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ABSTRACT

Tectonic shortening within the Himalayan fold-thrust belt in Nepal has been
accommodateri by southward displacement of large thrust sheets. Most workers focus on
the impact that the Main Central, Main Boundary, and Main Frontal thrusts have had on
the orogen's structural, thermal, and geomorphic evolution. However, mapping across
Nepal, has revealed the presence of the Ramgarh thrust, which is another orogen-scale
thrust. The Ramgarh thrust, which had previously been recognized in India and farwestern Nepal, occurs within Lesser Himalayan zone rocks, and accommodates a
magnitude of shortening similar to that of the Main Central thrust. This dissertation
focuses on the structural and tectonic significance of the Ramgarh thrust.
Minor details notwithstanding, the structural characteristics of the Ramgarh thrust
remain consistent along the -800 km width of the fold-thrust belt in Nepal. At current
levels of erosion, the Ramgarh thrust is always exposed in a hanging-wall flat on footwall
flat thrust relationship with other Lesser Himalayan zone rocks, and also with overlying
rocks carried by the Main Central thrust.
Mapping along a north-south transect in central Nepal has permitted the
construction of a balanced cross-section, which shows that the fold-thrust belt has
accommodated a minimum of489 km of tectonic shortening. A large proportion of
which was accommodated b> slip on the Ramgarh thrust. Integrating structural
constraints provided by mapping and tiie cross-section with existing thermochronologic,
thermobarometric, and foreland basin provenance datasets yields a kinematic model for

the structural evolution of the fold-thrust belt.
Recognition of the structural relationship between the Ramgarh and Main Central
thrusts also permits new insight into the nature of the Main Central thrust. Structural
mapping combined with Nd isotope studies from the vicinity of the Ramgarh and Main
Central thrusts in Langtang National Park suggest that the Main Central thrust can be
defined as a relatively narrow tectonostratigraphic contact, and not as a broad, poorly
defined, shear zone. Additionally, much of the volume of highly strained rocks in the
footwall of the Main Central thrust may be genetically related to deformation on faults
(including the Ramgarh thrust) that lie structurally below the Main Central thrust.
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CHAPTER 1: INTRODUCTION

Statement of the Problem
The Himalayan-Tibetan Plateau orogenic system is one of the most dramatic
physiographic features on Earth. The southernmost element of the orogenic system is the
Himalayan fold-thrust belt, which is bounded to the north by the Indus-Yalu suture zone,
and to the south by the Indo-Gangetic foreland basin system. The Himalayan arc
stretches for -2500 km between its syntaxes at Nanga Parbat in Pakistan and Namche
Barwa in Bhutan.
Although the Himalaya is commonly cited as the type example of collisional
orogenesis (e.g.. Coward and Butler, 1985), our understanding of the interplay between
the orogen's structural, thermal, and geomorphic processes remains rudimentary
(Hodges, 2000). The purpose of this dissertation is to document the structural geology of
the Ramgarh thrust sheet, which is an orogen-scale structure contained within rocks of
the Lesser Himalayan tectonostratigraphic zone. Recognition of the Ramgarh thrust
permits a new interpretation of the sequential structural evolution of the central Nepal
portion of the fold-thrust belt. The model I propose is more detailed than previous ones
(e.g., Hodges et al., 1996; Harrison et al., 1997, 1998; Johnson et al., 2001; Copeland et
al., submitted manuscript) that focus solely on the role of other, better-known, southvergent structures. Future modeling that seeks to explain the orogen's structural, thermal,
and geomorphic evolution will benefit greatly &om an enhanced understanding of the
fold-thrust belt's structural architecture.
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The Himalayan fold-thrust belt formed in response to the collision between India
and Eurasia that began during latest Paleocene to early Eocene time (Beck et al., 1995;
Pivnik and Wells, 1996; Najman and Garzanti, 2000). Since then, supracrustal rocks
from the northern margin of the Indian craton have been thrust southward in response to
India's continuing subduction beneath Eurasia (Powell and Conaghan, 1973; Coward and
Butler, 1985; Mattauer, 1986). Deformation in the fold-thrust belt has propagated in a
southward direction; structures in the northern part of the fold-thrust belt are generally
older than those in the south. Deformation first occurred in rocks of the Tibetan
Himalayan tectonostratigraphic zone during the middle Eocene to Oligocene
(Ratschbacher et al., 1994). Beginning in the latest Oligocene, deformation shifted
southward into rocks of the Greater Himalayan tectonostratigraphic zone. The Main
Central thrust, which forms the base of the Greater Himalayan zone, was active during
the late Oligocene to early Miocene (Hubbard and Harrison, 1989; Harrison et al., 1992;
Hodges et al., 1996; Coleman, 1996; Guillot, 1999). After the Main Central thrust was
emplaced, the fold-thrust belt's deformation front migrated southward into rocks of the
Lesser Himalayan tectonostratigraphic zone.
In terms of volume, rocks of the Lesser Himalayan tectonostratigraphic zone form
the bulk of the fold-thrust belt in Nepal. Compared to rocks of the Greater Himalayan
zone, however, this portion of the fold-thrust belt has only been infrequently studied.
This is due in part to the poor outcrop quality that generally exists at lower elevations in
the fold-thrust belt, and also to the fact that these rocks do not have the allure of the highgrade metamorphic rocks that hold up the orogen's high peaks. Recent studies in Lesser
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Himalayan zone rocks (DeCelles et al., 1998a, 2001; Robinson, 2001) demonstrate,
however, that it is possible to map this portion of the orogen using modem techniques of
thrust belt geology (e.g., Dahlstrom, 1969; Boyer and Elliott, 1982).
Based upon work in far-western Nepal, DeCelles et al. (1998a; 2001) and
Robinsor. (2001) uncovered evidence for significant structural complexity in Lesser
Himalayan zone rocks; the two most significant structural features in this package of
rocks are the Ramgarh thrust and a large duplex, which they called the Lesser Himalayan
duplex. The fact that both structures are contained entirely within Lesser Himalayan
zone rocks may offer a possible explanation for the fact that their presence had not been
recognized previously in Nepal. In this dissertation, I provide evidence based upon
detailed structural mapping from locations across Nepal that the Ramgarh thrust is an
orogen-scale structure. Mapping in central Nepal also reveals the presence of a large
duplex in Lesser Himalayan zone rocks; the duplex documented in far-western Nepal by
DeCelles et al. (1998a, 2001) and Robinson (2001) is therefore also an orogen-scale
structure. Growth of this large duplex in Lesser Himalayan zone rocks passively folded,
tilted, and uplifted structurally higher rocks. By integrating structural constraints with
thermobarometric, thermochronologic, and foreland basin provenance constraints, it is
possible to constrain motion along the Ramgarh thrust to the middle Miocene, and growth
of the duplex to the late Miocene.
The Ramgarh thrust is always spatially associated with the Main Central thrust.
Recognition of the Ramgarh thrust therefore permits new insight into the nature of the
Main Central thrust, which is the most studied structure of the fold-thrust belt. In this
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dissertation, I present evidence that suggests the Main Central thrust may not be the
broad shear zone envisioned by most workers (e.g., Arita et al., 1982; Macfarlane, 1992;
Hodges et al., 1996; Harrison et al., 1997, 1998; Catlos et al., 2001; Kohn et al., 2001).
Nd isotope studies show that the there is a relatively discrete tectonostratigraphic
boundary between Lesser and Greater Himalayan zone rocks; this zone thus corresponds
to the Main Central thrust, as originally defined by Heim and Gansser (1939). Although
the Main Central thrust did accommodate a significant amount of shortening under
ductile conditions, some of the strained rocks in the footwall of the thrust may be
genetically related to deformation on younger structures, such as the Ramgarh thrust.
The work presented in this dissertation emphasizes the need to view the Himalaya
as an orogenic system. Numerous structures work together to achieve the deformation
within the Himalayan fold-thrust belt that is required by dynamic and thermodynamic
conditions. Integrating detailed structural, thermal, and geomorphic datasets will provide
new insight into the myriad processes that occur during collisional orogenesis.

Dissertation Format
The following chapters consist of three separate manuscripts with minor overlap
in cuutent. The first of these chapters is entitled Structural and Nd isotope constraints on
the location of the Main Central thrust, Langtang National Park, Himalayas of central
Nepal, and is co-authored with Drs. Mihai N. Ducea and Peter G. DeCelles. In this
chapter, we present a combined structural and Nd isotope study of Greater and Lesser
Himalayan zone rocks from the Main Central and Ramgarh thrust sheets in Langtang
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National Park. The results suggest that the Main Central thrust can be defined as a
relatively discrete tectonostratigraphic boundary (sensu Heim and Gansser, 1939). The
chapter will be submitted for publication in Earth and Planetary Science Letters.
The third chapter is entitled Structural evolution of the Himalayan fold-thrust belt
in the Kathmandu area of central Nepal, and is co-authored with Drs. Peter G. DeCelles
and Mihai N. Ducea, and with Tank P. Ojha. In this chapter, we present a new balanced
cross-section of the central Nepal fold-thrust belt. We combine structural,
thermobarometric, thermochronologic, and foreland basin provenance constraints into an
integrated model for the structural evolution of the fold-thrust belt. This paper will be
submitted for publication in Tectonics.
The fourth chapter is entitled Structural geology and regional tectonic
significance of the Ramgarh thrust. Himalayan fold-thrust belt of Nepal, and is coauthored with Dr. Peter G. DeCelles. In this chapter, we present detailed structural maps
of the Ramgarh thrust from seven locations across the fold-thrust belt in Nepal. The
mapping suggests that the Ramgarh thrust is an orogen-scale structure, whose presence
plays '^n important role in development of the fold-thrust belt's structural architecture.
This chapter will also be submitted for publication in the Tectonics.
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CHAPTER 2:
STRUCTURAL AND ND ISOTOPE CONSTRAINTS ON THE LOCATION OF
THE MAIN CENTRAL THRUST, LANGTANG NATIONAL PARK,
HIMALAYAS OF CENTRAL NEPAL
Ofori N. Pearson, Mihai N. Ducea, and Peter G. DeCelles
Department of Geosciences, The University of Arizona, Tucson, AZ 85721

Abstract
Nd isotopic analyses combined with structural and stratigraphic mapping in
Langtang National Park of central Nepal provide new constraints for defining and
locating the Main Central thrust. At Langtang, there is an abrupt transition in steeply
dipping metasedimentary rocks within an ~ 200 m thick zone from esd values typical of
Lesser Himalayan rocks to values typical of Greater Himalayan rocks. Defining the Main
Central thrust as this tectonostratigraphic boundary avoids problems inherent with
definitions based on lithological variation, metamorphism, and structural fabric, all of
which vary along the ~ 2500 km length of the fault. We have also mapped the Ramgarh
thrust, a far-traveled thrust sheet within Lesser Himalayan rocks, in the proximal footwall
of the Main Central thrust at Langtang. The presence of a separate thrust sheet within
what has previously been called the Main Central thrust zone, combined with the
recognition that the Main Central thrust can be defined as a tectonostratigraphic
boundary, suggests that a reevaluation of the Main Central thrust zone concept is needed.
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2.1. Introduction
The Main Central thrust is one of the world's longest faults and the most studied
structural element of the Himalayan-Tibetan Plateau orogenic system. Heim and Gansser
(1939) first described the Main Central thrust in Kumaon (India), and since then, much
research has been done on the fault, in part because it accommodates a large fraction of
the shortening caused by the collision of India with Eurasia. Most workers view the
Main Central thrust as a crustal-scale shear zone that places high-grade metamorphic
rocks of the Greater Himalayan zone on top of low-grade metasedimentary rocks of the
Lesser Himalayan zone. The Main Central thrust became active during the early
Miocene around 23 Ma (Hubbard and Harrison, 1989; Hodges et al., 1996), and in Nepal
has accommodated at least 160 km of shortening (Schelling and Arita, 1991; Robinson,
2001; Pearson et al., 2001a).
Despite its prominence as a tectonic feature, however, it is difficult to accurately
locate the Main Central thrust because rocks near the fault have experienced strain and
metamorphism that have obscured tectonostratigraphic relationships; no clear
stratigraphic, structural, or metamorphic break exists between Lesser and Greater
Himalayan. Most researchers define a zone of distributed deformation associated with
the Main Central thrust (Hodges, 2000), but no consensus exists on how to define this
Main Central thrust zone. Models that seek to explain the siructiu-al and
thermobarometric evolution of the Himalayan fold-thrust belt will benefit from more
accurate constraints on the location of the Main Central thrust.
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In this paper, we report on a structural and Nd isotope study from an area near the
Main Central thrust in the Trishuli Ganga river drainage of Langtang National Park in
central Nepal (Figure 2.1). The data suggest that the Main Central thrust can be defined
as a discrete tectonostratigraphic boundary (sensu Heim and Gansser, 1939) that marks
the contact between Greater and Lesser Himalayan rocks. The way this contact manifests
itself undoubtedly varies across the Himalaya, but oui results argue for a reevaluation of
what has become known as the Main Central thrust zone. Rather than defining the Main
Central thrust as a broad shear zone, we propose that it is more appropriate to view the
fault as a tectonostratigraphic boundary (i.e., a relatively narrow fault zone) that has been
overprinted by metamorphism and the development of younger structural elements.

2.2. Definition and Location of the Main Central Thrust
Heim and Gansser (1939) defined the Main Central thrust in Kumaon based on
the difference in metamorphic grade between low- to medium-grade rocks of the Lesser
Himalaya and higher-grade rocks of the Greater Himalaya. However, the fault originally
defined by Heim and Gansser (1939) is not the Main Central thrust, but a fault within
Lesser Himalayan rocks (Valdiya, 1980; Ahmad et al., 2000) This misidentification
symbolizes the challenge that workers have faced in locating the Main Central thrust.
Whereas most researchers agree that the Main Central thrust separates Greater from
Lesser Himalayan rocks, distinctly different ideas exist about how this contact manifests
itself.
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In most places along the Main Central thrust, there is a gradual transition from
lower to upper greenschist-grade Lesser Himalayan rocks to amphibolite-grade Greater
Himalayan rocks. This transition, coupled with the lack of an obvious structural break
has led workers to adopt criteria for defining and locating the Main Central thrust that
include: a combination of lithological distinctions (e.g., Pecher, 1989); the appearance of
metamorphic index minerals, usually the kyanite-in isograd (e.g., Pecher, 1977; Reddy et
al., 1993); and the presence of highly strained rocks (e.g., Hodges et al., 1996). Based on
su-ained rocks, most workers define the Main Central thrust as a broad shear zone (the
Main Central thrust zone) composed of a tectonic melange or an imbricated stack of
Greater and Lesser Himalayan zone rocks (Hodges et al., 2000).
Whereas each of these approaches has proved useful, they all have limitations that
prevent broad usage. The following examples illustrate the drawbacks inherent in each
strategy. Pecher (1989) advocated locating the Main Central thrust in part by recognizing
the contact between Greater Himalayan gneisses and carbonate-rich rocks from the upper
part of the Lesser Himalayan sequence. Recent mapping across Nepal (DeCelles et al.,
2001; Robinson, 2001; Pearson et al., 2001b) shows, however, that rocks in the proximal
footwall of the Main Central thrust are quartzites and phyllites firom the lower part of the
Lesser Himalayan sequence that are carried by the Ramgarh thrust (Figure 2.1). The
carbonate-rich upper Lesser Himalayan zone rocks crop out in thrust sheets structurally
below the Ramgarh thrust. The kyanite-in isograd roughly corresponds with the location
of the Main Central thrust, but provides only a loose constraint. In this study, the first
kyanite seen in thin-sections occurs ~I km above the Main Central thrust, as we define it.
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Other studies have found kyanite in Lesser Himalayan rocks well below the Main Central
thrust (Kohn et al., 2001). Locating the Main Central thrust by recognizing a zone of
highly strained rocks is also problematic. Recent studies (DeCelles et al., 2001;
Robinson, 2001; Pearson et al., 2001b) have identified a separate thrust sheet, the abovementioned Ramgarh thrust sheet, in the midst of what many workers call the Main
Central thrust zone. The Ramgarh thrust carries highly sheared but unequivocal Lesser
Himalayan rocks, and although it shares a structural history with the Main Central thrust
(as the footwall flat upon which the Main Central thrust was emplaced), it also has an
independent history manifested by the ~ 120 km of displacement accommodated by the
fault (DeCelles et al., 2001; Robinson, 2001; Pearson et al., 2001a). Some of the strain
seen in rocks proximal to the Main Central thrust may therefore be genetically related to
deformation along the Ramgarh thrust, rather than the Main Central thrust.
Recent isotopic work in the Himalaya suggests another method of locating the
Main Central thrust. Nd isotope studies (Parrish and Hodges, 1996; Whittington et al.,
1999; Ahmad et al., 2000; Robinson et al., 2001; Huyghe et al., 2001) and U-Pb ages of
zircons (Parrish and Hodges, 1996; DeCelles et al., 2000) show that rocks from the
Lesser Himalayan zone are significantly older and have a Nd isotopic signature distinct
from that of Greater Himalayan rocks. eNd(O) values of LH rocks range from -15.9 to
-25.5 with an average of-21.5 whereas Greater Himalayan rocks range from -7.6 to
-19.9 with an average of-16 (Robinson et al., 2001). U-Pb ages of detrital zircons in
Nepal show that rocks from the lower Lesser Himalayan sequence were deposited during
Paleoproterozoic to Mesoproterozoic time, and Greater Himalayan protoliths were
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deposited after ~750 Ma and before -470 Ma (Parrish and Hodges, 1996; DeCelles et al.,

2000).
The different provenance and resulting isotopic distinction between Lesser and
Greater Himalayan zone rocks may allow geologists to unequivocally constrain the
location of the Main Central thrust and to recognize the Main Central thrust as a
tectonostratigraphic boundary. In this study, we combine detailed structural mapping
with petrographic and Nd isotope analyses to locate the Main Central thrust in the
Langtang area of central Nepal. We also contrast the results of this study with those of
previous workers who located the Main Central thrust in Langtang by using the criteria
described above.

