-grade toward the north [40, 42, 111,
112, 114]. The MCT has been interpreted to be coeval with
the STDS between 22 and 19 Ma [61, 103, 114-116] along
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Ficure 1: Simplified litho-tectonic map of the Himalaya. The red dashed and heavy lines indicate cross faults. Rectangle in the center
shows extent of the area shown in Figure 2. Modified from Godin and Harris [13], Goscombe et al. [48], Hubbard et al. [20], and Godin
et al. [14]. BFZ: Benkar Fault Zone; DKF: Dudh Koshi Fault; EPF: East Patna Fault; GaTF: Gadi Tear Fault; GF: Gish Fault; GHN: Greater
Himalayan Nappe; GL: Gaurishankar Lineament; GTF: Ganga Tear Fault; JL: Judi Lineament; KCGr: Kung Co Half Graben; KF: Kosi Fault;
MBT: Main Boundary Thrust; MCT: Main Central Thrust; M-E: Motihari-Everest Lineament; MFT: Main Frontal Thrust; MZB: Main
Zanskar Backthrust; OW: Okhaldhunga Window; RCR: Riduo-Cuona rift; STDS: South Tibetan Detachment System; TGr; Thak Khola
Graben; WDTZ: Western Dang Transfer Zone; WNFS: Western Nepal Fault System; WPF: West Patna Fault; YCS: Yadong Cross Structure;

YGR: Yadong Gulu rift.

with localized Late Miocene to Pliocene movements [117—
120].

Several researchers have mapped the MCT in the Dudh
Koshi and the adjacent valleys, and they have presented
varying spatial locations and definitions of this structure.
Ishida [86] and Ishida and Ohta [87] have mapped a system
of thrusts that coincide with lithological changes. Hubbard
[121] mapped the MCT as a 3- to 5-km-thick, north-dip-
ping, ductile shear zone consisting of augen gneiss, pelitic
schist, amphibolite, marble, calc-silicate, slate, and quartzite.
Catlos et al. [117] mapped the MCT as a discrete thrust that
roughly passes along the top of the MCT zone of Hubbard
[121]. The MCT has also been mapped farther toward the
south along the base of the Melung-Salleri Augen Gneiss
zone [89, 91, 122], which also corresponds to the Phaplu
Thrust of Maruo and Kizaki [123]. Several other structural
elements have also been mapped in the vicinity of the MCT.
The base of the Melung-Salleri Augen Gneiss has been
mapped as the MCT-I [111, 117], as a shear zone [124],
and as the Midland Thrust [87]. In the adjacent Tama Koshi
valley (Figure 1), the contact between the Lesser Himalayan
metasediments and the Melung-Salleri Augen Gneiss has
been mapped as the Upper Tamakoshi Thrust/Shear Zone
[104, 125]. Larson et al. [126] interpreted an out of sequence
movement along the Upper Tamakoshi Thrust during 11-8
Ma, which is in agreement with their previous “’Ar/*Ar

cooling ages and quartz fabric work in the region [104, 125,
127].

Like elsewhere in the Himalaya, the basal section of the
MCT zone records pressure conditions of 7-8 kbar, which
gradually decrease to 4-5 kbar toward the north [80, 121].
Peak temperature, however, sharply increases up section
across the MCT from 450°C to 670°C [80, 89, 103, 112, 128,
129].

The LHS, footwall to the MCT, consists of Paleopro-
terozoic to Neoproterozoic, passive-margin, meta-sedimen-
tary rocks of the Indian plate and associated igneous and
meta-igneous rocks [44, 47, 62, 65, 81, 109, 130-134]
and Permian to Paleocene, siliciclastic, and fossiliferous
deposits, known as the Gondwana Sequence, that uncon-
formably overlie the older Precambrian units [49, 81, 135,
136]. The lower stratigraphic levels of the LHS host a
gneissic body, which is referred to as the Ulleri Augen
Gneiss in western and central Nepal [137, 138] and as
the Melung-Salleri Augen Gneiss in eastern Nepal [84,
86]. Throughout the Himalaya, the age of this unit has
been well-constrained between 1.75 Ga and 1.90 Ga (see
Larson et al. [124], Kohn et al. [132], Larson et al. [139]).
Researchers have variously described this gneissic unit as a
felsic extrusive rocks [42], a magmatic arc-related rock in a
convergent setting [132], a rift-related rock [139, 140], and a
“metasomized or tectonized” granitic basement rock [111].
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Ficure 2: Litho-tectonic map of the study area showing the mapped extent of the Benkar Fault Zone (source: [46, 80, 84, 87] Zircon
fission track ages south of Lukla are from Nakajima et al. [235] and north of Lukla are from Streule et al. [102]). DKF: Dudh Koshi Fault;
MA: Midland Antiform; MBT: Main Boundary Thrust; MCT: Main Central Thrust; MS: Mahabharat Synclinorium; QD: Qomolangma
Detachment; RT: Ramghar Thrust; SKT: Sun Koshi Thrust. Grey dotted boxes show the extent of the different litho-stratigraphic zones.