2.3. Geology of the Main Central Thrust in Langtang National Park
Langtang National Park is ~50 km north of Kathmandu (Figure 2.1) and has been
the subject of much research (Arita et al., 1973; Bogacz and Krokowski, 1986;
Macfarlane et al., 1992; Inger and Harris, 1992, 1993; Reddyetal., 1993; Macfarlane,
1993, 1995; Parrish and Hodges, 1996; Fraser et al., 2000). The park is an ideal location
for an Nd isotope study of rocks in the vicinity of the Main Central thrust, as a wellexposed panel of Greater and Lesser Himalayan rock crops out near the small village of
Syaphru at the confluence of the Trishuli Ganga and Langtang rivers (Figure 2.2). Our
work builds on the previous Nd isotope study done in the area by Parrish and Hodges
(1996).
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2.3.1. Stratigraphy
Macfarlane et al. (1992) devised a stratigraphic nomenclature specific to the
Langtang area for rocks that they placed within an -4.3 km thick Main Central thrust
shear zone. We have not used their formation names as all Lesser Himalayan rocks we
observed fit within the more broadly used stratigraphic scheme of Stocklin (1980).
In accordance with Stocklin (1980), the Lesser Himalayan sequence in the study
area is made up almost entirely of the >6 km thick Kuncha Formation, which consists
primarily of greenish-gray phyllites and impure (in places phyllitic) quartzites. Toward
the top of the Kuncha Formation, thin carbonates (impure marble and calcareous phyllite
and quartzite) are interbedded with greenish quartzite and phyllite that become
increasingly graphitic near the Main Central thrust. North of Syaphru, at the confluence
of the Langtang and Trishuli Ganga rivers, rocks of Stocklin's (1980) Robang Formation
crop out. The Robang Formation is a thin sheet of garnet-rich chloritic phyllite with
interbedded clean white quartzite, the Dunga quartzite beds. An -40 m thick lenticular
body of the Ulleri Formation, a mylonitic augen orthogneiss, occurs within the Robang
Formation. The Greater Himalayan rocks exposed in the study area are pelitic schists and
gneisses of Formation I (Le Fort, 1975) with subordinate calc-silicates, granitic augen
gneisses, and rare quartzites. In addition, a small leucogranite intrusion crops out in the
northeastern part of the study area.
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2.3.2. Structure
At Syaphru, all workers agree that the trace of the Main Central thrust is roughly
N-S, but begins to strike NW-SE in the NW comer of the map area (Figure 2.2).
Macfarlane et al. (1992) suggested that this bend is due to the presence of a lateral ramp
in the Main Central thrust. We note however, that bedding and foliation/schistosity in
both the hanging-wall and footwall of the Main Central thrust show this strike rotation,
which suggests that the lateral ramp is at a structural level below the Main Central thrust.
The orientation of bedding and foliation/schistosity in Lesser Himalayan rocks is subparallel to that in Greater Himalayan rocks, which implies a hanging-wall flat on footwall
flat thrust relationship for the Main Central thrust, a geometry that appears throughout the
Nepal Himalaya (Robinson et al., in press).
Previous workers have placed the Main Central thrust within a broad shear zone
at Syaphru (Figure 2.3). Arita et al. (1973) defined the shear zone on the basis of
lithology and structural discordances, but did not observe any discrete fault surfaces.
Macfarlane et al. (1992) defined the shear zone on the basis of lithology, structural fabric,
and the first appearance of migmatites. Based on our experience mapping Lesser
Himalayan rocks across Nepal (DeCelles et al., 2000; Robinson et al., in press; Pearson et
al., 2001a, b), we suggest that the lithological differences cited by Macfarlane et al.
(1992) are part of the normal lithological variation within the Kuncha Formation.
Additionally, we note that small-scale brittle faults such as those described by Macfarlane
et al. (1992) are ubiquitous across the fold-thrust belt, and we did not observe a marked
increase in fault density in the study area. In the study area, both Greater and Lesser
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Figure 2.3: Compilation of MCT and MCT zone locations from previous studies. Map
area is the same as Figure 2.2. Rivers are shown in gray for reference. Solid barbed lines
are the MCT and RT from this study. Shaded areas are MCT zones from (a) Macfarlane et
al., 1992; (b) Parrish and Hodges, 1996; (c) Bogacz and Krokowski, 1986; (d) Reddy
et al., 1993. Dashed barbed line in (d) is the MCT location from Inger and Harris, 1993
and Fraser et al., 2(X)0.
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Himalayan rocks appear to be highly strained, but we did not observe any distinguishable
zones of more highly strained rocks. This qualitative observation is in accordance with
quantitative work elsewhere that found only minor variations in strain magnitude from
Main Central thrust zone and GH rocks (Grujic et al., 1996).
The recognition of the Robang Formation at the confluence of the Trishuli Ganga
and Langtang rivers is important from a structural standpoint. Stocklin (1980) assigned
the kobang Formation (and associated Dunga quartzite beds) to the uppermost part of the
Lesser Himalayan sequence. However, U-Pb ages of detrital zircons and lithological
characteristics suggest these rocks are at the stratigraphic base of the Lesser Himalayan
sequence (DeCelles et al., 2001). The Robang Formation and associated Dunga quanzite
beds are probably the distal facies of the lowermost part of the Kuncha Formation, and
likely correspond to the Kushma and Ranimata Formations in western Nepal and the
Tumlingtar Group in eastern Nepal. The presence of the Robang Formation in the
footwall of the Main Central thrust suggests that the Ramgarh thrust, mapped in India
(Valdiya, 1980) and in western Nepal (DeCelles et al., 2001; Robinson, 2001; Pearson et
al., 2001b), is present in the study area. The Ramgarh thrust sheet is also present to the
south of the study area, where it is synformally folded underneath the Kathmandu nappe
(Pearson et al., 2001a).
Our interpretation of the structural geology at Syaphru is shown in Figure 2.2. It
is important to note that recognition of the Ramgarh thrust did not enable us to precisely
locate the Main Central thrust in the field. To pin down the location of the fault, we used
results from Nd isotopic analyses.
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2.4. Nd Isotope Results
Thirteen samples collected in the study area (Figure 2.2) were analyzed for their
Nd isotopic signature (Table 2.1). Analytical procedures for Nd isotopic analyses follow
the techniques described in Ducea et al. (2002). Nd isotopic ratios were normalized to
'"*^Nd/''*^Nd = 0.7219, and estimated analytical ±2o uncertainties are ~''*^Nd/'"*^Nd=
0.002%. Multiple runs of the LaJolla standard measured during the course of this study
yielded an average of 0.511853±2. We determined present day Nd isotopic ratios
without performing age corrections because the effect of the ~ 20-30 Ma age of
metamorphism on the Nd isotopic system is negligible compared to the large isotopic
differences between Lesser and Greater Himalayan rocks. Additionally, Robinson et al.
(2001) use present day enj values to differentiate Lesser and Greater Himalayan rocks.
Figure 2.2 also shows results from the Parrish and Hodges (1996) study of the Langtang
area, recalculated to show

at 0 Ma. Because no samples show evidence of partial

melting, we assume that the Nd isotopic characteristics are representative of the
sedimentary protoliths.
The range of ENd(0) values obtained in this study (-25.0 to -20.8 for Lesser
Himalayan rocks and -18.6 to -5.3 for Greater Himalayan rocks) is similar to that seen
by Parrish and Hodges (1996) as well as other Himalayan Nd isotope studies (see
Robinson et al., 2001 and references therein). Sample 471 has a value of-5.3, which is
more positive than that usually seen in Greater Himalayan rocks, and may reflect the
addition of younger components in the sedimentary protoliths of these rocks. At the
confluence of the Trishuli Ganga and Langtang rivers, there is an abrupt transition from
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TABLE 2.1: STlL\TlGRAPHtC. MFNERALOGIC. AND ND DATA
Sample !D

Formation

Lesser Himaiavan Samples
Kuncha
465

Lithology
PhylHtic quartzite

Mineral Assemblage' '••^Nd/'-^Nd' En j at 0 Ma
0.511475

-22.7

0.511355

-25.0

Quartz-rich phyllite

Pg
chl+pg

Robang (Dunga)

Quartzite

K-fsp+pg

N.D.'

N.D.

Robang

Chloritic phyllite

gt+chl

0.511558

-21. 1

N.D.

N.D.

Augen orthogneiss

K-fsp+pg

0.511519

-21.8

Kuncha

Marble

calc+chl

0.511570

-20.8

Kuncha

Quartz-rich phyllite

gt+Pg

0.511391

-24.3

466

Kuncha

472
473
523

Robang (Dunga)

Quartzite

527

Ulleri

528
529

Greater Himaiavan Samples
467
Formation I
468
Formation I

Garnet-mica schist

chl+gt+pg

0.511686

-18.6

Micaceous quartzite

gt+K-fsp+pg

N.D.

N.D.

469

Formation I

Gamet-mica schist

gt+Pg

0.511820

-16.0

470

Formation I

Gneiss

N.D.

N.D.

471

Formation 1

Gneiss

gt+Pg
chl+gt+ky+pg

524

Formation I

Gamet-mica schist

chl+gt+pg

0.512364
0.512119

-5.3
-lO.l

Gneiss

chl+gt+gl+pg

0.511813

-16.1

Gneiss

et+oe

0.511890

-14.6

525

Formation I
526
Formation I
'N.D.=Not determined.

'All samples except 528 contain quartz, biotite, and muscovite. 528 does not contain quartz.
chl=chlorite; K-fsp=K-feldspan pg=plagioclase; gt=gamet; ky=kyanite; calc=calcite; gI=glaucophane.
'2a errors of'"Nd/''"Nd ratios are 0.000008-0.000020.
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values typical of Lesser Himalayan rocks to those typical of Greater Himalayan rocks.
We interpret the location of this transition to correspond to the tectonostratigraphic
contact between Lesser and Greater Himalayan rocks - the Main Central thrust.
It is unclear whether sample 467 has a Lesser or Greater Himalayan affinity as its
enu

0) value of-l8.6 falls between average values (Robinson et al., 2001) for Greater and

Lesser Himalayan rocks. The sample is an impure quartzite, and may correspond to the
Mangol quartzite of Macfarlane et al. (1992) from which Parrish and Hodges (1996)
obtained 980 Ma zircons. If so, the sample is most likely of Greater Himalayan affinity.
The Nd dataset suggests that there is a discrete tectonostratigraphic boundary
between Lesser and Greater Himalayan rocks in the study area. Our sampling places this
boundary within an -200 m wide zone, and it is possible that denser sampling could
narrow this zone even further. Figure 2.3 shows a compilation of Main Central thrust
zone locations from previous studies in the Syaphru area. The discrepancy in
interpretations of the Main Central thrust's location illustrates the powerful impact that
Nd isotopic studies can have, when used in conjunction with detailed stratigraphic and
structural mapping.

2.5. Discussion
The lack of a clear structural break and a gradual increase in metamorphic grade
from Lesser to Greater Himalayan rocks has led most geologists to map the Main Central
thrust as a broad shear zone. In the Langtang area of central Nepal, however, there is a
discrete tectonostratigiaphic boundary between Lesser and Greater Himalayan rocks.
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Therefore, it may be possible to define the Main Central thrust as this tectonostratigraphic
boundary. This simple and testable definition honors Heim and Gansser's (1939) original
concept of the fault and avoids potential problems created by defining the Main Central
thrust on the basis of lithological variation, metamorphic index minerals, and structural
fabrics, all of which may vary along the length of the Himalaya.
At Langtang, the Main Central thrust lies within a broad zone of highly strained
rocks, a relationship that exists across the Himalaya (Hodges et al., 2000 and references
therein). The recognition that the Main Central thrust can be defined as a
tectonostratigraphic boundary combined with the recent realization that rocks in both the
proximal footwall and hanging-wall do not represent structurally simple and continuous
sections, suggests that a re-evaluation of the Main Central thrust zone concept is needed.
Based on thermobarometric data, Fraser et al. (2000) suggested that the Greater
Himalayan sequence at Langtang consists of two distinct, possibly duplicated sequences.
Therefore, some of the fabric in Greater Himalayan rocks that has previously been linked
to displacement on the Main Central thrust may be genetically related to deformation
along unmapped faults and/or shear zones within Greater Himalayan rocks. Similarly,
the presence of the Ramgarh thrust in the proximal footwall at Langtang, as well as at
other locations across Nepal and Kumaon (Valdiya, 1980; DeCelles et al., 2000;
Robinson, 2001; Pearson et al., 2001a, b), suggests that the development of a highly
strained fabric in footwall Main Central thrust rocks may be genetically related to
displacement along faults other than the Main Central thrust.
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In order to better refine petrologic and structural models of the Himalayan foldthrust belt, it is essential to locate the Main Central thrust as precisely as possible. The
results of this study suggest that combining Nd analyses with detailed stratigraphic and
structural mapping in the vicinity of the Main Central thrust may provide a useful way to
both define and locate the fault.
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CHAPTER 3:
STRUCTURAL EVOLUTION OF THE HIMALAYAN FOLD-THRUST BELT IN
THE KATHMANDU AREA OF CENTRAL NEPAL
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'Department of Geosciences, The University of Arizona, Tucson, AZ 85721, USA
"Himalayan Experience, Kathmandu, Nepal

Abstract
Five major south-vergent thrust sheets and a large duplex system form the
structural architecture of the Himalayan fold-thrust belt in the Kathmandu area of central
Nepal. We have constructed a new balanced-cross section through the fold-thrust belt
based upon structural mapping along a north-to-south transect in the Kathmandu area.
Integrating this cross-section with existing thermobarometric, thermochronologic, and
foreland basin provenance datasets yields an integrated model for the structural evolution
of the fold-thrust belt in central Nepal.
The five major thrust sheets in the Kathmandu area are the Main Central,
Ramgarh, Trishuli, Main Boundary, and Main Frontal thrusts. The Main Central thrust
places high-grade metamorphic rocks of the Greater Himalayan tectonostratigraphic zone
above the Lesser Himalayan zone rocks carried by the Ramgarh thrust. The Ramgarh
thrust, which has been recognized elsewhere in Nepal and India, is a major thrust that
occurs entirely within Lesser Himalayan zone rocks. The Ramgarh thrust lies structurally
above the Trishuli thrust sheet, which forms the roof thrust for the Gorkha-Pokhara
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duplex. The Gorkha-Pokhara duplex is a large structure contained within Lesser
Himalayan zone rocks. The growing duplex uplifted and tilted all rocks on its northern
flank to their present steep orientation, and is responsible for the steep dips in rocks on
the northern edge of the Kathmandu "nappe." The Main Boundary thrust places Lesser
Himalayan zone rocks above rocks of the Subhimalayan zone. The Main Frontal thrust
places Subhimalayan zone rocks above modem sediments of the Indo-Gangetic foreland
basin.
Our mapping and structural model suggest that the thrust which carries Greater
Himalayan and Tibetan zone rocks within the Kathmandu "nappe" is the southern
continuation of the Main Central thrust. Rocks of the Robang and Dunga Formations,
which had previously been mapped as the uppermost Lesser Himalayan zone rocks
(Stocklin, 1980), are carried by the Ramgarh thrust, and originate from the lowermost
Lesser Himalayan zone.
The fold-thrust belt in the Kathmandu area accommodated at least 488 km (or
76%) of tectonic shortening. This is a minimum, as the cross-section does not
incorporate meso- or microscopic strain. The majority of this shortening is
accommodated by the Main Central and Ramgarh thrusts, which each saw >160 km of
slip.
Incorporating structural constraints with those from existing thermobarometric,
thermochronologic, and foreland basin provenance datasets suggests the following
kinematic sequence: 1) a long hanging-wall flat of the Main Central thrust sheet was
emplaced upon a footwall flat of the Ramgarh thrust sheet during late Oligocene to early
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Miocene time; 2) a long hanging-wall flat of the Ramgarh thrust sheet was emplaced
upon a footwall flat of the Trishuli thrust sheet during the middle Miocene; 3) the
Gorkha-Pokhara duplex grew during the late Miocene, and folded the overlying Main
Central, Ramgarh, and Trishuli thrust sheets; 4) the Main Boundary trust became active
in the latest Miocene; and 5) displacement along the Main Frontal thrust, which is
currently active, began in the Pleistocene.

3.1. Introduction
Stretching over 2500 km from its western syntaxis at Nanga Parbat in Pakistan to
its eastern syntaxis at Namche Barwa in Bhutan (Figure 3.1), the Himalaya is commonly
cited as the type example of a continent-continent collisional orogeny (e.g.. Coward and
Butler, 1985). The Himalayan fold-thrust belt and the Tibetan Plateau may be the best
available laboratories for examining the relationships between structural, thermal, and
erosional processes during collisional orogenesis (Hodges, 2000).
Since the 1950's, when Nepal opened its borders, most geologic research in the
country has focused on the central Nepal portion of the Himalayan fold-thrust belt. This
research has been concentrated in areas served by a network of roads in the vicinity of
Kathmandu and Pokhara, and in regions served by the trails that lead from these cities
into the trekking and mountaineering regions of the higher Himalaya. Early work that
forms a basis for modem research in Nepal includes that of Auden (1935), Hagen (1952,
1969), Bordet et al. (1961), Hashimoto et al. (1973), Brunei (1975), Le Fort (1975), and
Stdcklin (1980). Despite the large volume of research done in central Nepal, a
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Figure 3.1. Shaded relief map of the Himalayan-Tibetan Plateau orogenic system.
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comprehensive picture of the structural evolution of the central Nepal portion of the foldthrust belt has not yet been developed. The importance of understanding the structural
framework of the fold-thrust belt is illustrated by orogen-scale structural studies, such as
those done in Pakistan (Coward and Butler, 1985), northern India (Srivastava and Mitra,
1994), western Nepal (DeCelles et al. 2001; Robinson, 2001), and eastern Nepal
(Schelling and Arita, 1991; Schelling, 1992). Further insight into the kinematic and
dynamic evolution of the Himalayan-Tibetan Plateau orogenic system will be gained
through integrating detailed structural studies such as these with other studies that span a
broad range of geologic disciplines.
The time is ripe for a reexamination of the structural geology of central Nepal.
Recent work in far-western Nepal (e.g., DeCelles et al., 2001; Robinson, 2001)
demonstrates the viability of interpreting the structural geometry of the Lesser Himalayan
tectonostratigraphic zone using modem concepts of fold-thrust belts (e.g., Boyer and
Elliott, 1982). This type of structural mapping has not yet been conducted in central
Nepal, and no balanced cross-sections have been published for this portion of the foldthrust belt. The lack of detailed structural studies done at a regional scale in central
Nepal therefore forces workers to rely upon schematic maps and cross-sections (e.g., Rai
et al., 1998; Upreti and Le Fort, 1999) for structural and tectonic interpretations, the use
of which results in models that do not reflect structural geometries seen in the field.
Our objective in this paper is to present a model for the structural evolution of the
central Nepal fold-thrust belt in the vicinity of Kathmandu. Our model is based primarily
on detailed structural mapping along a north to south transect through the fold-thrust belt.
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which formed the basis for the construction of a regional balanced cross-section. The
model incorporates existing thermobarometric and thermochronologic datasets, as well as
conventional and isotopic provenance data from the fold-thrust belt's foreland basin
system.

3.2. Tectonic Setting
The Himalayan fold-thrust belt formed in response to the collision of India with
Eurasia. Although the exact timing of collision remains unclear, evidence from the
foreland basin system associated with the Himalaya suggests that the collision began
during latest Paleocene to early Eocene time (Pivnik and Wells, 1996; DeCelles et al.,
1998a; Najman and Garzanti, 2000). Since then, shortening in the Himalaya has been
accommodated in part through the southward displacement of large thrust sheets. The
fold-thrust belt is still active, as India continues to move northward relative to Eurasia at
a rate of 58±4 mm yr"' (Bilham et al., 1997); 18±2 mm yr'' of north-south contraction is
currently being accommodated by the Nepal portion of the Himalayan fold-thrust belt
(Larson et al., 1999). The Indus-Yalu suture zone in southern Tibet (Figure 3.1), which
bounds the Himalayan fold-thrust belt to the north, marks the modem boundary between
Indian supracrustal material and the Eurasian plate. The Himalaya is bounded to the
south by the Indo-Gangetic foreland basin system (Figure 3.1), which onlaps the northern
margin of the Indian craton (Burbank et al., 1996).
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3.3. Nomenclatural Conventions
The body of Himalayan literature contains contributions from an internationally
diverse group of authors. These authors have used a variety of names and/or spellings to
refer to specific locations, rock types, and structural features in central Nepal. A large
portion of this paper relies upon descriptive analysis of lithologies and structural features
that are found in specific areas, so we show in Figure 3.2 the location of all place names
to which we refer in this paper.
A variety of names have also been used to describe the large, doubly-plunging
syncline in which Kathmandu is located; Hagen (1969) called the structure the
"Kathmandu nappe," and the fault that lies underneath the Kathmandu nappe is known as
the "Mahabharat thrust" (Stocklin, 1980). In this paper, we use the term "Kathmandu
nappe," even though the structure is not a true nappe. We argue that the Kathmandu
nappe is simply the southern continuation of the Main Central thrust sheet, and thus use
the term "Main Central thrust" for the fault that underlies the structure.

3.4. Tectonostratigraphy
Heim and Gansser (1939) divided the rocks of the Central Himalayan fold-thrust
belt into four tectonostratigraphic zones. Most Himalayan geologists have followed this
general framework as the tectonostratigraphic units and their bounding faults are
relatively continuous and similar along much of the orogen's length (Gansser, 1964,
1981; Valdiya, 1980). From south to north, the tectonostratigraphic zones are the
Subhimalaya, Lesser Himalaya, Greater Himalaya, and Tibetan (or Tethyan) Himalaya.
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Figure 3.3 is a geologic map of Nepal that shows the regional distribution of the four
tectonostratigraphic zones. Figure 3.4 is a composite stratigraphic colunm for rocks
exposed in the study area, which are described in detail below.