This unit consists of mylontized, quartz + alkali-feldspar +
plagioclase + muscovite + biotite orthogneiss [84, 86, 139],
schistose gneiss, and assimilated fragments of the Lesser
Himalayan metasedimentary rocks, which generally occur
as chloritic schist. Hubbard [121] noted garnets and alkali
feldspar augen with myrmekitic texture.

Within the LHS, rocks from the lower stratigraphic levels
(Lower LHS) have been thrust over younger rocks (Upper
LHS) along the Ramghar or Ramghar-Munsiari Thrust (RT)
resulting in the structural culmination known as the Lesser
Himalayan Duplex and/or the Midland Antiform/Anticli-
norium (Figure 2) [75, 109, 141-148]. In the western Nepal
Himalaya, major duplex growth occurred between 11 and
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5 Ma before the deformation propagated southward along
the MBT [49]. In eastern Nepal, Nakajima [49] suggests
that the Midland Anticlinorium developed during and/or
after the cessation of the southward transport of the Greater
Himalayan thrust sheet at 12-10 Ma.

In our study area, the Lesser Himalayan rocks are well
exposed within the Okhaldhunga Window, which toward
the south, is bounded by the Sun Koshi Thrust (SKT), the
southern continuation of the MCT (Figure 2). Schelling [84]
has mapped this thrust as a north-dipping, out-of-sequence
thrust. Previous mapping in the LHS of the Okhaldhunga
Window and the surrounding region had been done by
Ishida [86], Ishida and Ohta [87], Andrews [149], Schelling
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[84], Dhital [46], and Baskota and Adhikari [150]. The
earlier studies were aimed at building a regional tectonic-
stratigraphic framework, and more recent mapping work
only covers parts of the Okhaldhunga Window. A detailed
lithostratigraphic construction, well established in western
Nepal [49] and in central Nepal [151, 152], is still lacking in
this region.

South of the SKT, the GHN rocks have been folded
into the EW-trending Mahabharat Synclinorium (Figure
2). These rocks are generally interpreted as a nappe of
the GHS above the LHS. Larson et al. [126] constructed
prograde (515°C and 5.5 kbar to 575°C and 7 kbar; 32.4
+ 0.3 Ma) and subsequent retrograde (480°C-515°C and
6-7 kbar, until 17.5 Ma) metamorphic pathways for these
nappe rocks. Equivalent rock units in central Nepal have
been mapped as the Kathmandu Complex [151, 152], which
underwent an earlier phase of metamorphism, deformation,
and granitic and gneissic intrusion during the Bhimphedian
Orogeny [46, 67]. The GHN rocks in eastern Nepal were
mapped by Ishida and Ohta [87] and Schelling [84] as
the Mahabharat Crystallines. Subsequently, Dwivedi [153]
constructed a stratigraphic scheme, guided by that of
Stocklin and Bhattarai [151], consisting of seven lithological
units namely the Raduwa Formation, the Bhanisedobhan
Marble, the Kalitar Formation, the Chisapani Quartzite,
the Kulikhani Formation, the Markhu Formation, and the
Tistung Formation.

The Sub-Himalaya, footwall to the MBT, consists
of Miocene [Eocence; 49] to Pleistocene, molasse-type
foreland deposits which display an overall coarsening
upward sequence correlating to the southward propaga-
tion of the Himalayan deformation front [154-162]. The
southern boundary of the Sub-Himalaya is the active
and laterally continuous MFT, with a Holocene slip rate
of 23 mm/year [163, 164]. The MCT, MBT, and MFT
have been interpreted to merge into a basal decollement
known as the Main Himalayan Thrust (MHT) [165-169].
Cumulative shortening along these faults varies laterally
[e.g; 144] and accounts for about half of the convergence
distance between the Indian and Eurasian plates [49].