3.4.1. Subhimalavan Zone
Rocks of the Subhimalayan zone rise abruptly from the flat Indo-Gangetic
foreland basin, and are earned by the Main Frontal thrust system. The Subhimalayan
zone consists of the Middle Miocene-Pliocene Siwalik Group, a synorogenic, coarseningupward succession of fluvial mudstone, siltstone, sandstone, and conglomerate. This
clastic material originated from the rising fold-thrust belt to the north, and was deposited
in the orogen's flexural foredeep (Gansser, 1981; Lyon-Caen and Molnar, 1985;
DeCelles et al., 1998a). Across Nepal, the base of the Siwalik Group is always exposed
as a fault contact; no depositional contact with the underlying early-middle Miocene
Dumri Formation has been described (DeCelles et al., 1998a).
The Siwalik Group in Nepal and elsewhere in the Himalayas has been divided
into three informal lithostratigraphic units: the lower, middle, and upper Siwalik units
(Auden, 1935; Bordet, 1961; Hagen, 1969; Quade et al., 1995; DeCelles et al., 1998a).
The lower Siwalik unit consists of variegated siltstone and shale with interbedded
sandstone units that become thicker and more abundant upward in the section. Brightly
colored paleosols are characteristic of the lower Siwalik unit (Quade et al., 1995). The
middle Siwalik unit is composed predominantly of micaceous fine- to coarse-grained
sandstone. The high mica content gives the unit a distinctive "salt and pepper"
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appearance. Interbedded layers of mudstone occur throughout the unit, especially toward
the base. Pebble conglomerate layers also occur, and become more abundant toward the
top of the unit. The sandstone beds are almost always cross-bedded and probably
represent channel deposits (DeCelles et al., 1998a). Individual sandstone channel
deposits may attain thicknesses of several tens of meters. The upper Siwalik unit is made
up almost entirely of thick beds of imbricated, clast-supported pebble and cobble
conglomerate. Interbedded mudstone and sandstone beds have a gray or pinkish color.
The upper Siwalik unit has been interpreted to represent fluvial channel (DeCelles et al.,
1998a) or alluvial fan deposits (Gautam and Roesler, 1999).
Magnetostratigraphic studies suggest that deposition of the Siwalik group began
~15 Ma and continued to ~1 Ma (Tokuoka et al., 1986; Appel and Roesler, 1994; Gautam
and Roesler, 1999; Ojha et al., 2000). The dates of the lower-middle and middle-upper
Siwalik unit boundaries are less well constrained, and appear to vary by location, which
suggests that deposition of the Siwalik Group may have been diachronous. Published
dates for the lower-middle Siwalik unit boundary range from ~11 Ma to ~8 Ma (Harrison
et al., 1993; Ojha et al., 2000). The middle-upper Siwalik unit boundary age varies from
~2.5 Ma to 4.1 Ma (Quade et al., 1995; Appel et al., 1991; Roesler et al., 1997).
In the study area, the Subhimalayan zone is ~20 km wide; good exposures of all
three Siwalik units are present along the Tribhuvan Highway from just north of
Amalekhganj to ~4 km north of Hetauda. The Siwalik Group holds up ridges with
elevations that reach -900 m. Two panels of the Siwalik Group are separated by the
Main Dun thrust, which places the lower Siwalik unit on top of the upper Siwalik unit.
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Estimates for stratigraphic thickness of the Siwalik Group vary by location, but most are
in the 3.5 to 6 km range (Tokuoka et al., 1986; Lave and Avouac, 2000). Our thickness
estimate for the Siwalik Group is based upon a combination of surface map relations and
sparse subsurface control (see discussion in section 3.6). The thicknesses of the Siwalik
units increase toward the hinterland of the fold-thrust belt, which is consistent with
deposition in a flexural foredeep (DeCelles and Giles, 1996). At the trace of the Main
Frontal thrust, the Siwalik Group is -5750 m thick (the lower Siwalik unit is -2650 m
thick, the middle Siwalik unit is ~ 1850 m thick, and the upper Siwalik unit is -1250 m
thick). These thicknesses are comparable to those obtained in other studies in the area
(e.g., Schelling et al., 1991, 1992; Harrison et al., 1993; Lave and Avouac, 2000).

3.4.2. Lesser Himalavan Zone
The Main Boundary thrust, which carries rocks of the Lesser Himalayan zone,
forms the northern boundary of the Subhimalayan zone. The Lesser Himalayan zone is a
thick package of unmetamorphosed sedimentary to medium-grade metasedimentary rocks
of Paleoproterozoic to Eocene age. West of 85°E longitude, the bulk of the fold-thrust
belt in Nepal at elevations below -3500 m is composed of Lesser Himalayan zone rocks.
Notable exceptions are the Dadeldhura/Kamali and Jajarkot klippen in western Nepal,
which consist of Greater and Tibetan Himalayan zone rocks (Figure 3.3). East of 85°E
longitude. Lesser Himalayan zone rocks are only exposed along a narrow strip at the
front of the fold-thrust belt, in the Arun River valley, and in the Okhaldunga/Ramechapp
and Tamor Khola windows (Figure 3.3; Schelling, 1992). Figure 3.5 shows a correlation
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of Lesser Himalayan zone rocks from across Nepal. In this paper, we will follow, with
minor but significant modification, the stratigraphic scheme for the Kathmandu area of
Central Nepal developed by Stocklin (1980).
The majority of Lesser Himalayan zone rocks was deposited on the passive
northern margin of the Indian craton during Paleoproterozoic to Mesoproterozoic time
(DeCelles et al., 2000). In the Kathmandu region, Stocklin (1980) called the Proterozoic
portion of the Lesser Himalayan zone the "Nawakot Complex," although Upreti (1996),
suggested the more informal term "Nawakot unit." We follow the example of Upreti
(1999) and DeCelles et al. (2001), who divided the Nawakot unit into upper and lower
portions, as usage of this terminology facilitates discussion of regional structural features.
The upper portion (-10%) of the Lesser Himalayan zone is composed of the PermianPaleocene Gondwanan Unit, and the Tertiary Bhainskati and Dumri Formations (Sakai,
1983; Upreti, 1996). Sakai (1983) called these units the Tansen Group, and divided the
Gondwanan Unit into the Permian Sisne Formation, the late Jurassic to early Creataceous
Taltung Formation, and the Cretaceous to Paleocene Amile Formation. Elsewhere in
Nepal, the thickness of the Gondwanan Unit and Tertiary formations is -1.6 km (Sakai,
1983; DeCelles, 1998a), but we do not include descriptions of these rocks, because they
are not exposed in the study area.
In the following sections, we provide descriptions based upon our fieldwork of
the rocks exposed in the Kathmandu region of central Nepal. Additional descriptions of
Lesser Himalayan rocks can be found in Stocklin (1980), Sakai (1983, 1985), DeCelles et
al. (2001), and Robinson (2001).
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3.4.2.1. Lower Nawakot Unit
Rocks of the lower Nawakot unit are predominantly siliciclastic. In ascending
order, they are the Robang Formation (including the Dunga quartzite beds), the Kuncha
Formation (including the Ulleri Gneiss), the Fagfog Formation, and the Dandagaon
Formation (Figure 3.4). Placement of the Robang Formation and associated Dunga
quartzite beds at the base of the Lesser Himalayan stratigraphic column is a significant
departure fi-om Stocklin's (1980) stratigraphic scheme. Justification for this placement
will be discussed below.

3.4.2.1.1. Stratigraphic Descriptions
The Robang Formation is an ~750 m thick package of chloritic and/or sericitic
phyllite with interbedded white to green quartzite - the Dunga quartzite beds. The deep
green color of the Robang phyllite distinguishes the formation from the overlying Kuncha
Formation, which tends to have a lighter gray-green hue with a silky luster. Garnet is
locally abundant in the phyllite, especially in the northernmost exposures of the Robang
Formation in Langtang National Park. White quartz blebs, augen, and ribbons are also
common in the phyllite, and in some locations, impart a schistose appearance to the
phyllite. The Dunga quartzite beds are typically white to green in color, and usually fineto medium-grained. Granular sized clasts are occasionally present. Individual quartzite
beds range in thickness from ~10 cm to ~3 m. In some locations, especially south of the
Kathmandu nappe, the Dunga quartzite beds can be treated as a mapable unit (e.g.,
Stdcklin, 1980), reaching a thickness of ~500 m with lateral continuity of more than
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several kilometers. Trough and planar cross-beds are occasionally visible in the Dunga
quartzite beds. Intercalations of thin (<0.5 m thick) calcareous beds are occasionally
present. Sills of altered diorite up to ~20 m thick, are also present in the Robang
Formation, especially in exposures south of the Kathmandu nappe. In the Kathmandu
region of central Nepal, these mafic intrusive rocks are diagnostic of the Robang
Formation. In this study, we treat the Robang Formation, the Dunga quartzite beds, and
the diorite sills as a single lithostratigraphic unit. The original stratigraphic relationship
between the phyllite and quartzite is difficult to determine because both units are strongly
deformed. The Robang Formation is always bounded at its base by the Ramgarh thrust,
and at its top by the Main Central thrust.
The Kuncha Formation is a thick (~7 km) package of rocks composed primarily
of alternating phyllite, phyllitic siltite, and impure, gritty, phyllitic quartzite. The
phyllites aie chloritic or sericitic, and typically contain white quartz blebs, augen, and
ribbons. The phyllites range in color from yellow-green to blue-green, but are dominated
by light gray-green hues. Detrital grains of quartz, tourmaline, and feldspar are common
in the phyllite, and contribute to its gritty texture. Detrital quartz grains are typically
milky-gray to blue. The Kuncha Formation phyllites are easily distinguished from
phyllites of the Robang Formation by their lighter colors and coarser grain size. Thick,
impure quartzites are common throughout the Kuncha Formation, and are the dominant
lithology near the core of the Gorkha-Pokhara anticlinorium. The quartz-rich lithologies
are gray-green or blue-gray and typically have a greasy or silky luster. Hashimoto et al.
(1973) suggested that the lower part of the Kuncha Formation is dominated by more
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quartzose lithologies, whereas phyllitic lithologies predominate in the upper part of the
formation. Trough and planar cross-beds are rarely visible in the quartzose units. Thin
carbonates (impure marble and calcareous phyllite and quartzite) occur toward the top of
the Kuncha Formation, where they are interbedded with quartzite and phyllite. The
Kuncha Formation phyllites become increasingly graphitic in the vicinity of the Ramgarh
and Main Central thrusts in Langtang National Park. We did not observe any
amphibolites or other mafic intrusive rocks in the Kuncha Formation, but Le Fort (1975)
and Stocklin (1980) noted their presence west of the study area.
The Ulleri gneiss is a granitic augen gneiss that is spectacularly exposed at the
core of the Gorkha-Pokhara anticlinorium in the Trishuli Ganga Nadi drainage, where it
is at least 200 m thick (Figure 3.6). The Ulleri gneiss is an L-S tectonite with a mylonitic
fabric that is well developed at the margins of the body. It contains large porphyroclasts
of orthoclase and plagioclase, stretched and flattened quartz, and abundant biotite and
muscovite. The gneiss is compositionally and texturally similar to the Lesser Himalayan
augen gneisses described across Nepal (e.g., Arita et al., 1982; Schelling, 1992; DeCelles
et al., 2001). Although the base of the Ulleri gneiss is not exposed in the study area, map
relationships of Lesser Himalayan gneisses in other locations across Nepal suggest that
the Ulleri gneiss is an intrusion within the Kuncha Formation (e.g., DeCelles et al., 2001;
Robinson, 2001).
The Fagfog Formation is a fine- to coarse-grained white quartzite that is ~250 m
thick at its type locality in the Thopal Khola, just north of the village of Malekhu. The
quartzite is a pure, white meta-quartz arenite. Some of the larger quartz grains have a
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Figure 3.6. Photomosaic of the core of the Gorkha-Pokhara aiUiciinorium. The town of Ramche is on the right, and the
Trishuli Ganga Nadi can be seen in the valley bottom. The Ulleri gneiss forms the prominent band of cliffs that reach a height
of ~200 m. The top of the Ulleri gneiss reaches the river level just off the south edge of the photomosaic and at the prominent
valley intersection to the north. All other rocks in this view are the Kuncha Formation. Langtang National Park is ~15 km to
the North, and Trishuli Bajar is ~20 km to the South.
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distinctive reddish-orange tint. The quartzite is commonly cross-bedded, and ripple
marks and casts are abundant (Figure 3.7). The thickness of individual quartzite beds
ranges from ~10 cm to ~1 m. Bedding surfaces of the quartzite weather a light orangebrown color. Individual quartzite beds are typically separated by thin (<10 cm), gritty,
green, chloritic phyllites.
The Dandagaon Formation is a thick (-1300 m) package of dark blue-green to
gray phyllite, gritty quartz-rich phyllite, and subordinate olive green to gray slate. In
places, the phyllite of the Dandagaon Formation closely resembles phyllites of the
Kuncha Formation, but it never contains the abundant white quartz blebs, augen, and
ribbons of the latter. The Dandagaon Formation weathers a dark rusty brown color. The
quartz-rich phyllites are thinly bedded; thicknesses never exceed ~15 cm. Rare thin beds
of dolostone and calcareous phyllites are present. The phyllites commonly contain
graphite in the vicinity of the Ramgarh thrust.

3.4.2.1.2. Evidence for the Straligraphic Position of the Robanq Formation
Stocklin (1980) and all workers since have placed the Robang Formation and
associated Dunga quartzite beds at the stratigraphic top of the Lesser Himalayan
sequence in the Kathmandu area of central Nepal. However, several lines of evidence
suggest that the Robang Formation is the lowermost Lesser Himalayan unit. U-Pb ages
of detrital zircons from the Dunga quartzite beds along the Malekhu Khola are dominated
by -1866 Ma ages (Gehrels et al., 1999; DeCelles et al., 2001). This date is identical to
that obtained from detrital zircons of the Kushma Formation, a thick quartzite unit that
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Figure 3.7. Rippie casts in the Fagfog Formation, Thopal Khola. Hammer and clipboard
for scale.
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forms the base of the Lesser Himalayan sequence in western and eastern Nepal (DeCelles
et al., 2001) (Figure 3.5). The chloritic/sericitic phyllite of the Robang Formation is
lithologically identical to the Ranimata Formation in western and eastern Nepal, and the
Seti Formation (the Ranimata equivalent) in the Pokhara region of central Nepal. The
amphibolite/mafic intrusives in the Robang Formation are similar to those found in the
Ranimata/Seti Formations elsewhere in Nepal. Additionally, an -40 m thick lenticular
body of the Ulleri gneiss is exposed within the Robang Formation at the town of Syaphru,
in Langtang National Park. The Ulleri gneiss has been dated at ~ 1831 Ma and always
occurs as an intrusion within the lower Nawakot unit (DeCelles et al., 2001).
Apart from evidence regarding the age and lithological characteristics of the
Robang Formation, there is good evidence that the basal contact of the unit is structural,
and not depositional. We mapped the Robang Formation in several locations in the
Trishuli Ganga Nadi drainage on the northern flank of the Kathmandu nappe (from west
to east: the Malekhu and Belkhu Kholas, near the town of Galcchi Bajar, the Thulo Khola
near the village of Chanaute, and the Belkot Khola near the village of Pokharithok). In
the Malekhu and Belkhu Kholas and at Galcchi Bajar, the Robang Formation lies
structurally above the Malekhu Formation, which is the uppermost Nawakot unit. To the
east, in the Thulo and Belkot Kholas, as well as on the southern flank of the Kathmandu
nappe near the town of Bhainsedobhan, the Robang Formation overlies the Dandagaon
Formation. A depositional contact between the Robang and Malekhu Formations would
imply the presence of a large normal fault that cuts out the upper Nawakot unit in these
eastern and southern locations. Textural evidence from the Robang Formation suggests

62
that the unit is bounded at its base by a thrust fault (the Ramgarh thrust), and will be
discussed in detail in section 3.5.3. Additionally, Johnson et al. (2001) noted a sudden
drop in metamorphic grade from greenschist to anchizone facies in rocks ~ 1.25 km below
where they mapped the Main Central thrust on the northern flank of the Kathmandu
nappe. This drop in metamorphic grade occurs at the base of the Robang Formation,
where it is in thrust contact with the stratigraphically higher Dandagaon and Malekhu
Formations.
We suggest that the Robang Formation and associated Dunga quartzite beds are
probably the distal facies of the lowermost part of the Kuncha Formation, and probably
correspond to the Kushma and Ranimata Formations elsewhere in Nepal.

3.4.2.1.3. Regional Strati^raphic Correlation and Age of the Lower Nawakot Unit
Considerable effort at correlating Lesser Himalayan zone stratigraphic units
across Nepal has been hampered by the fact that similar lithologies have been given
different names by numerous authors (e.g., Upreti, 1996, 1999). Correlation of the
Fagfog and Dandagaon Formations with the Sangram and Galyang Formations of
western Nepal (Figure 3.5) is relatively straightforward, as lithological characteristics are
very similar (Upreti, 1999; DeCelles et al., 2001). The lowermost Nawakot units
however, are slightly more problematic. Across Nepal, the basal units of the Lesser
Himalayan sequence consist primarily of quartzite and phyllite. [n western, westerncentral, and eastern Nepal, some workers have separated the quartzitic and phyllitic
lithologies into two distinct units (Tater et al., 1984; Shrestha et al., 1984a, b, 1987a, b;
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DeCelles et al., 2001; Pearson et al., 2001b; Robinson, 2001). The basal Kushma
Formation is a pure quartzite, whereas the overlying Ranimata Formation is primarily a
phyllite. Other workers, particularly in central Nepal (Upreti, 1996, 1999), simply call
the basal Lesser Himalayan unit the Kuncha Formation. Thus, the Kushma and Ranimata
Formations are equivalent the Kuncha Formation.
In the Kathmandu area of central Nepal, Shrestha et al. (1984b) call the
lowermost Lesser Himalayan unit the Ranimata Formation, whereas others (e.g.,
Stocklin, 1980; Upreti, 1999) call it the Kuncha Formation. Following the nomenclature
of Stocklin (1980), we call the unit the Kuncha Formation for the following reasons: 1)
there is no thick basal quartzite that corresponds to the Kushma Formation, 2) the phyllite
of the Kuncha Formation is significantly coarser-grained than that of the Ranimata
Formation elsewhere in Nepal, and 3) quartz-rich lithologies are intercalated within
phyllites to a much greater extent than within the Ranimata Formation elsewhere in
Nepal. We suggest that the Kuncha Formation in the study area is the lateral equivalent
to a combination of the Kushma and Ranimata Formations. Additionally, we suggest that
the Robang Formation may be the distal facies of the lowermost Kuncha Formation.
Thus, the Robang and Kuncha Formations were likely deposited synchronously with the
Kushma and Ranimata Formations.
The Nawakot unit is entirely devoid of fossils, with the exception of algal
stromatolites in the uppermost carbonate units. This fact has, until recently, prevented
workers from accurately constraining the age of most of the Lesser Himalayan sequence
of rocks. Recent studies by Parrish and Hodges (1996), Gehrels et al. (1999), and
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DeCelles et al. (2000) using U-Pb ages of zircons have allowed a clearer picture of
depositional and intrusive ages of Lesser Himalayan rocks to emerge. DeCelles et al.
(2000) reported U-Pb ages from 80 zircon grains from the Lesser Himalayan Nawakot
unit. Detrital zircons from the Kushma and Ranimata Formations in far-western Nepal,
and the Robang Formation in central Nepal, have age distribution peaks at ~ 1866 and
-1943 Ma (DeCelles et al., 2000). The Ulleri gneiss, which intrudes the Ranimata
Formation, contains zircons that are 1831 ± 17 Ma (DeCelles et al., 2000). This suggests
that deposition of the Kushma and Ranimata sequence (and the Robang and Kuncha
Formations in central Nepal) occurred between -1866 and -1831 Ma. We do not have
additional age constraints for the Fagfog and Dandagaon Formations, but they must have
been deposited before -1680 Ma, as a population of detrital zircons with that age appears
in the lowermost upper Nawakot unit formation (DeCelles et al., 2000).

3.4.2.2. Upper Nawakot Unit
The upper Nawakot unit consists of both siliciclastic and carbonate rocks.
Carbonate rocks dominate the upper part of the unit. In ascending order, the upper
Nawakot unit in central Nepal consists of the Nourpul, Dhading, Benighat, and Malekhu
Formations. Rocks of the upper Nawakot unit crop out only in the western part of the
study area in the Trishuli Ganga Nadi drainage.
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3.4.2.2.1. Strati^raphic Descriptions
The Nourpul Formation is an -270 m thick package of phyllitic, quartzitic, and
carbonaceous rocks. Pink, white, and rare purple beds of quartzite dominate the lower
part of the formation. The quartzite tends to be thinly bedded (<15 cm) and very fine
grained. Thin reddish, greenish, and purplish phyllitic slates are typically interbedded
with the quartzites. Sedimentary structures include raindrop marks, ripples, and mud
cracks. The middle part of the Nourpul Formation consists of phyllite and subordinate
quartzite beds that are commonly calcareous. The phyllites are very fine-grained, and
range in color from dark green, to blue-gray, to red. Quartzite in the middle section is
less mature than that in the lower part of the formation. The upper part of the Nourpul
Formation is composed of siliceous dolostone that often has a bluish hue, and is
interbedded with slatey phyllite and impure quartzite. The contact with the overlying
dolostone of the Dhading Formation is gradational.
The Dhading Formation is a thick (-550 m) unit of massive blue-gray dolostone,
which holds up sharp, steep ridges in the Trishuli Ganga Nadi drainage on the north flank
of the Kathmandu nappe. River valleys become narrow as they cut through the
formation. The dolostone is typically a fine-grained sparite, but bands of gray and black
chert occur throughout the formation, sometimes giving it a banded appearance.
Stromatolites, including Conophyton and Collenia (Stocklin, 1980), exist throughout the
calcareous upper Nawakot unit.
An abrupt transition exists between the Dhading Formation and the overlying
Benighat Formation. Where we observed the Benighat Formation, its thickness is -400
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m, but Stocklin (1980) reported thicknesses from other areas that exceed several
kilometers. The Benighat Formation consists primarily of dark gray to black phyllitic
slate. Thin (<5 cm) beds of immature quartzite and calcareous phyllite are intercalated
within the slate.
The uppermost Nawakot unit is the Malekhu Formation, which is an -600 m thick
package of siliceous limestone and dolostone. The lower and upper parts of the
formation consist of thinly bedded, platy limestone and dolostone that have a distinctive
yellow color. Thin layers (<2 cm) of green to black slatey phyllite are interbedded with
the carbonates. The middle part of the formation is massively bedded siliceous limestone
and dolostone. Individual beds reach thicknesses of several meters. The massive beds
are blue-gray in color, and bands of gray and black chert give the middle section a
banded appearance. Stocklin (1980) suggested that the contact between the Malekhu and
Robang Formations is gradational over an ~30 m wide zone. We suggest, however, that
this "gradational contact" is actually a fault contact. Evidence for this will be discussed
in detail in sections 3.5.3.

3.4.2.2.2. Regional Strati^raphic Correlation and Age of the Upper Nawakot Unit
The upper Nawakot unit across Nepal is primarily siliciclastic at its base, whereas
carbonate lithologies predominate in the upper part of the unit. In the Kathmandu area of
central Nepal, Shrestha et al. (1984b) mapped Stocklin's (1980) Nourpul Formation as
the Syangia Formation. Observations across Nepal (DeCelles et al., 2001) support this
view that the Nourpul and Syangia Formations are lateral equivalents (Figure 3.5). The
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Dhading, Benighat, and Maleidiu Formations correspond to the Lakarpata Group of Tater
et al. (1984) and Shrestha et al. (1984a, b, 1987a, b). Elsewhere in Nepal, the Lakarpata
Group has not been subdivided as in the Kathmandu area.
Depositional ages of the upper Nawakot unit are more poorly constrained than
those for the lower Nawakot unit. DeCelles et al. (2001) report a population of detrital
zircons in the Syangia Formation (the lateral equivalent to the Nourpul Formation) whose
U-Pb ages include a spike at ~1680 Ma. The Nourpul Formation, therefore, must be
younger than ~1680 Ma. The common algal stromatolites in the carbonates of the upper
Nawakot unit suggest a late Proterozoic age (Sakai, 1985).

3.4.3. Greater Himalayan Zone
Rocks from the Greater Himalayan zone crop out in two locations in the study
area: within the Kathmandu nappe, and in Langtang National Park. In both locations, the
Greater Himalayan zone rocks are in the hanging-wall of the Main Central thrust. We
refer in this section to the Greater Himalayan rocks within the Kathmandu nappe as the
Bhimphedi Group, after Stocklin (1980), and the rocks north of the Main Central thrust in
Langtang National Park as the Greater Himalayan crystallines (Figure 3.4). There is
much debate in the literature regarding whether rocks in the Kathmandu nappe and the
crystalline klippen of western Nepal are of Lesser or Greater Himalayan affinity.
Although it is beyond the scope of this paper to resolve this issue, we will briefly
summarize a few key points.
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3.4.3.1. Bhimphedi Group
Stocklin (1980) called the non-Lesser Himalayan rocks of the greater Kathmandu
area the "Kathmandu Complex," which he divided into the Bhimphedi and overlying
Phulchauki Groups. Both groups are bedded sequences of metasedimentary rocks that
are intruded by several granite and pegmatite bodies. The thickness of the Bhimphedi
Group is unknown, but field relations and constraints imposed by balancing a crosssection through the Kathmandu nappe suggest it is ~6.5 km thick. Metamorphic grade
generally decreases up-section, from gamet-amphibole grade near the base, to chlorite
grade at the top. In ascending order, the Bhimphedi Group is made up of the Raduwa,
Bhainsedobhan, Kalitar, Chisapani, Kulikhani, Markhu, and Tistung Formations. During
the course of this study, we focused on analyzing the stratigraphic and structural
relationships of Lesser Himalayan zone rocks. Therefore, the stratigraphic descriptions
we give of the Kathmandu Complex are brief, and we refer readers to Stocklin (1980) for
detailed lithologic descriptions. Only rough age constraints are available for the
Bhimphedi Group. Stocklin (1980) advocated a Precambrian age, as the fossiliferous
Lower Paleozoic Phulchauki Group overlies it. Deposition of the Chisapani Formation is
constrained by detrital zircons (DeCelles et al., 2000) to have occurred after-503; detrital
zircon ages for the unit range from 503±13 to 2856±4 Ma, with a distribution peak at
-950 Ma. DeCelles et al. (2000) also reported zircon ages from the Sheopuri gneiss that
range from 482±17 to 812±8 Ma. Additionally, several granite bodies intrude the
Bhimphedi Group; Cambrian and Ordovician ages have been obtained for the Palung and
Simchar granites (Scharer and Allegre, 1983; Debon et al., 1986).
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3.4.3.1.1. Stratigraphic Descriptions
The Raduwa Formation is the lowermost unit in the Bhimphedi Group. Stocklin
(1980) reported that its thickness can reach 2 km, but in the sections we mapped, the
formation never exceeds -300 m. The Raduwa Formation is always bounded at its base
by the Main Central thrust. The unit is predominantly composed of a garnet-rich
phyllite/schist, with subordinate quartzite. The phyllite/schist is green, rich in chlorite,
and contains abundant quartz blebs, augen, and ribbons. Garnets are abundant, and have
diameters that approach ~I cm. The quartzite in the Raduwa Formation tends to be
micaceous, has a gray hue, and commonly contains feldspars. Like the Lesser Himalayan
Robang Formation, the Raduwa Formation is strongly tectonized, and has similar
lithologic characteristics. However, it is easy to distinguish the Raduwa Formation by its
abundant garnets and gray feldspathic quartzite. Neodymium isotope geochemistry
(more discussion in section 3.4.5) confirms the Greater Himalayan affinity of the Raduwa
Formation.
The contact between the Raduwa and the overlying Bhainsedobhan Formations is
gradational. The Bhainsedobhan Formation is a coarse, crystalline marble that is -560 m
thick at its type section near the village of Bhainsedobhan, on the southern flank of the
Kathmandu nappe. From its type section, the marble can be traced all the way around the
western closure of the syncline that forms the Kathmandu nappe (Stocklin, 1980), to the
northern flank of the klippe. Exposures of the marble, however, end between the
Malekhu and Belkhu Kholas; the formation is absent in Belkhu Khola and in all locations
east of Belkhu along the northern flank of the klippe. It is not clear whether the marble
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simply pinches out stratigraphically, or whether it has been truncated by normal faults.
Based upon map patterns that show the marble thinning between the Malekhu and Belkhu
Kholas (Stocklin, 1980), we favor a stratigraphic explanation for its absence at points
farther east.
The Kalitar Formation is predominantly a mica schist that is ~1400 m thick. The
schist is a greenish-gray color; weathered exposures have brownish hues. The schist is
coarser toward the base of the formation, and garnet is often present. Toward the top of
the formation, grain size decreases and garnets become less abundant. Beds of fine
grained, sericitic quartzite (the Padrang quartzite) occur near the base of the formation.
Stocklin (1980) reported beds of dolostone and conglomerate, but we did not observe
these.
The Chisapani Formation is an ~350 m thick white to green, fine-grained
quartzite. The quartzite appears very similar to the Padrang quartzite in the Kalitar
Formation, but is perhaps slightly thicker and more mature. Cross-beds are common in
the Chisapani Formation.
The Kulikhani Formation is similar to the Kalitar Formation, and distinguishing
the two can be challenging. The formation is a mica schist with interbedded thin,
sericitic quartzite. Garnet is less abundant than in the Kalitar Formation, and Stocklin
(1980) argued that grain size is slightly finer. The Kulikhani Formation is -950 m thick.
The Markhu Formation is predominantly composed of medium- to coarse-grained
marble. Thicknesses of the marble beds range firom <10 cm to several meters, and appear
similar to the marble of the Bhainsedobhan Formation. The Markhu Formation,
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however, also contains a significant amount of phylHte/schist and quartzite. The
phyllite/schist is rich in biotite, as is the fine-grained, thinly-bedded quartzite. The
Markhu Formation is -600 m thick.
The ~2300 m thick Tistung Formation is the uppermost unit in the Bhimphedi
Group. This formation consists of phyllite, slate, and quartzite, with local carbonate beds
toward the top of the unit. The base of the Tistung Formation is primarily composed of
dark, biotite-rich phyllite with interbedded thin, immature quartzite. Farther up-section,
the biotite disappears, and is replaced in the phyllites by chlorite. The quartz-rich
lithologies toward the top of the formation are less well indurated than those in the lower
part.
Six large granitic bodies intrude the Bhimphedi Group rocks. The highway from
Hetauda to Kathmandu passes through the Palung granite, the largest of these intrusions.
The granite is a coarse- to fine-grained monzonite, with sillimanite-rich inclusions and
xenoliths of the surrounding country rocks. The granite has been dated at 470±4 Ma by
the U-Pb method on zircon and monazite crystals (Scharer and Allegre, 1983), and
486±10 by the Rb-Sr whole rock method (Debon et al., 1986). These ages are similar to
those obtained from granitic bodies in other crystalline klippen of Nepal and northern
India (Trivedi et al., 1984; Le Fort et al., 1986; DeCelles et al., 1998a), and also to the
age of augen orthogneisses fi'om the upper part of the Greater Himalayan zone, referred
to as Formation III in central Nepal (Ferrara et al., 1983; Le Fort et al., 1986; Hodges et
al., 1996; Le Fort and Rai, 1999). The Sheopuri gneisses are exposed along the northern
flank of the Kathmandu nappe. Some workers (Arita et al., 1973; Stdcklin, 1980) have
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suggested that these rocks are injection gneisses and migmatites related to the granite
intrusions. Although granitization and migmatization undoubtedly occur at the margins of
the intrusions, Le Fort and Rai (1999) suggest that the Sheopuri gneisses and those of the
Gosainkund region are more likely bodies of orthogneiss. This relationship between the
granites and gneisses is supported by Johnson et al. (2001), who obtained an age of -470
Ma from several pegmatite and augen gneiss samples near Galcchi Bajar that are part of
the Sheopuri gneisses. Similarly, DeCelles et al. (2001) suggested that the Salyanigad
Gneiss of the Dadeldhura klippe is a deformed envelope around the margin of the
Dadeldhura granite.

3.4.3.1.2. Affinity of the Bhimphedi Group
We briefly discuss a few key points concerning the debate over whether rocks
from the "Lesser Himalayan crystalline nappes" have affinities with Lesser or Greater
Himalayan zone rocks. Our view that the Kathmandu nappe rocks have a Greater
Himalayan affinity strongly influenced the construction and restoration of a regional
balanced cross-section. Three of these nappes, the Dadeldhura/Kamali, Jajarkot, and
Kathmandu nappes (Figure 3.3), are present in Nepal. The Dadeldhura/Kamali and
Jajarkot nappes are actually kiippen. Most workers (e.g., Gansser, 1964; Stocklin, 1980;
Schelling, 1992) regard the nappes as erosional outliers of Greater Himalayan zone rocks.
Upreti and Le Fort (1999), however, point out that rocks in the nappes are generally of
lower metamorphic grades than unequivocal Greater Himalayan rocks, and suggest that
they are exotic slices of the Lesser Himalaya. Additionally, Hodges (2000) noted
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mineralogical differences between Cambrian-Ordovician granites that occur both in the
nappes and in Greater Himalayan zone rocks; he suggested that the root zone for the
nappes lies north of the source region for Lesser Himalayan zone rocks, but south of the
source region for Greater and Tibetan Himalayan zones. However, Robinson et al.
(2001) used Nd isotopes to show that rocks in the Dadeldhura klippe have a Greater
Himalayan affinity. During the course of this study, we conducted Nd isotope analyses
on 2 samples from the Kathmandu nappe. The results (discussed in section 3.4.5) support
the view that Bhimphedi Group rocks have a Greater Himalayan affinity. The lower part
of the Bhimphedi Group may superficially resemble Greater Himalayan zone rocks in
Langtang National Park (Hodges, 2000), but it is nevertheless difficult to directly
correlate these rocks. Johnson et al. (2001) suggested that rocks from the Kathmandu
nappe are Greater Himalayan zone rocks that come from a part of the Greater Himalayan
sequence that is stratigraphically higher than that which is presently exposed in Langtang
National Park. This idea may also be problematic, as both sets of rocks experienced
similar syn-deformational pressures and temperatures (Macfarlane, 1999, Johnson et al.,
2001) (Tables 3.3 and 3.4). These data will be discussed in more detail in section 3.7.2.1.
In summary, although we cannot directly correlate the Bhimphedi Group with the Greater
Himalayan crystallines, we have treated the group as Greater Himalayan rocks.

3.4.3.2. Greater Himalayan Crystallines
Greater Himalayan zone rocks that we refer to as the Greater Himalayan
crystallines crop out north of Kathmandu in Langtang National Park, and are carried in
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the hanging-wall of the Main Central thrust. During the course of this study, we only
examined rocks from the lower ~3 km of the Greater Himalayan zone. These rocks are
all similar to Le Fort's (1975) Formation I, which is predominantly composed of
amphibolite-grade biotite-muscovite pelitic schist and gneiss. Subordinate quartzites,
calc-silicates, and leucogranites are also present. The schists and gneisses contain
abundant garnet and kyanite. Inger and Harris (1992) provided more detailed lithologic
descriptions of the Greater Himalayan sequence in Langtang National Park.
U-Pb ages from Greater Himalayan zone detrital zircons range from -1700 to
-750 Ma (Parrish and Hodges, 1996; DeCelles et al., 2000), with age distribution peaks
at -954 and -851 Ma (DeCelles et al., 2000). Thercibre, deposition of the Greater
Himalayan zone protoliths must have occurred after -750 Ma. The Cambrian-Ordovician
ages of granites and granitic augen gneisses of the crystalline klippen and Formation III
provide a minimum age limit of -470 Ma for Greater Himalayan zone rocks (Ferrara et
al., 1983; Le Fort et al, 1986; Hodges et al., 1996; Le Fort and Rai, 1999).

3.4.4. Tibetan Zone
Rocks of the Tibetan zone are generally exposed in the northenmiost part of the
fold-thrust belt in Nepal, and are separated from the underlying Greater Himalayan zone
by the South Tibetan Detachment system (Burchfiel et al., 1992). Our study did not
include examination of these rocks and the South Tibetan Detachment system. However,
rocks from Stocklin's (1980) Phulchauki Group are exposed in the core of the
Kathmandu synform. The Phulchauki Group is generally assumed to have a Tibetan
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affinity on the basis of lithological similarities and fossil assemblages. The Phulchauki
Group is an -3.5 km thick succession of argillite, sandstone, and carbonate rocks. Fossil
assemblages suggest a Lower Paleozoic to Upper Silurian age for the Phulchauki Group
(Stocklin, 1980).
The Sopyang Formation is --400 m thick, and consists of phyllite and carbonate
lithologies. The phyllites are dark gray to black and are usually fine-grained. The
carbonate beds are thin, lenticular bodies of dark-gray limestone, and occur toward the
top of the formation. The contact with the overlying Chandragiri Formation is
gradational; the limestone beds become thicker and more frequent, and the phyllites
disappear up-section.
The Chandragiri Formation is a thick limestone unit. We did not observe the
formation's upper contact with the Chitlang Formation, but it is a minimum of 1200 m
thick. The limestone ranges in color from gray to yellow to brown, and is generally fine
grained, well-bedded, and plat>'. StOwklin (1980) reported several interbedded layers of
quartzite, but we did not observe these. The two uppermost Phulchauki Group units are
the Chitlang and Godavari Formations, but they are not exposed in the study area.

3.4.5. Nd isotope analyses
Recent Nd isotope studies in the Himalaya suggest that rocks from the Tibetan,
Greater, and Lesser Himalayan zones have distinctly different isotopic signatures (Parrish
and Hodges, 1996; Whittington et al., 1999; Ahmad et al., 2000; Robinson et al., 2001;
Huyghe et al., 2001; Pearson et al., this dissertation - Chapter 2). Rocks from the Lesser
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Himalayan zone have eNd(O) values that range from -15.9 to -25.5, with an average of
-21.5. Greater Himalayan zone rocks have ENd(O) values that range from -7.6 to -19.9,
with an average of-16 (Robinson et al., 2001). Pearson et al. (this dissertation - Chapter
2) used Nd isotopes to constrain the location of the Main Central thrust at Syaphru in
Langtang National Park to a zone ~200 m wide. During the course of this study, we
conducted Nd isotope analyses on two samples from the northern flank of the Kathmandu
nappe (Table 3.1). Analytical procedures for the Nd isotopic analyses follow the
techniques described in Ducea et al. (2002). Nd isotopic ratios were normalized to
'•'^Nd/'"'^Nd = 0.7219, and estimated ±2a uncertainties are ~'"'^Nd/'"*^Nd = 0.002%.
Multiple runs of the LaJolla standard measured during the course of this study yielded an
average of 0.511853±2. Sample 442 and 455 are both from the Raduwa Formation, in
the proximal hanging-wall of the Main Central thrust; sample 442 comes from ~15 m
above the fault in the Malekhu Khola, and sample 455 is -55 m above the fault in the
Belkot Khola near Pokharithok. Both samples have eNd(O) values (Table 3.1) that fall
within the expected range for Greater Himalayan zone rocks. The ENd(O) values of
samples from the Raduwa Formation are therefore similar to those of Greater Himalayan
zone rocks from elsewhere in Nepal. This supports the hypothesis of Stocklin (1980),
who suggested that the Bhimphedi Group rocks and the fault that carries them are the
southern continuation of the Greater Himalayan crystallines and the Main Central thrust.
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TABLE 3.1: ND DATA FROM THE tCATHMANDU NAPPE
Sample ID

Formation

Lithology

Location

442

Raduwa

Chloritic phyllite

Maiekhu Khola

0.512092

-10.65

455

Raduwa

Chloritic phyllite

Belkot Khola

0.511864

-15.10

'2a errors of'^'Nd/''"Nd ratios are 0.000008-0.000020.

En^ at 0 Ma

78
3.5. Structural Geology
The structural geometry of the Kathmandu area of central Nepal is controlled by
five major thrust systems (see Plates 1 and 2 in tube). These are the Main Frontal, Main
Boundary, Ramgarh, and Main Central thrust systems, and the Lesser Himalayan duplex
system. In the following sections, we will discuss each of these systems, beginning in the
southern part of the fold-thrust belt.

3.5.1. Main Frontal Thrust System
Across Nepal, the Main Frontal thrust system carries Subhimalayan zone rocks of
the Siwalik Group. In the Kathmandu region of central Nepal, the Main Frontal thrust
system consists of two thrust sheets. The active Main Frontal thrust carries the
southernmost sheet; although the thrust is not exposed at the surface, it is usually mapped
at the topographic front of the Siwalik Hills (Schelling et al., 1991). In the study area, the
southernmost exposures of the Siwalik Group occur just north of Amalekhganj. The
Main Frontal thrust places sandstone of the middle Siwalik unit over young alluvial
sediments. A very tight hanging-wall anticline is exposed just north of the Main Frontal
thrust; we interpret it as a breached fault-propagation fold. To the north of the frontal
anticline, bedding dips to the north at shallow angles that decrease in a northward
direction. This northward flattening of bedding suggests that the Main Frontal thrust has
a listric shape. The northern thrust sheet of the Main Frontal thrust system is carried by
the Main Dun thrust, which is exposed south of Hetauda. The Main Dun thrust places the
lower Siwalik unit above the upper Siwalik unit. Dips of bedding surfaces in the
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hanging-wall of the Main Dun thrust are steeper than those in the hanging-wall of the
Main Frontal thrust. As the Main Dun thrust carries the lower Siwalik unit in its
hanging-wall, it must originate at the base of the Siwalik Group. The Main Frontal thrust
probably also originates at this stratigraphic level; if it branched off the Main Dun Thrust
at a stratigraphically higher level, a fault-bend fold would exist north of the Main Dun
thrust (Schelling et al., 1991).