2.2. Himalayan Cross Faults and Tibetan Rifts. While the
structural geology of the Himalaya is dominated by the
major, orogen-parallel thrusts, there is also evidence for
structures that cut across the range. Such structures,
in places, disrupt the lateral continuity of major thrust
structures and litho-tectonic units. Maps produced in the
last 40-50 years have noted fault segments orthogonal to
the range, but these structures, referred to here as cross
faults, have not been the focus of research until lately [e.g.,
11, 13, 19, 28, 170-174]. Several explanations have been
brought forward to explain cross faults, but the importance
in their study lies in their potential link to both seismic and
landslide hazards as well as our complete understanding
of tectonic processes in collisional orogens [15, 18, 24, 175-
177].

One on-going discussion about Himalayan cross faults is
a possible link to structures in the Indian cratonic base-
ment. In the Himalayan foreland, several basement ridges

and faults, with high-angled orientation to the Himalayan
front, have been recognized and mapped within the Indian
plate (Figure 1) [11, 13, 14, 17, 178-183]. In the western
Himalaya, introduction of the Delhi-Haridwar basement
ridge underneath the evolving wedge spatially coincides
with a visible offset of the deformation front, which is
bounded by the Ganga and Yamuna Tear Faults [184, 185].
In western Nepal, between 82.5°E and 81°E, Harvey et
al. [186] demonstrated a bifurcation of a physiographic
transition (east-west trending physiographic transition
described by Hodges et al. [187] divides the Himalaya into
longitudinal belts of similar topography) and a widening of
the regional micro-seismic trend. In the same region, Soucy
La Roche and Godin [19] interpret a NNE-striking lateral
ramp in the MHT, formed in the Oligocene, to explain
along-strike variations in peak temperatures, timing of peak
metamorphism, and deformation pathways of two nearby
Greater Himalayan thrust sheets. They attribute the genesis
of this lateral ramp to the Lucknow basement fault (Figure
1). This lateral ramp interpretation of Soucy La Roche and
Godin [19] is in agreement with conclusions of Harvey et al.
[186] and van der Beek [188].

Toward the east, the West Dang transfer zone has
been described as an orthogonal structure in the Sub-
Himalaya to account for abrupt changes in thrust sheet
geometry [172, 173] and has also been associated with
segmentation of the P-T history within the metamorphic
core rocks toward the north [19, 30]. In central Nepal,
the north-south trending, >70-km-long, asymmetric Thak
Khola graben has been viewed as one of the many struc-
tures genetically related to the active east-west extension
in Tibet [56, 189-192]. East of Kathmandu, the NE-strik-
ing Gaurishankar Lineament spatially coincides with an
abrupt, NE-SW termination of the M, 7.8 2015 Nepal
Earthquake aftershocks [[16, 20] and references therein].
In eastern Nepal and India, two cross faults, the Kosi Fault
and the Gish Fault, have been mapped as recess-salient
boundaries [171, 193, 194]. The Kosi and the Gish Faults
also align with the western and the eastern boundaries of
the Munger-Saharsa basement ridge, respectively (Figure
1). Clusters of micro-seismicity that follow the Kosi Fault
serve to suggest that the Kosi Fault is an active structure
[20, 166, 195, 196], which is not surprising given that this
fault cuts the active MFT. The Gish Fault is along strike with
the Yadong Cross Structure (YCS), which is a NNE-striking,
left-lateral fault with apparent offset of the STDS of ~70
km [197]. Wu et al. [197] have interpreted the YCS as the
surface manifestation of a lateral ramp in the MHT. In the
eastern Himalaya, researchers have reported multiple small
to moderate, strike-slip earthquake events that occurred at
depths between 13 and 68 km on near-vertical fault planes
oriented at high angle to the regional trend suggesting that
Himalayan cross faults may pass below the MHT into the
Indian plate basement below [15, 21, 25, 27].

The Tibetan Plateau is undergoing syncontractional
extension [198, 199], which has been primarily accommo-
dated by several NS-trending rifts and associated normal
faults and crustal-scale strike-slip faults [200-206]. Major
rift systems in southern Tibet constitute the Longgar rift,
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