3.5.2. Main Boundary Thrust Svstem
The Main Boundary thrust cuts the northernmost exposures of the Siwalik Group
rocks, and places the Lesser Himalayan Dandagaon Formation on top of the middle
Siwalik unit (Figure 3.8). In central and eastern Nepal, rocks carried by the Main
Boundary thrust are exposed along a narrower strip (Figure 3.3) than in western Nepal
(e.g., DeCelles et al., 2001; Robinson, 2001). In the traverse along which we constructed
a regional cross-section, the Main Boundary thrust only carries rocks of the lower
Nawakot unit: the Kuncha, Fagfog, and Dandagaon Formations. South of the Kathmandu
nappe, the Main Boundary thrust carries only the Dandagaon Formation. Stocklin and
Bhattarai's (1982) map, however, shows upper Nawakot unit rocks exposed between the
Main Boundary thrust and the Kathmandu nappe ~15 km to the west of Bhainsedobhan,
which suggests that the Main Boundary thrust may also carry upper Nawakot unit
formations. On the other hand, thrust sheets that are part of the Lesser Himalayan duplex
system may carry these upper Nawakot unit rocks.

South of Bhainsedobhan, rocks of the Dandagaon Formation dip steeply (~60'')
northward, as do all rocks extending ~8 km north of the Main Boundary thrust. This
suggests a hanging-wall flat on footwall ramp thrust relationship between the Main
Boundary thrust and the Main Frontal thrust system. Later deformation in the Main
Frontal thrust system tilted the Main Boundary thrust to its present steep attitude. The
Dandagaon Formation rocks are metamorphosed to lower-greenschist facies (Schelling et
al., 1991), and are penetratively cleaved at low angles to bedding. The intensity of
cleavage increases northward toward the Ramgarh thrust. The Dandagaon Formation
south of Bhainsedobhan is -2600 m thick, twice the thickness we observed along the
nonhem flank of the Kathmandu nappe. Exposure in the area is poor, and although we
did not observe a fault surface, we attribute the unit's unusual thickness to duplication
caused by thrust faulting.

3.5.3. Ramgarh Thrust Svstem
The Ramgarh thrust is a major thrust sheet within Lesser Himalayan zone rocks.
Valdiya (1980) and Srivastava and Mitra (1994) described the Ramgarh thrust in the
Kumaon region of India, and the thrust has recently been documented across Nepal
(DeCelles et al., 2001; Pearson et al., 2001a, b; Robinson 2001). The thrust always
carries rocks from the lower part of the lower Nawakot unit, and places them above rocks
from the uppermost part of either the lower Nawakot unit (the Dandagaon or Galyang
Formation) or the upper Nawakot unit (the Malekhu Formation or the Lakarpata Group).
In the Kathmandu area of central Nepal, the Ramgarh thrust sheet is exposed in three
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places: along the south and north flanks of the Kathmandu nappe, and at Langtang
National Park (Plate 1). Recognition of the Ramgarh thrust sheet is based upon
stratigraphic relations, as we have not found a site where the actual Ramgarh fault surface
is exposed.

3.5.3.1. Ramgarh Thrust at Bhainsedobhan
The Ramgarh thrust sheet is beautifully exposed just south of Bhainsedobhan,
where quartzite of the Robang Formation is thrust over the Dandagaon Formation. The
Robang Formation at Bhainsedobhan is composed primarily of the Dunga quartzite beds,
along with two separate ~20 m thick sills of amphibolite. The chloritic phyllite that
usually makes up the bulk of the Robang Formation is largely missing. Stocklin and
Bhattarai (1982) suggested that a normal fault may cut out part of the section, but we did
not observe any evidence of this fault. Instead, we suggest that the thickness of the
Dunga quartzite beds may be due to lateral facies variation within the Robang Formation.
The Robang Formation is metamorphosed to greenschist grade, and the phyllites contain
rare small garnets that are increasingly abundant in the vicinity of the Main Central
thrust.
All bedding/foliation surfaces in the hanging-wall of the Ramgarh thrust dip -60°
toward the north (Figure 3.8), and are sub-parallel to those in the footwall Dandagaon
Formation. This implies that the Ramgarh thrust sheet has a hanging-wall flat on
footwall flat thrust relationship with the underlying Main Boundary thrust sheet. Rocks
in the Ramgarh thrust sheet have been tilted to their present steep attitude by thrusting

82

N
Lower Hem.

Total Data : 50
Equal Area

o

« Dandagaon Formation and mean pole
X Robang Formation and mean pole

•

• Raduwa Formation and mean pole

o Bhainsedobhan Formation and mean pole
• a Kalitar Formation and mean pole

Figure 3.8. Equal area stereonet plot of poles to bedding and fabric orientations of rocks
near Bhainsedobhan.
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within both the Main Boundary and Main Frontal thrust systems. The quartzites have a
weak mylonitic fabric, and the quartz grains show a strong lattice-preferred orientation
(Figure 3.9). The phyllites have a phyllonitic texture, and S-C fabrics show a top-to-thesouth sense of shear (Johnson et al., 2001).

3.5.3.2. Ramgarh Thnist at Malekhu
The Ramgarh thrust sheet is exposed in several locations along the north flank of
the Kathmandu nappe. We mapped the fault in the Malekhu and Belkhu Kholas, along
the Trishuli Ganga Nadi north of Galcchi Bajar, in the Thulo Khola near Chanaute, and in
the Belkot Khola near Pokharithok. The best exposure of the fault, however, is in the
Malekhu Kiiola. From the Tribhuvan Highway near the bridge across the Trishuli Ganga
Nadi, the Robang Formation can be clearly seen diving underneath the Kathmandu
nappe.
In Malekhu Khola, the Dunga quartzite beds occur toward the base of the Robang
Formation, whereas phyllite dominates the upper part of the unit. An ~5 m thick sill of
amphibolite is present toward the top of the formation, as are a couple of thin, impure
marble beds. Small garnets occur in the phyllitic lithologies, and become increasingly
abundant toward the Main Central thrust. As at Bhainsedobhan, the quartzites have a
mylonitic texture, the phyllites have a phyllonitic texture, and S-C fabrics show a top-tothe-south sense of shear. Johnson et al. (2001) studied the rocks that we interpret to be
carried by the Ramgarh thrust both in Malekhu Khola and at Bhainsedobhan, and noted
the strong lithological and textural similarities exhibited by rocks from both locations. At
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m
Figure 3.9. Photomicrograph of Dunga quartzite in the Ramgarh thrust sheet at
Bhainsedobhan. The width of view is ~10 mm. Note the elongation of quartz grains in a
top-left to bottom-right orientation. The quartzites in the Ramgarh thrust show a strong
lattice-preferred orientation when viewed under a microscope with the gypsum plate
inserted.
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all locations on the northern flank of the Kathmandu nappe where we mapped the
Ramgarh thrust, bedding and foliation attitudes in the thrust sheet are sub-parallel to
those in footwall rocks, which suggests that the fault has a hanging-wall flat on footwall
flat thrust relationship with the underlying Lesser Himalayan zone rocks (Figure 3.10).
In the Malekhu, Belkhu, and Galcchi Bajar areas, rocks in the footwall of the
Ramgarh thrust belong to the Malekhu Formation. In the Thulo and Belkot Khola
sections, however, rocks in the footwall of the Ramgarh thrust belong to the Dandagaon
Formation. This relationship implies that a lateral ramp is present in the footwall of the
Ramgarh thrust between Galcchi Bajar and the Thulo Khola.

3.5.3.3. Ramgarh Thrust at Langtang National Park
The Ramgarh thrust is also exposed in Langtang National Park, at the confluence
of the Trishuli Ganga Nadi and Langtang Khola (Pearson et al., this dissertation Chapter 2). The thrust places the Robang Formation phyllite and quartzite as well as a
lenticular body of the Ulleri gneiss above the Kuncha Formation. The Main Central
thrust bounds the top of the Ramgarh thrust sheet. The Robang Formation is
metamorphosed to upper-greenschist facies, and garnets are more abundant than in
exposures of the Robang Formation on the flanks of the Kathmandu nappe. The rocks
carried by the Ramgarh thrust are intensely strained, and all are almost completely
recrystallized. The quartzites and the Ulleri gneiss have a mylonitic fabric, and quartz
grains show a strong lattice-preferred orientation. The phyllites have a phyllonitic
texture. S-C fabrics and rotated garnets show a top-to-the-south sense of shear. Bedding
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Figure 3.10. Equal area stereonet plot of poles to bedding and fabric orientations on the
north flank of the Kathmandu nappe; (a) in Maiekhu Khoia, and (b) near Galcchi Bajar.
In the Maiekhu Khola (a), the mean pole trends 349° and plunges 15°. Near Galcchi
Bajar (b), the mean pole trends 341° and plunges 22°.

87
surface and foliation orientations in the Ramgarh thrust sheet again are sub-parallel to
those in the underlying Kuncha Formation, which implies a hanging-wall flat on footwall
flat thrust relationship (Figure 3.11).
We have also recognized the Ramgarh thrust in the footwall of the Main Central
thrust near Kodari (approximately 65 km east of Langtang National Park), and in several
locations to the west in central Nepal near Pokhara (in the Kali Gandaki, Modi Khola,
and Marsyandi Nadi drainages: see Pearson, this dissertation - Chapter 4). It is likely,
therefore, that the Ramgarh thrust is present in the proximal footwall of the Main Central
thrust over an along-strike distance of ~300 km in central Nepal.

3.5.4. Main Central Thrust System
Like the Ramgarh thrust, the Main Central thrust is exposed along the south and
north flanks of the Kathmandu nappe and in Langtang National Park. The Main Central
thrust is undoubtedly the most studied structural element of the Himalayan fold-thrust
belt, and it accommodates a large fraction of the shortening caused by the collision of
India with Eurasia. Most workers describe the Main Central thrust as a broad (up to 10
km wide) ductile shear zone (e.g., Kohn et al., 2001), but recent work combining Nd
isotope analyses with structural and stratigraphic relationships in Langtang National Park
suggests that the fault can be deflned as a relatively discrete tectonostratigraphic
boundary between Lesser and Greater Himalayan zone rocks (Pearson et al., this
dissertation - Chapter 2).
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(a) Kuncha Formation - footwall of the Ramgarh thrust

(b) Robang Formation - Ramgarh thrust sheet

Lower Hem.

Lower Hem.

Total Data t 12
Equal Area

Total Data: 14
Equal Area

(c) Greater Himalayan zone rocics
Lower Hem.

Total Data: 20
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Figure 3.11. Equal area stereonet plots of bedding and foliation orientations and their
poles in Langtang National Park near Syaphru. (a) Orientations in the Kuncha
Formation in the footwall of the Ramgarh thrust; (b) orientations in the Robang
Formation carried by the Ramgarh thrust sheet; and (c) orientations in Greater
Himalayan zone rocks carried by the Main Central thrust sheet. Arrows next to poles
show bedding/foliation rotating to a WNW-ESE direction in the northern part of the map
area.
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There has been considerable debate in the literature over whether the fault at the
base of the Kathmandu nappe is the southern continuation of the Main Central thrust.
Stocklin (1980) named the fault the Mahabharat thrust, but interpreted it as the southern
continuation of the Main Central thrust. On the other hand, some workers (Rai et al.,
1998; Upreti and Le Fort, 1999; Copeland et al., in press) suggest that the Main Central
thrust is exposed in the northern part of the Kathmandu nappe, along the southern
boundary of the Sheopuri gneisses (Plate 1). This interpretation implies that Stocklin's
(1980) Mahabharat thrust is structurally below the Main Central thrust. However,
Johnson et al. (2001) were unable to find any field evidence to support the idea of
separate Main Central and Mahabharat thrusts. Moreover, we note that stratigraphic units
from the lower Bhimphedi Group are exposed to the north of where Rai et al. (1998),
Upreti and Le Fort (1999), and Copeland et al. (in press) draw the Main Central thrust, in
what they refer to as the Gosainkund crystalline nappe. We therefore agree with Stocklin
(1980) and Johnson et al. (2001) that the Mahabharat thrust is the southern continuation
of the Main Central thrust. To avoid confusion, we refer to the fault as the Main Central
thrust, rather than the Mahabharat thrust.
In the following descriptions of the Main Central thrust, we draw particular
attention to fact that foliation within Greater Himalayan rocks is always sub-parallel to
foliation and bedding in the Ramgarh thrust sheet, which lies in the proximal footwall of
the Main Central thrust. This relationship implies a hanging-wall flat on footwall-flat
thrust relationship for the Main Central and Ramgarh thrusts. However, many workers
(e.g., Rai et al., 1998; Harrison et al., 1998; Upreti and Le Fort, 1999; Johnson et al..
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2000; Catlos et al., 2001; Copeland et al., in press) argue that the Main Central thrust is
expressed as either a hanging-wall or footwall ramp. It is possible to argue that foliation
in the hanging-wall of the Main Central thrust has been transposed into parallelism with
the fault during deformation, which would obscure original stratigraphic and structural
relationships between the fault and its hanging-wall. If transposition did occur, we would
expect to see regional isoclinal folds in hanging-wall rocks. This is not the case; the
well-documented stratigraphy of the Greater Himalayan zone in central Nepal
(Formations I, II, III; Le Fort, 1975) can be traced for over 100 km along strike with no
evidence of regional isoclinal folds. Additionally, we describe in the following sections
(and also in section 3.8.2.1) how the hanging-wall and footwall stratigraphy of the Main
Central thrust underneath the Kathmandu nappe shows a flat-on-flat relationship for the
fault.
In the following sections, we describe the Main Central thrust at Bhainsedobhan,
in the Malekhu Khola, and at Langtang National Park (Plate 1).

3.5.4.1. Main Central Thnist at Bhainsedobhan
At Bhainsedobhan, the Main Central thrust places the Bhimphedi Group's
Raduwa Formation above the Robang Formation carried by the Ramgarh thrust. Bedding
and foliation of rocks in the hanging-wall of the Main Central thrust dip steeply (-60°) to
the north, and are sub-parallel to the orientations of rocks in the footwall Ramgarh and
Main Boundary thrust sheets (Figure 3.8). This implies a hanging-wall flat on footwall
flat thrust relationship between the Main Central and Ramgarh thrusts. Exposure of the

Raduwa and Robang Formations is poor, as both units weather easily (with the exception
of the quartzites) and are covered by dense vegetation. Additionally, identification of the
contact between the Raduwa and Robang Formations is hampered by the lithological
similarities between the two units. We did not observe a discrete fault surface, and it is
likely that the Main Central thrust is a narrow ductile shear or fault zone. The phyllites
and quartzites of the Raduwa Formation show similar mylonitic and phyllonitic textures
to those in the Robang Formation, and S-C fabrics indicate a top-to-the-south sense of
shear.

3.5.4.2. Main Central Thnist at Malekhu
At Malekhu, the Main Central thrust juxtaposes the Raduwa Formation against
the Robang Formation in the Ramgarh thrust sheet. Bedding and foliation orientations in
both the hanging-wall and footwall of the Main Central thrust are sub-parallel (Figure
3.10), again implying a hanging-wall flat on footwall flat thrust relationship. Quartzites
and phyllites in both the hanging-wall and footwall of the Main Central thrust are L-S
tectonites, and have mylonitic and phyllonitic textures, respectively. S-C fabrics indicate
a top-to-the-south sense of shear.
Stocklin and Bhattarai's (1982) map shows exposures of the Raduwa Formation
ending in the vicinity of Belkhu Khola, where it is presumably cut by a normal fault, but
we recognized the formation as far east as Belkot Khola. In both the Thulo and Belkot
Kholas, the Raduwa Formation overlies the Robang Formation in a hanging-wall flat on
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footwall flat thrust relationship. S-C fabrics at these locations also show a top-to-thesouth sense of shear for the Main Central thrust.
Johnson et al. (2001) suggested that the Raduwa and Kalitar Formations are not
actually stratigraphic units, but are the remetamorphosed equivalents of the higher-grade
Sheopuri gneisses, and are thus part of the Main Central thrust zone. Whereas both the
Raduwa and Kalitar Formations are strained and have been extensively recrystallized,
three lines of evidence lead us to disagree with this suggestion. Along the southern flank
of the Kathmandu nappe, the Bhainsedobhan Formation (a thick marble) is always
exposed between the Raduwa and Kalitar Formations. The marble also occurs between
the Raduwa and Kalitar Formations on the northern flank of the klippe, extending as far
eastward as the Belkhu Khola. A few calc-silicate horizons occur within the higher-grade
Sheopuri gneisses, but no carbonate units that approach the size and homogeneity of the
Bhainsedobhan Formation are present. Additionally, if the Raduwa and Kalitar
Formations are the remetamorphosed equivalents of the Sheopuri gneisses, one would
expect to see similar map relationships between the rocks along the southern flank of the
Kathmandu nappe as exist in the north near Galcchi Bajar. Stocklin and Bhattarai's
(1982) map, however, does not show any high-grade gneiss outside of the Sheopuri area,
and we did not encounter any during the course of this study. Finally, we observed faint
cross-bedding in quartzites of the Kalitar Formation that are exposed on both flanks of
the klippe, which suggests a sedimentary, rather than metamorphic origin for the
formation. We agree, therefore, with Stocklin's (1980) view that the Raduwa,
Bhainsedobhan, and Kalitar Formations are true stratigraphic units. As these formations
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occur both along the north and south flanks of the Kathmandu nappe, the Main Central
thrust must be a regional hanging-wall flat, and the present steep orientation of the fault
along the flanks of the nappe must be related to younger deformation in the Lesser
Himalayan duplex and Main Boundary thrust systems. Stratigraphic field evidence thus
does not support the idea espoused by several workers (Upreti and Le Fort, 1999;
Copeland et al., in press; Johnson et al., 2001) that the Main Central thrust underneath the
Kathmandu nappe is a hanging-wall ramp.

3.5.4.3. Structures within the Kathmandu Nappe
The Kathmandu nappe is a large synclinorium composed of several smaller
anticline/syncline pairs. Each of these folds is presumably cored by faults, but our
mapping did not provide any constraints on the nature or location of these faults. For
reasons discussed in section 3.5.5.2, we suggest that the largest folds may be related to
the growth of two duplexes in the structurally lower (below the Main Central thrust)
Lesser Himalayan duplex system. Nevertheless, it is likely that there is significant
structural complexity within Kathmandu Complex rocks. We suggest that the tight,
almost recumbent anticline/syncline pair in lower Bhimphedi Group rocks north of
Bhainsedobhan may be an unbreached fault-propagation fold. Additionally, Johnson et
al. (2001) documented three generations of fabric within the Sheopuri gneisses, and
suggested that at least some deformation occurred prior to emplacement of the
Kathmandu nappe along the Main Central thrust. Although the Kathmandu region is one
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of the best-mapped areas in Nepal, the time is ripe for a thorough reexamination of the
nappe's structural geology using modem fold-thrust belt concepts.

3.5.4.4. Main Central Thrust at Langtang National Park
The Main Central thrust at Langtang National Park has been studied extensively
(e.g., Arita et al., 1973; Bogacz and Krokowski, 1986; Macfarlane et al., 1992; Inger and
Harris, 1992, 1993; Reddy et al., 1993; Macfarlane, 1993, 1995; Parrish and Hodges,
1996; Fraser et al., 2000; Pearson et al., this dissertation - Chapter 2). Most have
described the fault as consisting of a broad shear zone that places amphibolite-grade
Greater Himalayan rocks above greenschist-grade Lesser Himalayan rocks. However,
Pearson et al. (this dissertation - Chapter 2) documented the presence of the Ramgarh
thrust in the proximal footwall of the Main Central thrust at Langtang, and suggested that
the fault may be defmed as a relatively discrete tectonostratigraphic boundary {sensu
Heim and Gansser, 1939).
At Langtang, the Main Central thrust places Greater Himalayan zone rocks of Le
Fort's (1975) Formation I above the Lesser Himalayan Robang Formation in the
Ramgarh thrust sheet. Fabric and bedding orientations in both the hanging-wall and
footwall of the Main Central thrust dip steeply (-60°) toward the north, and are subparallel, which again implies a hanging-wall flat on footwall flat thrust relationship
(Figure 3.11). This appears to be a regional feature of the Main Central thrust, and is
well documented across Nepal (see summary in Robinson et al., in press). The growth of
the Lesser Himalayan duplex system in the footwall of the Main Central thrust caused

passive uplift and tilting to the present steep orientation of all rocks on the northern flank
of the duplex. Unlike the east-west trend of the Main Central thrust along the flanks of
the Kathmandu nappe, the trace of the fault bends sharply at Langtang from a north-south
to an east-west trend. Macfarlane et al. (1992) suggested that this is due to the presence
of a lateral ramp in the Main Central thrust. We note, however, that bedding and
foliation orientations in the footwall of the Main Central thrust also show this strike
rotation, which implies that the lateral ramp is present at a deeper structural level.
Rocks in the proximal hanging-wall of the Main Central thrust at Langtang are
dominantly L-S tectonites. The coarser-grained lithologies have a well-developed
mylonitic fabric, and S-C surfaces indicate a top-to-the-south sense of shear. Macfarlane
et al. (1992) described evidence for five deformational episodes in Greater Himalayan
zone rocks; the primary fabric however, appears to be related to ductile displacement
along the Main Central thrust.

3.5.5. Lesser Himalayan Duplex Svstem
A broad expanse of Lesser Himalayan rocks is exposed to the northeast of the
Kathmandu nappe. This expanse begins in the Trishuli Ganga Nadi drainage, and
extends westward toward Pokhara. Whereas there are local variations, the overall
structure of this region is that of a large, east-west trending antiform; Pecher (1977)
called it the Gorkha-Pokhara (or Gorkha-Kuncha) anticlinorium. Culminations such as
this are common along the length of the Himalayan orogenic system in both Lesser and
Greater Himalayan zone rocks (Johnson, 1994). In fold-thrust belts, these structural

96
culminations usually indicate the presence of a duplex (Boyer and Elliot, 1982).
DeCelles et al. (2001) and Robinson (2001) called the large duplex that occurs in Lesser
Himalayan rocks of western Nepal the "Lesser Himalayan duplex," a term we also
employ. In the Kathmandu region of central Nepal, we suggest that the Lesser
Himalayan duplex system may be composed of three related duplexes. The largest of the
three forms the Gorkha-Pokhara anticlinorium; thus we call it the Gorkha-Pokhara
duplex. Two smaller, related duplexes may exist underneath the Kathmandu nappe; we
call them the south and north Kathmandu duplexes.

3.5.5.1. Gorkha-Pokhara Duplex
In a north-south direction, the width of Lesser Himalayan zone rocks exposed
between the Kathmandu nappe and the Greater Himalayan zone rocks of the Langtang
area is -40 km. This width remains roughly constant at least as far as east as the city of
Gorkha. The Main Central and Ramgarh thrusts bound the northern and southern edges
of this swath of Lesser Himalayan zone rocks. The Lesser Himalayan rocks that crop out
in the footwall of the Ramgarh thrust are folded into the broad Gorkha-Pokhara
anticlinorium.
Rocks exposed in the anticlinorium are almost exclusively part of the Kuncha
Formation, and units stratigraphicaily above this are only exposed on the southern margin
of the fold. In the Malekhu, Belkhu, and Galcchi Bajar areas, the entire Nawakot unit
dips steeply (sometimes vertically or overturned) toward the south. Farther east in the
Thulo and Belkot Khola areas, rocks of the upper Nawakot unit are absent and bedding of
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the lower Nawakot unit dips at -45° toward the south. South of Trishuli Bajar, a tight,
second-order anticline-syncline fold pair is exposed in the Kuncha Formation. Although
Shrestha et al. (1984b) show many similar folds in the Kuncha Formation farther to the
west along the Budhiganga River, we did not observe other folds in the Trishuli Ganga
Nadi drainage. The Gorkha-Pokhara anticlinorium is spectacularly exposed in the
Trishuli Ganga Nadi drainage near the town of Ramche (Figure 3.6). The fold is very
broad; bedding is close to horizontal (<15°) for ~8 km in a north-south direction. An
~200 m thick sill of the Ulleri gneiss is exposed in the core of the fold at the river level.
North of the fold hinge, bedding dips gradually approach a maximum of ~55° to the
north.
There is evidence that rocks within the Gorkha-Pokhara anticlinorium have
accommodated a significant amount of internal strain. The rocks are rife with small,
intra-formational thrust faults with offsets ranging from <1 m to ~10 m. Beddingperpendicular cleavage can sometimes be found in the finer-grained lithologies. The
presence of the small faults and bedding perpendicular cleavage may be products of
layer-parallel shortening before growth of the duplex (e.g., Nickelsen, 1972). Small
isoclinal folds are occasionally exposed in the Kuncha Formation. However, intraformational folds do not appear to be responsible for the formation's thickness, as we
were able to trace individual beds of the more quartz-rich lithologies for distances of up
to several kilometers on the steep valley walls. Bedding parallel stylolites are present in
the carbonate-rich lithologies of the upper Nawakot unit.
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We did not find evidence for the presence of any large faults that duplicate the
Kuncha Formation within the Gorkha-Pokhara anticlinorium. This, combined with the
fact that rocks show a normal stratigraphic succession, suggests that all of the units
exposed within the anticlinorium are carried by a single fault that we call the Trishuli
thrust. The Trishuli thrust is not exposed at the surface, but it functions as the roof thrust
for the Gorkha-Pokhara duplex. Studies of regional seismicity (Pandey et al., 1995,
1999) imply that the fold-thrust belt's basal decollement at ~28°E longitude lies at a
depth of -22 km. Because it is highly unlikely that the Kuncha Formation is 23 km thick,
this space must be filled by an antiformal-stack duplex that grew after emplacement of
the Main Central and Ramgarh thrust sheets. We discuss the detailed kinematic history
of the duplex in section 3.6, but it is important to briefly note the influence that the
duplex had on three of the fold-thrust belt's primary structural features: I) growth of the
duplex caused rocks to the north (including the Ramgarh and Main Central thrust sheets)
to be passively uplifted and tilted to their present steep orientation; 2) the Trishuli thrust
sheet, which is inferred to be the duplex's roof thrust, was passively folded into the
Gorkha-Pokhara anticlinorium by emplacement of horses within the duplex; and 3)
growth of the duplex combined with the presence of a ramp in the basal decollement
caused folding of the Ramgarh and Main Central thrust sheets on the northern flank of
the Kathmandu nappe.
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3.5.5.2. South and North Kathmandu Duplexes
As horses were inserted into the Gorkha-Pokhara duplex, displacement was fed
into the roof thrust (the Trishuli thrust). We suggest that a portion of this displacement
was accommodated through the growth of two smaller duplexes underneath the
Kathmandu nappe, the north and south Kathmandu duplexes. Although circumstantial,
two lines of evidence support the presence of these duplexes. Map patterns at the western
closure and on the southwest flank of the Kathmandu syncline show duplicated sections
of Lesser Himalayan rocks (Stocklin and Bhattarai, 1982; Shrestha et al., 1984b), and
exhibit thrust branching patterns reminiscent of a duplex. Additionally, the locations of
these duplexes line up along strike with the positions of the large anticlines within the
Kathmandu nappe. On the other hand, it is possible that the structures within the
Kathmandu nappe are contained entirely within Greater Himalayan and Tibetan rocks
and that faults that core the folds may branch off the Main Central thrust. Although both
scenarios are plausible, we suggest that the folds within the Kathmandu nappe are cored
by duplexes in Lesser Himalayan rocks. This scenario requires less regional shortening
as it utilizes displacement fed into the Trishuli thrust firom the Gorkha-Pokhara duplex;
structures that root into the Main Central thrust would increase the amount of
displacement on the Main Central thrust system without altering the amount of slip fed
into the roof thrust of the Gorkha-Pokhara duplex. We discuss the detailed kinematic
development of these small duplexes in the following section.
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3.6. Regional Balanced Cross-Section
We constructed a regional balanced cross-section along a transect through the
central Nepal portion of the Himalayan fold-thrust belt. The cross-section is line-length
balanced, and does not incorporate meso- or microscopic strain. Although the
Kathmandu area has been the focus of numerous studies, our product represents the first
balanced cross-section {sensu Dahlstrom, 1969; Boyer and Elliot, 1982) published for the
region. The cross-section shown in Plate 2 is primarily based upon structural and
stratigraphic data gathered during fieldwork. Additional constraints come from the maps
of Stocklin and Bhattarai (1982) and Shrestha et al. (1984b).
In the foreland of the fold-thrust belt, the depth to the basal decolllement, the
Main Himalayan thrust, is constrained by measured stratigraphic thicknesses of the
Siwalik Group (Schelling et al., 1991, 1992; Harrison et al., 1993; Lave and Avouac,
2000), and by an exploration well on the border of India and Nepal near Raxaul (Sastri et
al., 1971) which lies 37 km south of the Main Frontal thrust on the line of the crosssection (Figure 3.2). The dip of the basal decolllement (also called the Main Himalayan
thrust) in the foreland of the fold-thrust belt is -2.5°. This is constrained by comparing
the thickness of the Siwalik Group at the Raxaul well site (Sastri et al., 1971) to that in
the Main Frontal thrust system (Schelling et al., 1991). A dip of -2.5° is supported by
flexural modeling (Lyon-Caen and Molnar, 1985), and evidence from seismic lines shot
by the Nepal Department of Mines and Geology (cited by Lave and Avouac, 2000).
Beneath the Kathmandu nappe, the dip of the Main Himalayan thrust increases to
-4°. This value is supported by studies of earthquake seismicity (Ni And Barazangi,
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1984; Pandey et al., 1995, 1999) and reflection seismology from the INDEPTH project
(Hauck et al., 1998), and is consistent with other published balanced cross-sections across
the Nepal portion of the fold-thrust belt (Schelling and Arita, 1991; DeCelles et al., 2001;
Robinson, 2001). Under the high Himalaya (farther north than our cross-section
extends), the dip of the orogen's basal decollement may increase to -9° (Hauck et al.,
1998).
The depth of the Main Himalayan thrust underneath the Gorkha-Pokhara duplex
is independently constrained by earthquake seismology (Pandey et al., 1995, 1999) and
the stratigraphic thickness of the Lesser Himalayan zone rocks. At --28°N longitude,
Pandey et al. (1995, 1999) suggest that the depth to the basal decollement is ~22 km.
This value matches the total thickness of Lesser Himalayan zone rocks (~13 km) that
must be present in the footwall of the Main Himalayan thrust (at a depth of --9 km)
underneath the Kathmandu nappe.
The location of the large ramp in the Main Himalayan thrust (Plate 2, point 16) is
consQ'ained by earthquake seismology (Pandey et al., 1995, 1999). Figure 3.12 shows a
contoured density distribution plot of earthquake epicenters from Pandey et al. (1999)
superimposed upon the cross-section. Pandey et al. (1999) suggested that the location of
the highest density of earthquake epicenters corresponds to a flat-to-ramp transition in the
Main Himalaya thrust.
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Figure 3.12. Regional balance cross-section (from Plate 2) with superimposed plot showing density distribution of
earthquake epicenters (modified from Pandey et al., 1999). See Plate 2 for additional structural and stratigraphic information.
Earthquake epicenters are from ~30 km east of the cross-section in Plate 2. The location of the highest density of epicenters
matches well with our suggested location for a major f(X)twall ramp in the Main Himalayan thrust.
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Other key points of the cross section (Plate 2) include:
1. The Subhimalayan portion of the fold-thrust belt closely resembles one constructed
by Schelling et al. (1991) for the same Amalekhganj to Bhainsedobhan traverse.
2. The presence of the fault that duplicates the Dandagaon Formation in the Main
Boundary thrust sheet (Plate 2, point 4) is inferred from the thickness of the
Dandagaon Formation, which is twice as thick as it is in exposures on the northern
flank of the Kathmandu nappe.The tight anticline-syncline pair exposed in the
Chisapani and Kalitar Formations (Plate 2, point 6) may be caused by a low-angle
fault-propagation fold.
3. The geometry at depth of the Palung Granite intrusion (Plate 2, point 7) is poorly
constrained. As the granite is much older than motion on the Main Central thrust, the
intrusion at this location must lie entirely above the fault. Similarly, the geometry of
the Sheopuri gneisses (Plate 2, point 13) is poorly constrained.
4. The growth of the south Kathmandu duplex (Plate 2, point 9) is shown in detail in
Figure 3.13a. The strucmre has a hybrid antiformal-stack/hinterland-dipping duplex
geometry. Growth of the duplex occurred during formation of the Gorkha-Pokhara
duplex, and before slip was transferred into the Main Boundary thrust system. Figure
3.13b shows in detail the growth of the north Kathmandu duplex (Plate 2, point 12).
This duplex also accommodates displacement fed into the Trishuli thrust through
growth of the Gorkha-Pokhara duplex.
5. Beneath the Kathmandu nappe, the Main Central thrust sheet has a hanging-wall flat
on footwall flat thrust relationship with the Ramgarh thrust sheet. Similarly, the

(a) Soulhem Kathmandu duplex

(b) Northern Kathmandu duplex
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Figure 3.13. Sequential growth of Lesser Himalayan duplexes underneath the Kathmandu nappe. Slip accommodated by both
duplexes is fed from right to left from the developing Gorkha-Pokhara duplex. Active faults in each time step are shown by
bold, dark lines. Future fault ramps are shown in dashed lines, (a) Southern Kathmandu duplex contains three horses. The
Ramgarh and Main Central thrusts are carried passively in the hanging-wall, (b) Northern Kathmandu duplex contains one
horse. Shear is imparted at the rear of the hanging-wall thrust sheet in order to narrow the ramp-anticline. The Ramgarh and
Main Central thrusts are carried passively in the hanging-wall.
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Ramgarh thrust sheet has a hanging-wall flat on footwall flat thrust relationship with
the underlying Trishuli thrust sheet. This contrasts with a widespread view expressed
in the literature (e.g., Rai et al., 1998; Upreti and Le Fort, 1999; Johnson et al., 2001)
that there is a ramp in the Main Central thrust sheet underneath the Kathmandu
nappe. The simple flat-on-flat relationship has important implications for
understanding the geochronologic, thermochronologic, and
thermobarometricevolution of the fold-thrust belt (see section 3.8.5 for discussion,
and Robinson et al., in press).
6. The sequential growth of the Gorkha-Pokhara duplex is illustrated in Figure 3.14.
The Trishuli thrust is the roof thrust for the duplex, and emplacement of the three
horses fed slip into the Trishuli thrust. This slip is then accommodated by growth of
the north and south Kathmandu duplexes. The geometry at depth of the Ulleri gneiss
in the Trishuli thrust sheet is completely unconstrained. However, the Ulleri gneiss is
mapped in several locations across Nepal (DeCelles et al., 2001; Robinson, 2001;
Pearson, this dissertation - Chapter 4), and it usually occurs as a sill-like intrusion
within the lower part of the Ranimata (the Kuncha equivalent) Formation. This
implies that the Trishuli thrust is close to the surface at the core of the GorkhaPokhara anticlinorium. The second-order folds on the southern margin of the
anticlinorium may be fault-propagation folds, but they may also be small intraformational folds that serve to accommodate shortening within the Kuncha
Formation.

(d) Time 4

(c)Tmie 3

(b) Time 2

(a) Time 1

Figure 3.14. Sequential growth of the GorkhaPokhara duplex. Slip is fed into the duplex along the
Main Himalayan thrust, from right to left. Active fault
surfaces are signified by bold, dark lines. Locations
of future fault ramps are shown by dashed lines, (a)
Time I: the Trishuli thrust is emplaced. The Ramgarh
and Main Central thrust sheets have already been
emplaced, and are now passively riding above the
Trishuli thrust, (b) Time 2; the first horse is inserted
into the duplex. Slip is fed into the base of the
Trishuli thrust (the roof thrust for the duplex), and is
accommodated by the growth of duplexes underneath
the Kathmandu nappe, (c) Time 3: the second horse is
inserted into the duplex. Slip continues to be fed into
the roof thrust, (d) Time 4: the third horse is inserted
into the duplex, and slip is transferred into the Main
Boundary thrust system.

107
7. The Ramgarh and Main Central thrusts are well exposed in Langtang National Park.
Again, bedding and fabric orientations in hanging-wall and footwall rocks of both
thrusts are sub-parallel, which implies hanging-wall flat on footwall flat thrust
relationships. Growth of the Gorkha-Pokhara duplex uplifted and tilted rocks to the
north of the duplex. Stratigraphic, structural, and Nd isotope data from the vicinity of
the Main Central thrust in Langtang National Park suggest that the Main Central
thrust may be a relatively discrete tectonostratigraphic boundary, rather than a broad
(up to 10 km thick) shear zone (Pearson et al., this dissertation - Chapter 2). Reddy
et al. (1993) showed that foliation in Greater Himalayan zone rocks flattens to the
north of the cross-section (Plate 2, point 20). This flattening of dips is likely a related
to the northern termination of the Gorkha-Pokhara duplex.
8. The South Tibetan Detachment system has been mapped (Burchfiel et al., 1992) -20
km to the north of Langtang in southern Tibet (Plate 2, point 21).

3.7. Shortening Estimates
Restoration of the regional balanced cross-section (Plate 2) yields a minimum
estimate for the amount of shortening accommodated by the central Nepal fold-thrust
belt. The cross-section's deformed length is 153 km and the un-deformed length is 641
km; therefore, the total amount of shortening shown in the cross-section is 488 km, or
76% shortening. The true amount of shortening accommodated by the central Nepal
foid-thrust belt is probably significantly more than 488 km for the following reasons; 1)
we did not incorporate any meso- or microscopic strain into the cross-section, and 2)
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accurate restoration of the Main Central, Ramgarh, and Main Boundary thrust sheets is
difficult because all hanging-wall cutoffs have all been eroded.
Shortening is partitioned between the fold-thrust belt's main thrust sheets as
follows:
1) The Main Central thrust system has accommodated a minimum of 161 km of
shortening, which is equal to the length of the undeformed Ramgarh thrust sheet. It is
impossible to know the true amount of shortening that has been accommodated by the
Main Central thrust system, as the nature and location of the pre-Himalayan boundary
between Greater and Lesser Himalayan rocks are unknown. Early balanced crosssections through the Himalayan fold-thrust belt (Schelling and Arita, 1991; Schelling,
1992; Srivastava and Mitra, 1994) treated Greater Himalayan rocks as Indian
basement, and so restored them to a structural level below Lesser Himalayan zone
rocks. Recent evidence from detritai zircons (Parrish and Hodges, 1996; DeCelles et
al, 2000) and Nd isotopes (Parrish and Hodges, 1996; Whittington et al., 1999;
Ahmad et al., 2000; Robinson et al., 2001; Huyghe et al., 2001) shows, however, that
Greater Himalayan rocks are younger than Lesser Himalayan rocks, and therefore
cannot be Indian basement. We have restored Greater Himalayan zone rocks to a
minimum northward structural position along the Main Himalayan thrust, similar to
the approach taken by DeCelles et al. (2001) and Robinson (2001), as this has the
effect of minimizing total shortening.
2) The Ramgarh thrust accommodated 193 km of shortening. It is interesting to note
that the Main Central thrust is usually cited as the structure that has accommodated
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the largest amount of shortening in the fold-thrust belt. However, our cross-section
suggests that the Ramgarh thrust may have accommodated an amount of shortening
similar to that of the Main Central thrust. Cross-sections from western Nepal
(DeCelles et al., 2001; Robinson, 2001) suggest that the Ramgarh thrust
accommodated similarly large amounts of shortening. For such a far-traveled thrust
sheet, the Ramgarh is remarkably thin. However, during translation on the Ramgarh
thrust, the Ramgarh thrust sheet was overlain by the thick Main Central thrust sheet.
This greatly increased the mechanical strength of the Ramgarh thrust sheet.
3) The Lesser Himalayan duplex system (comprised of the Gorkha-Pokhara, and north
and south Kathmandu duplexes) accommodated 112 km of shortening.
4) The Main Boundary thrust system accommodated --10 km of shortening.
5) The Main Frontal thrust system has thus far accommodated ~ 12 km of shortening.
Plate tectonic reconstructions suggest that there has been -2500 ± 900 km of postcollision convergence between India and Eurasia (Patriat and Achache, 1984; Besse et
al., 1984). Of this amount, -800 to ~1200 km of shortening has been accommodated by
the Himalayan fold-thrust belt between the Indus-Yalu suture and the Main Frontal thrust
(see summary in DeCelles et al., 2001). Ratschbacher et al. (1994) calculated that the
fold-thrust belt in Tibetan zone rocks accommodated ~ 135 km of shortening from the
Indus-Yalu suture to the Main Central thrust. Combining our shortening estimate for
central Nepal with that of Ratschbacher et al. (1994) yields -623 km of shortening
between the Indus-Yalu suture and the Main Frontal thrust. The discrepancy between our
estimate and that suggested by plate tectonic reconstructions is likely the result of several
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factors: I) our estimate does not incorporate meso- or microscopic strain, 2) hanging-wall
cutoffs of the Main Boundary, Ramgarh, and Main Central thrust sheets are eroded, 3)
other structures that accommodate significant shortening within Greater Himalayan zone
rocks (e.g., Grujic et al., 2002) that have not yet been identified (possibly within Greater
Himalayan zone rocks) may accommodate significant shortening.
Table 3.2 summarizes published shortening estimates from elsewhere in the
Himalayan fold-thrust belt. The magnitude of shortening we calculate for central Nepal
appears similar to that suggested for western Nepal (DeCelles et al., 2001; Robinson
2001), and the Kumaon and Garhwal regions of India (Srivastava and Mitra, 1994). The
shortening estimates of Schelling and Arita (1991) and Schelling (1992) for eastern Nepal
are significantly lower than those for central and western Nepal. To a large extent, this is
due to the fact that Schelling and Arita (1991) did not recognize the Ramgarh thrust in
eastern Nepal. However, recent mapping (Pearson, this dissertation - Chapter 4)
confirms the presence of the Ramgarh thrust in eastern Nepal, and so the shortening
estimates obtained by Schelling and Arita (1991) and Schelling (1992) are probably too
low.

3.8. Kinematic Evolution
A comprehensive picture of the kinematic evolution of the central Nepal foldthrust belt can only be ascertained through the integration of several datasets. In the
following discussion, we focus on Neohimalayan (Early Miocene to present; Hodges,
2000) deformation, as rocks that were primarily deformed during earlier phases of the

TABLE 3 2 COMPILATION OF SHORTENING ESTIMATES FOR THE HIMALAYAN FOLD-THRUST BELT
Authors
Location
Coward and Butler (1985)
Pakistan
Searle et al. (1997)
India: Zanskar and Ladakh
Srivaslava and Mitra (1994) India: Kumaon and Garhwal
Murphy and Yin (2000)
China: Mt. Kailas region
DeCelles et al. (2001)
Far western Nepal
Ratschbacher et al. (1994)
China: central Tibet
Schelling and Arita (1991)
Eastern Nepal
Schelling(1992)
Eastern Nepal
Western Nepal (Api)
Robinson (2002)
Western Nepal (Chainpur)
Western Nepal (Simikot)
Pearson et al. (this study)
Central Nepal

Northern Structural Boundary

Southern Structural Boundary Shortening Estimate
Main Mantle thrust
Main Frontal thrust
470 km
Indus-Tsangpo Suture
Main Mantle thrust
150-170 km
South Tibetan Detachment System
Man Frontal thrust
354-421 km
Indus Suture
South Tibetan Detachment System
176 km
South Tibetan Detachment System
Main Frontal thrust
418-493 km
Indus Suture
Main Central thrust
133-139 km
South Tibetan Detachment System
Main Central thrust
45-70 km
Main Central thrust
Main Frontal thrust
210-280 km
South Tibetan Detachment System
Main Frontal thrust
601-674
South Tibetan Detachment System
Main Frontal thrust
563-624
South Tibetan Detachment System
Main Frontal thrust
711-796
South Tibetan Detachment System
Main Frontal thrust
488
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India-Eurasia collision are not present in the study area. It is important to note, however,
that Greater Himalayan zone rocks were tectonically buried by thrust sheets in the
Tibetan Himalaya during Eocene to late Oligocene time (the Eohimalayan events;
Ratschbacher et al., 1994; Hodges, 2000). This burial of Greater Himalayan zone rocks
set up the conditions for Neohimlayan high-grade metamorphism.
In the following sections, we describe constraints on the kinematic history that are
imposed by structural, thermochronologic, thermobarometric, and foreland basin
provenance datasets. We then integrate these constraints into a comprehensive model for
the structural evolution of the fold-thrust belt.

3.8.1. Structural Constraints
Deformation in fold-thrust belts usually progresses from the hinterland toward the
foreland (e.g., Dahlstrom, 1969; Boyerand Elliot, 1982). A large, multidisciplinary
dataset indicates that this is true for the Himalayas; the major thrust systems are
progressively younger from north to south toward the Indian foreland. Because hangingwall and footwall cutoffs for the major thrust sheets have either been eroded or are not
exposed, structural constraints on the sequential evolution of the central Nepal fold-thrust
belt are largely based upon established fold-thrust belt rules (e.g., Boyer and Elliot,
1982).
Based upon fold-thrust belt rules and the regional balanced cross-section (Plate 2),
we suggest the following general sequence of deformation for the central Nepal foldthrust belt.
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1. Deformation within Greater Himalayan zone rocks: Deformation that accotiimodates
layer-parallel shortening within a thrust sheet commonly predates bulk translation of
the sheet (e.g., Nickelsen, 1972). The oldest structure shown in the cross-section is
the fault-propagation fold (Plate 2, point 6) on the southern flank of the Kathmandu
nappe. Fault-propagation folds are common in frontal portions of fold-thrust belts
(Boyer and Elliot, 1982); therefore, this structure likely formed when the foreland
was located within Greater Himalayan zone rocks (i.e., before emplacement of the
Main Central thrust sheet).
2. Emplacement of the Main Central thrust sheet: A long flat of Greater Himalayan
zone rock was emplaced by the Main Central thrust upon a long flat of lower Lesser
Himalayan zone rock. The Main Central thrust must have eventually ramped upsection through the entire Lesser Himalayan sequence, therefore carrying both
Greater and Lesser Himalayan zone rocks in its hanging-wall. However, all Lesser
Himalayan zone rocks in the hanging-wall have been completely eroded. The Main
Central thrust sheet lies structurally above the Ramgarh thrust in a flat-on-flat thrust
relationship, which suggests that emplacement of the Main Central thrust sheet must
predate that of the Ramgarh thrust sheet. Additionally, the Main Central thrust sheet
is concordantly folded by the Gorkha-Pokhara duplex, which means that the Main
Central thrust is the older of the two structures.
3. Emplacement of the Ramgarh thrust sheet: A long hanging-wall flat of lowermost
Lesser Himalayan zone rocks was next thrust southward along the Ramgarh thrust.
As the Ramgarh thrust lies structurally below the Main Central thrust sheet, it is the
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younger of the two structures. The Ramgarh thrust sheet is also concordantly folded
by the Gorkha-Pokhara duplex, so emplacement of the thrust sheet must have
occurred before duplex growth.
4. Emplacement of the Trishuli thrust sheet: Displacement was next transferred to the
Trishuli thrust. Because the Trishuli thrust sheet lies structurally below the Ramgarh
thrust sheet, it is the younger of the two structures. Insertion of horses into the
Gorkha-Pokhara duplex, for which the Trishuli thrust is the roof thrust, later folded
the Trishuli thrust sheet.
5. Growth of the Lesser Himalayan duplexes: Following emplacement of the Trishuli
thrust sheet, three horses consisting of the Kuncha and Fagfog Formations were
inserted into the Gorkha-Pokhara duplex. Slip from the first two horses was fed into
the Trishuli thrust, which became the roof thrust for the duplex. A portion of this
displacement was accommodated through growth of the south and north Kathmandu
duplexes (Plate 2, points 9 and 12). The north Kathmandu duplex presumably grew
before the south Kathmandu duplex, but there is no constraint on the relative timing
of the duplexes.
6. Emplacement of the Main Boundary thrust sheet: As the last horse was inserted into
the Gorkha-Pokhara duplex, slip was transferred to the Main Boundary thrust. Unlike
horses within the Gorkha-Pokhara duplex, the Main Boundary thrust does not contain
lowermost Lesser Himalayan rocks (the Kuncha and Fagfog Formations). This
suggests that the Main Boundary thrust became active after growth of the Lesser
Himalayan duplexes.
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7. Emplacement of the Main Frontal thrust sheet: Displacement was next transferred to
the Main Frontal thrust system, which is currently active (Lave and Avouac, 2000).
Two faults (the Main Dun and Main Frontal thrusts) reach the surface, and it is likely
that ongoing shortening is being transferred to blind-thrusts that extend farther south
into the Indo-Gangetic foreland.

Many workers (e.g., Rai et al., 1998; Upreti and Le Fort, 1999; Johnson et al.,
2001; Copeland et al., in press) have proposed structural models for the evolution of the
central Nepal fold-thrust belt. These models are similar in many aspects (a progression
of displacement from the Main Central thrust to the Main Boundary thrust to the Main
Frontal thrust) to the one outlined above, yet there are important structural differences
that can be placed into four general categories.
1. Previous workers have not recognized the presence of the Ramgarh thrust, although
Upreti and Le Fort (1999) and Johnson et al., (2001) suggested the possibility of
ductile thrusts below the Main Central thrust. Figure 8 from Johnson et al., (2001)
shows a thrust underneath the Main Central thrust in precisely the same location that
we place the Ramgarh thrust.
2. In general, other models do not recognize the flat-on-flat relationship between the
Main Central thrust and footwall Lesser Himalayan zone rocks. The cross-sections of
Rai et al. (1998), Upreti and Le Fort (1999); Johnson et al. (2001), and Copeland et
al. (in press) clearly show the Main Central thrust as a hanging-wall ramp.
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3. Other models minimize the importance of duplex growth on the large-scale structural
geometry of the fold-thrust belt. Synclinal folding of the Kathmandu nappe is usually
attributed entirely to deformation along the Main Boundary thrust, and the steep dip
of Greater Himalayan zone rocks in the high Himalayas is seen as a primary feature
of displacement along the Main Central thrust.
4. Many models suggest a significant out-of-sequence event along the Main Central
thrust system (e.g. Macfarlane et al., 1992; Hodges et al., 1996; Rai et al., 1998;
Upreti and Le Fort, 1999; Catlos et al., 2001). Although we do not discount the
possibility of out-of-sequence thrusting in central Nepal, we argue that it is not
necessary to invoke large out-of-sequence thrust events in order to create the
structural geometry currently exposed (see also Robinson et al., in press).

3•8.2. Thermobarometric and Thermochronologic Constraints
Thermobarometric or thermochronologic data provide additional constraints on
the kinematic history of the Himalayan fold-thrust belt in central Nepal. Although the
following discussion relies on previously published work from within the study area, it is
important to note that datasets from the adjacent Annapuma and Everest areas have
similar general characteristics to those discussed below.

3.8.2.1. Thermobarometric Constraints
Analyzing different thermobarometric datasets can be problematic, because
workers use varying thermometers, barometers, calibrations, solution models, and
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analytical techniques. Additionally, some authors do not include detailed descriptions of
the stratigraphic units and sample locations, which hamper placing the data in a structural
context. There is also considerable uncertainty regarding how pressure and temperature
data relate to thrusting, and whether they represent peak metamorphic conditions or those
of final equilibration (Macfarlane, 1995). We summarize existing thermobarometric data
from the Kathmandu area of central Nepal (Inger and Harris, 1992; Macfarlane, 1995;
Rai et al., 1998; Fraser et al., 2000; Johnson et al., 2001) in order to gain broad insight
into the maximum depth to which thrust sheets were buried.
Thermobarometric data from the Langtang area are summarized in Table 3.3.
Before discussing the data from Langtang, it is important to note that contrary to previous
workers, Pearson et al. (this dissertation - Chapter 2) did not recognize a broad Main
Central thrust shear zone at Langtang. We have therefore modified the structural context
of the data from the Inger and Harris (1992), Macfarlane (1995), and Fraser et al. (2000)
studies to be consistent with the structural interpretation of Pearson et al. (this dissertation
- Chapter 2). Figure 3.15 is a pressure vs. temperature plot for Lesser Himalayan rocks
within the Trishuli and Ramgarh thrust sheets at Langtang. Although interpretation is
complicated by the different datasets, the data suggest that the both the Trishuli and
Ramgarh thrust sheets experienced pressures ranging firom -750 to ~1150 MPa.
Temperatures in the Ramgarh thrust sheet may have been slightly higher (~575 to
~700°C) than those in the Trishuli thrust sheet (~525 to ~625°C). Figure 3.15 is a
pressure vs. temperature plot for Greater Himalayan rocks <5.5 km structurally above the
Main Central thrust (we only show data for part of the section in order to meaningfully
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TABLE 3 3: COMPILATION OF THERMOBAROMETRIC DATA FOR THE LANGTANG AREA
Tectonic Distance Above THERMOCALC*
THERMOCALC*
GASP-GARB'
GMPB-GARB'
Unit"
MCT (km)'
Pressure
Temp.
Pressure
Temp.
Pressure
Temp.
Pressure
Temp.
(MPa)
CO
(MPa>
CO
(MPa)
CO
(MPa)
CO
Lesser Himalavan Zone Rocks
890=260 602=58
971=270 601=130
L7a(M)
LH-TT
-2.2
880=220 602=58
L52a(.M)
962x160 530=70
LH-TT
-1.3
910=280 622=66
LI7{M)
806x110 523=50
LH-TT
-1.2
1100=170 520x70
SDF3(I)
LH-TT
-1.0
L58b (M)
-O.S
LH-TT
950x220 555=80
652=100
L18a(M)
•0.7
LH-TT
930=480 692=238
-0.6
LG10(n
LH-RT
890=400 574x194 1181x210
LI03a(M)
-0.3
LH-RT
o
L0209 (R ) LH-TT?
750x150 566x136
745x136 530=64
532=58
L0214(R ) LH-TT?

Sample
Number*

1

Lower Greater Himalavan Zone Rocks
L63 (M)
GH-MCT
0.0
SDFll (1)
0.0
GH-MCT
LG37 (F)
GH-MCT
0.3
LG35 (F)
GH-MCT
II
LG36(F)
GH-MCT
I .I
L67(M)
GH-MCT
1.3
LG15(F)
1.7
GH-MCT
L71a(M)
1.7
GH-MCT
SSM4(I)
GH-MCT
1.8
SSM6(I)
GH-MCT
1.9
SSM7 (1)
GH-MCT
2.0
L48 (M)
GH-MCT
2.1
L20a(M)
GH-MCT
2.5
L73a(.M)
GH-MCT
2.5
L21 (M)
GH-MCT
3.0
L22 (M)
GH-MCT
3.1
L22a (M)
GH-MCT
3.1
LI42(M)
4.2
GH-MCT
SSM8 (1)
GH-MCT
4.2
4.8
L:5 (M)
GH-MCT
LG23(F)
GH-MCT
5.2
L26 (M)
GH-MCT
5.5

950=240
84(h:180

1105=230 633=110

627x60

760x60
980=300 663=50
1010=200 669=32
830=220 638=32
887x220 615x120

830=150
990x100
8103:90

880x90

950x220
820=220

660=44
641=44

910=280
780=260

646=74
623=74

690=240

625=46

780=300
930=360
790±300
600=260
690=280

680x80
763x82
667=54
664=64
651=66

881=130

646=70

854=110

645=70

620x47
700x30
734x35

780=30

882x90
843=150
822x190 931x110 810x180
728x230
645=180 599x100 635=160
691x200 601x120 681=180
694x140

600=50
637x80
658=100
625=140
598=90
601x120
630=100

663=150

581=80

647=130

581=80

673x160

599x90

627x150

597x90

I Jpper Grealer Himalavan Zone Rock.s
650x260 644x60 611x230 657x120 624x200 658=110
L17I (M)
GH-MCT
5.9
SRM4(I)
GH-MCT
6.9
420x100 662=37 620x260 726=86
850=320 720=76
LG26(F)
GH-MCT
7.2
740x260 679x64
LG28 (F)
7.6
GH-MCT
400=90
566=30
SLM6(I)
GH-MCT
8.6
768=30 770x1120 727x306
640=20
SLM2(I)
9.8
GH-MCT
540=240 641=60
LG29 (F)
GH-MCT
10.0
560=240 643=64
LG31 (F)
10.1
GH-MCT
LM207(I) GH-MCT
560x40
760x30
10.5
670=30
LM20I (I) GH-MCT
792x30 680=140 664x140
11.0
470=60
SKM3 (1)
751x44
GH-MCT
11.5
LM206 (1) GH-MCT
560t200 762x63
11.5
450=60
767x30
LM208 (I) GH-MCT
12.0
L159(l)
450i:320 640=60 414=200 584=140
GH-MCT
12.1
490=280 640x60 445x310 555x190
LI57(1)
15.7
GH-MCT
"Samples from; (I) = Inger and Harris (1992); (M) = Macfarlane (1995); (R ) = Rai et al. (1998); (F) = Fraser et al. (2000).
•T-H = Lesser Him.; GH = Greater Him.; TT = Trishuli thrust sheet; RT = Ramgarh thrust sheet; MCT = Main Central thrust sheet
'Structural distance firom the Main Central thrust based on mapping by Pearson et aL (this dissertation - Chapter 2).
''Individual authors' reported THERMOCALC values.
"THERMOCALC values from Fraser et al. (2000), includes recalculated data trom Macfarlane (1995) and Inger and Harris (1992)
'GASP=Gamct-Aluminium Silicate-Quaitz-Plagioclase barometen GARB=Gamet-Biotite thermometer.
"GMPB = Gamet-Muscovite-Biotite-Plagioclase barometer.
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Figure 3.15a, b. (a) Pressure vs. temperature for lower Greater Himalayan rocks at
Sypahru. (b) Pressure vs. temperature for Lesser Himalayan Rocks at Syaphru.
I = Inger and Harris (1992); R = Rai et al. (1998); M = Macfarlane (1995);
F = Fraser et al. (2000).
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compare the Langtang section with Greater Himalayan zone rocks within the Kathmandu
nappe). Rocks within a structural distance of ~1 km above the Main Central thrust
experienced pressures and temperatures that range from -800 to ~1100 MPa and -600 to
-TSCC. Pressures and temperatures for the lower ~5.5 km of the Greater Himalayan
sequence range from -600 to -1100 MPa and -600 to -925°C. Macfarlane (1995) noted
the almost complete overlap of P-T conditions at Langtang within Lesser Himalayan and
"MCT zone" (roughly the equivalent of the Ramgarh and lowermost Main Central thrust
sheets) rocks. Higher up in the Greater Himalayan sequence, pressures decrease (Figure
3.16a) but temperatures remain roughly constant (Figure 3.16b) (see Macfarlane (1995)
and Fraser et al. (2000) for discussion). Assuming an average pressure gradient of -27.3
MPa/km, it is likely that rocks in the Trishuli, Ramgarh, and Main Central thrust sheets at
Langtang were buried to depths of-30 to -35 km at some point during metamorphism.
Thermobarometric data from the Kathmandu nappe are sunrmarized in Table 3.4.
Figure 3.17 is a pressure vs. temperature plot for all data from Greater Himalayan rocks
within the nappe. The data from Johnson et al. (2001) are all within a structural distance
of-5.5 km from the Main Central thrust. Although Rai et al. (1998) did not include
detailed sample location information, their Figure 2 suggests that samples were collected
close to the margins of the Kathmandu nappe. Pressures and temperatures of rocks
within - I km above the Main Central thrust range from -900 to -1125 MPa and -525 to
~575°C. Rocks within -5.5 km of the Main Central thrust experienced pressures and
temperatures ranging from -600 to -1300 MPa and -500 to ~625°C. Rocks in the
hanging-wall of the Main Central thrust in the Kathmandu nappe therefore experienced
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Figure 3.16a, b. (a) Pressure vs. structural distance From the Main Central thrust in
Greater Himalayan rocks at Syaphru. (b) Temperature vs. structural distance from the
Main Central thrust in Greater Himalayan rocks at Syaphru. I = Inger and Harris (1992);
M = Macfarlane (1995); F = Fraser et al. (2000).

TABLE 3.4: COMPILATION OF THERMOBAROBETRIC DATA FOR GREATER HIMALAYAN ROCKS OF THE KATHMANDU AREA
Sample
Number"

Tectonic Distance Above THERMOCALC
Unit"
MCT(km)
Presssure Temp.
(MPa)

CO

GMPB-GARB"
Presssure

Temp.

(MPa)

CO

GBr

GBPM'

GHP'

Presssure Temp.

Presssure Temp.

Presssure Temp.

(MPa)

CO

(MPa)

CC)

(MPa)

CO

950±50

578±50

Northem Flank of the Kathmandu Klippe
12.15 (J)

GH-MCT

0.0

II25±50 592±25 1025±50 588±25

13.5 (J)

GH-MCT

0.9

900±50

13.6 (J)

GH-MCT

1.4

1150±50 592±25

12.9 (J)

GH-MCT

1.8

1250±50 587±25

7.8 (J)

GH-MCT

3.4

850±50

10.4b (J)

GH-MCT

4.1

KN443 (R)

GH-MCT

7

KN623 (R )

GH-MCT

KN879 (R)
KN88I (R)
KN299 (R)

537±25

628±25

900±50

537±25

850±50

628±25

1300±50 591±25
859±258

700±60

755±160 604±l00

•}

900±140

672±44

800i:264 643±I44

GH-MCT

•)

830±240 520il30 793±132

521±68

GH-MCT

•}

730±340 508±124 699i:ll2

5I9±76

GH-MCT

•}

874±2I4 588±lOO 790±180

576±64

Southern Flank of the Kathmandu Klippe
22.8A (J)

GH-MCT

3.0

950±50

524±25

800±50

5I8±25

22.8B (J)

GH-MCl

3.0

900±50

508±25

775±50

493±25

25.1 A (J)

GH-MCT

4.1

700±50

493±25

600±50

489±25

25.IB (J)

GH-MCT

4.1

800±50

495±25

700±50

493±25

25.9 (J)

GH-MCT

5.4

650±50

502±25

600±50

500±25

KN274 (R)

GH-MCT

7

740il80 535:tll8 707±II0

536±46

KN863 (R )

GH-MCT

7

720±420 484±194 764±118

476i56

7
KN876(R )
820t200 586±58
GH-MCT
'Letters in parenthesis following the sample number: (J) ^ Johnson ct al. (2001); (R ) ^ Riii et ai. (1998).

""GH-MCT = Greater Himalayan Main Central thrust sheet.
'THERMOCALC values reported by Riii et ai. (1998).
•"Values reported by Rai el al. (1998). GMPB = (iamet-Muscovitc-Biotite-Plagioclase barometer, (iARB - Ciamet-Bioiite thennometer.
'Specific barometers and thermometers reported in Johnson et al. (2001). GBP = Gamet-Biotite-Plagioclase
'Specific baron)eters and thermometers reported in Johnson et al. (2001). GBPM = Garnet-Biotite-Plagioclase-Muscovitc
'Specific barometers and thermometers reported in Johnson et ul. (2001). GHP ^ Ciamet-Homblende-Plagioclase
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slightly lower pressures and temperatures than did rocks in the Langtang area. The lower
values, however, are explained by the fact that during metamorphism, the Main Central
thrust sheet probably dipped toward the hinterland at an angle of ~2 to -4° (similar to the
dip of the current basal decollement), and topography probably dipped -1.5 to -3° toward
the foreland (similar to current topography). Prior to folding of the Main Central thrust
sheet by growth of the Gorkha-Pokhara duplex, Greater Himalayan rocks on the northern
flank of the Kathmandu nappe were -60 km farther toward the foreland than were rocks
in the Langtang area. The combined effects of the topographic slope and the dipping
basal decollement suggest that rocks at Langtang may have been buried -3.6 to -7.3 km
deeper than those in the Kathmandu nappe. These depths correspond to increased
pressures of -100 to -200 MPa. Based upon the thermobarometric data, it is reasonable
to argue that Greater Himalayan rocks of the Kathmandu nappe were buried to depths of
-30 km, and can be therefore by restored to the same structural level as those carried by
the fault in the Langtang area.
Johnson et al. (2001) argued that pressures and temperatures (Figure 3.18) were
higher on the northern flank of the klippe (-1100 MPa/-600°C) than on the southern
flank (-800 MPa/-500°C), and suggested on this basis that the Main Central thrust ramps
up-section in it hanging-wall from north to south across the Kathmandu nappe. Whereas
this is an important point, we suggest that the explanation lies in the structural level from
which their samples were collected. Their data from the southern part of the klippe come
from a level higher above the Main Central thrust than do data from the northern flank of
the klippe (see Johnson et al. (2001), Figure 8).

125

6 km
• 25.9

4 km-*

25.1

• 22.8

2 km-

10.4 •
7.8*

\in
13.5«

0 km-l—

South

Main Central thrust 12.15.
North

Figure 3.18a. Thermobarometric data from Greater Himalayan rocks
of the Kathmandu nappe from Johnson et al. (2001). Sample numbers
from Johnson et al. (2001). The approximate structural position
above the Main Central thrust of samples on the northern and
southern flanks of the Kathmandu nappe are plotted. Samples on the
southern flank of the nappe were collected from a higher structural
position than those on the northern flank of the nappe.

126
(b)
1400

1200

1000 "

i

S800

• Northern
Kathiruindu
Nappe

¥
1^600

a

a.

•Southern
Kalhmandu
Nappe

400

200

0.0

1.0

2.0

3.0

4,0

5.0

6.0

Structural Distance From MCT (km)

(c)
700

600 ,

••

500

4-

u
• Northern
Kathmandu
Nappe

3

1CI

3^
I Southern
Kathmandu
Nappe

200

100

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Structural Distance From MCT (km)

Figure 3.18b, c. (b) Pressure vs. structural distance from the Main Central
thrust in Greater Himalayanrocks of the Kathmandu nappe, (c) Temperature
vs. structural distance from the Main Central thrustin Greater Himalayan
rocks of the Kathmandu nappe.

127
Unfortunately, it is unclear how metamorphism relates to the timing of thrusting
along the Main Central thrust. Based primarily on fabric relationships, Inger and Harris
(1992) and Macfarlane (1995) suggested that Greater Himalayan rocks at Langtang
experienced two distinct periods of metamorphism: an early Barrovian-type highpressure, moderate-temperature event, and a later moderate-pressure, high-temperature
event. However, Fraser et al. (2000) noted that these conclusions rely in part on the
assumption that either metamorphism or fabric development was synchronous throughout
the Greater Himalayan section. Fraser et al. (2000) suggested that only the following
broad conclusions regarding the connection between metamorphism and motion along the
Main Central thrust can be drawn: 1) the development of foliation within Greater
Himalayan rocks may be associated with displacement along the Main Central thrust, 2)
final motion along the Main Central thrust must post-date the development of fabric
within Greater Himalayan zone rocks, and 3) near-peak metamorphic conditions persisted
after deformation ended.
In summary, the thermobarometric data from within the study area suggest that at
some point, rocks in the basal part of the Main Central thrust sheet and the trailing edge
of both the Trishuli and Ramgarh thrust sheets were buried to depths between -30 to -35
km. It is likely that peak pressures and temperatures in each thrust sheet were reached
during Barrovian-type metamorphism caused through burial by over-riding thrust sheets.
Development of the metamorphic fabric within each thrust sheet is probably related to
early motion along the faults. Additionally, near-peak metamorphic conditions persisted
after the end of deformation within the thrust sheets.
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3.8.2.2. Thermochronologic constraints
The main thermochronologic dataset available for the Kathmandu area of central
Nepal is that of Copeland et al. (in press). Copeland et al. (in press) obtained 115
•*°Ar/^'Ar cooling ages for muscovite grains within Greater Himalayan rocks of the
Kathmandu and Gosainkund areas. Macfarlane et al. (1992) and Macfarlane (1993)
reported ten "'"Ar/^'Ar cooling ages for muscovite grains in Greater Himalayan rocks of
the Langtang area. Additionally, Harrison et al. (1997, 1999), Catlos et al. (2001), and
Kohn et al. (2001) reported ion-microprobe Th-Pb ages of synkinematic monazites from
central Nepal just west of the current study area.
Figure 3.19 shows the aerial distribution in the Kathmandu region of muscovite
•'°Ar/^^Ar cooling ages, after Copeland et al. (in press). These ages indicate that Greater
Himalayan zone rocks within the Kathmandu nappe passed through a temperature range
of-350 to -400°C (McDougall and Harrison, 1988) between -22 and -12 Ma.
Assuming a geothermal gradient of-25°C/km, this equates to a burial depth of-14 to
-16 km. Copeland et al. (in press) report a few muscovites from Greater Himalayan
rocks in the southern part of the Kathmandu nappe and Lesser Himalayan rocks from the
southern part of the Gorkha-Pokhara anticlinorium did not equilibrate during Himalayan
metamorphism. Therefore, these rocks may not have been buried deeply enough to reset
the ^°Ar/^^Ar clock. Apart from these few pre-Himalayan ages, the oldest ages are -21 to
-22 Ma and occur in Greater Himalayan rocks in the southern limb of the Kathmandu
synform. In general, cooling ages decrease in a northward direction. Ages reach -12 Ma
in the Sheopuri region just to the north of Kathmandu (Figure 3.2), and a minimum of -6
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Ma in the vicinity of the Main Central thrust at Langtang. Ages increase north of the
Main Central thrust. •'°Ar/^^Ar datasets from elsewhere in Nepal also show cooling ages
in the vicinity of the Main Central thrust that are younger (generally late Miocene or
Pliocene) than cooling ages of structurally higher rocks (see Robinson et al. (in press),
and references therein).
The distribution of muscovite "'"Ar/^^Ar cooling ages imposes the following
constraints on Greater Himalayan rocks in the Kathmandu area:
1. Rocks within the Kathmandu nappe cooled through the -350 to ~400°C temperature
range between -22 to -12 Ma.
2. Rocks between the Kathmandu nappe and the Langtang area cooled between -12 to
~6 Ma.
3. Rocks in the proximal hanging-wall of the Main Central thrust at Langtang cooled ~6
Ma. Rocks structurally higher cooled earlier.
4. Rocks at the leading edge of the Main Central thrust sheet may not have been buried
below -14 to ~16 km during the Himalayan orogeny. Similarly, Lesser Himalayan
zone rocks at the leading edge of the Trishuli thrust sheet remained above the -14 to
16 km depth.
Previous workers (e.g., Macfarlane, 1992; Rai et al., 1998; Hodges, 2000; Johnson et al.,
2001; Copeland et al, in press) have suggested that the young cooling ages in the
Langtang area can be explained by a major out-of-sequence thrusting event along the
Main Central thrust. On the other hand, Robinson et al. (in press) proposed an alternate
model in which the young ages are produced through the growth of the Gorkha-Pokhara
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duplex in Lesser Himalayan zone rocks south of the Main Central thrust. Growth of this
duplex caused passive tilting and uplift of all rocks above and on the northern flank of the
duplex (Robinson et al., in press).
Additional thermochronologic constraints come from Th-Pb ages of synkinematic
monazites from the Darondi Khola and Marsyandi Nadi drainages west of the Kathmandu
area (Harrison et al., 1997; Catlos et al., 2001; Kohn et al., 2001). Th-Pb ages of
monazite inclusions in synkinematic garnets record the timing of garnet growth during
burial metamorphism (Harrison et al., 1998). The monazite ages in Greater Himalayan
rocks decrease in a southward direction from ~33 Ma in rocks --20 km above the Main
Central thrust, to -15 Ma in the fault's proximal hanging-wall. Monazites in Lesser
Himalayan rocks structurally below the Main Central thrust also become younger in a
southward direction; monazite ages from rocks up to 7 km south of the Main Central
thrust range from -21 to ~7 Ma, and monazites from -7 to ~20 km south of the fault
range in age from -3.3 to ~8 Ma (Catlos et al., 2001; see also discussion in Robinson et
al., in press). Harrison et al. (1997) and Catlos et al. (2001) suggested that monazite ages
that decrease in a southward direction could be explained through accretion of Lesser
Himalayan rocks into the hanging-wall of the Main Central thrust. This process is
kinematically similar to that of duplex growth (Robinson et al., in press).

3.8.3. Foreland Basin Constraints
Additional insight into the structural evolution of the Himalayan fold-thrust belt
can be obtained through analysis of foreland basin sediments. DeCelles et al. (1998b)
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suggested that sediments in the early Miocene Dumri Formation were derived from a
mixture of Greater Himalayan and Tibetan zone rocks, a conclusion that is supported by
Nd isotope studies (Robinson et al., 2001). Additionally, detrital muscovite ^°Ar/^^Ar
ages from the Dumri Formation indicate that the source terrain cooled through the -350
to ~400'C temperature range during early Miocene time (DeCelles et al., 2001). These
data suggest that emplacement of the Main Central thrust sheet began prior to and
continued during deposition of the Dumri Formation.
Sediment in the middle Miocene, lower Siwalik unit also appears to have been
derived from a combination of Greater Himalayan and Tibetan zone rocks (DeCelles et
al., 1998b). However, sediment that forms the upper part of the lower Siwalik unit and
the middle Siwalik unit was derived from a mixture of Lesser, Greater, and Tibetan
Himalayan zones (DeCelles et al., 1998b). The addition of Lesser Himalayan detritus
into the foreland basin system at ~l 1 Ma is recorded by Nd isotopic analyses of the
Siwalik Group (Robinson et al., 2001) and by a dramatic increase in ^^Sr/^^Sr of paleosol
carbonate at ~I0 Ma (Quade et al., 1997), which suggests that thrust systems carrying
Lesser Himalayan zone rocks became active during the middle Miocene.
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3.8.4. Additional Constraints
Based on fabric analyses and U-Pb ages of zircons and monazites in pegmatites,
Johnson et al. (2001) suggested that deformation and metamorphism in Greater
Himalayan zone rocks within the Kathmandu nappe near Galcchi Bajar was in its later
stages between ~22 and ~18 Ma. Copeland et al. (in press) also dated zircons and
monazites from augen gneisses and pegmatites along the northern flank of the
Kathmandu nappe, and suggested that the main tectonothermal event within the Greater
Himalayan rocks occurred between ~27 and -25 Ma.

3.8.5. Integrated Model
Figure 3.20 shows a kinematic model for the development of the central Nepal
portion of the Himalayan fold-thrust belt. The model satisfies the broad constraints
discussed above. We suggest the following sequence of events:
1. Middle Eocene to Oligocene: Figure 3.20a. A fold-thrust belt developed in rocks of
the Tibetan zone, to the north of the study area (Searle, 1986; Ratschbacher et al.,
1994). This deformation buried Greater Himalayan rocks to depths of ~30 km,
causing Barrovian metamorphism.
2. Late Oligocene to early Miocene: Figure 3.20b. During this time period,
deformation occurred within Greater Himalayan zone rocks, and the Main Central
thrust sheet was emplaced. Emplacement of the Main Central thrust beginning by the
early Miocene is supported by the "'^Ar/^'Ar cooling ages for muscovites within me
Kathmandu nappe (as the Main Central thrust sheet was emplaced above the Ramgarh
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thrust sheet, rocks in the hanging-wall cooled through the -350 to ~400°C
temperature range). An early Miocene date is also supported by the initial appearance
of Greater Himalayan detritus in the Dumri Formation. Based upon work elsewhere
in Nepal, other authors have suggested an early Miocene time for displacement along
the Main Central thrust (Hubbard and Harrison, 1989; Harrison et al., 1992; Hodges
et al., 1996; Coleman, 1996). It is also possible, however, that displacement along the
Main Central thrust may have begun in the late Oligocene (Guillot, 1999). Copeland
et al. (in press) also suggested that the Greater Himalayan zone rocks on the northern
flank of the Kathmandu nappe were deforming during the late Oligocene. During
emplacement of the Main Central thrust, footwall rocks in the northern part of the
Ramgarh thrust sheet were buried to depths of -30 km.
3. Middle Miocene: Figure 3.20c. Displacement was transferred from the Main Central
thrust to the Ramgarh thrust during the Middle Miocene. Motion on the Ramgarh
thrust likely occurred between ~15 and ~11 Ma. The older age constraint comes from
western Nepal, where the Ramgarh thrust sheet overlies the Dumri Formation
(DeCelles et al., 2001), and the younger age comes from conventional and isotopic
provenance data from the foreland basin system, which records the initial influx in the
foreland basin of Lesser Himalayan detritus at ~11 Ma (Quade et al., 1997; Robinson
et al., 1998; Robinson et al. 2001). Greater Himalayan zone rocks were passively
carried by the Ramgarh thrust, and those currently in the northern limb of the
Kathmandu synform cooled through the -350 to ~400°C temperature range. Rocks in
the trailing edge of the Trishuli thrust sheet were buried to depths of -30 km.
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However, rocks in the leading edge of the Trishuli thrust sheet were only buried to
depths of ~I6 km. These rocks must have remained at this depth for a relatively short
period of time, as some samples of Lesser Himalayan rocks from the southern flank
of the Gorkha-Pokhara anticlinorium record pre-Himalayan ^°Ar/^^Ar cooling ages
(Copeland et al., in press; Copeland, unpublished data).
4. Late Miocene: Figure 3.20d. The Lesser Himalayan duplex system grew during the
late Miocene. Because the Gorkha-Pokhara duplex folded the Ramgarh and Main
Central thrusts, its growth must postdate displacement along the Ramgarh thrust. As
the duplex grew, it continued to uplift Greater Himalayan rocks above and to the
north of the duplex, cooling them through the -350 to ~400'C temperature range. As
each horse was inserted into the duplex, footwall rocks were buried, which produced
the trend of southward-younging metamorphic ages observed by Harrison et al.
(1999), Catios et al. (2001) and Kohn et al. (2001). Duplex growth ended -6 Ma, the
age of the youngest "'"Ar/^'Ar cooling ages.
5. Pliocene to Present: Figure 3.20e. Displacement was transferred from the Lesser
Himalayan duplex system to the Main Boundary thrust system beginning in the latest
Miocene. The Main Boundary thrust in the study area cuts the middle Siwalik unit,
and -30 km west of the study area in the Bagmai Khola, it cuts through the
lowermost upper Siwalik unit (Lave and Avouac, 2000). Therefore, motion on the
Main Boundary thrust must postdate earliest deposition of the upper Siwalik unit
(estimates for the oldest age of the upper Siwalik unit range from -2.5 Ma to 4.1 Ma;
Quade et al., 1995; Appel et al., 1991; Roesler et al., 1997). Displacement was next
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transferred to the Main Frontal thrust system. The Main Frontal thrust system is
currently active, as faults within the system cut Quaternary syntectonic conglomerates
(Powers et al., 1998; Wesnousky et al., 1999) and have folded Holocene fluvial
terraces (Lave and Avouac, 2000).

3.9. Conclusions
I. The central Nepal portion of the fold-thrust belt consists of five main structural
elements. These are the Main Central thrust, the Ramgarh thrust, the Lesser
Himalayan duple.x, the Main Boundary thrust, and the Main Frontal thrust systems.
The Main Central thrust system places Greater Himalayan zone rocks above Lesser
Himalayan zone rocks of the Ramgarh thrust sheet, and was active from the late
Oligocene to early Miocene. The Ramgarh thrust was active during the middle
Miocene, and places lowermost Lesser Himalayan zone rocks above stratigraphically
higher Lesser Himalayan zone rocks. Three Lesser Himalayan duplexes grew during
the late Miocene. Growth of the large Gorkha-Pokhara duplex folded the overlying
Ramgarh and Main Central thrust sheets, tilted rocks in the Langtang area to their
current steep orientation, and folded the northern limb of the Kathmandu nappe. The
Main Boundary thrust became active in the latest Miocene, and placed Lesser
Himalayan zone rocks of the lower Nawakot unit above Subhimalayan zone rocks.
The Main Frontal thrust system is currently active, and places Subhimalayan zone
rocks above modem sediments of the Indo-Gangetic foreland basin system.
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2. The fold-thrust belt in central Nepal has accommodated a minimum of 488 km of
shortening between the South Tibetan Detachments system and the Main Frontal
thrust. The Main Central and Ramgarh thrusts have accommodated the majority of
this shortening.
3. We have presented a kinematic model for the sequential structural evolution of the
central Nepal fold-thrust belt. The model broadly integrates structural, thermal, and
foreland basin provenance constraints.
4. The kinematic model we present is very similar to ones proposed by DeCelles et al.
(2001), Robinson et al. (2001, in press), and Robinson (2001) for the structural
evolution of the western Nepal portion of the fold-thrust belt. It seems likely
therefore, that with minor modifications, this model may be applicable to other parts
of the Himalayan fold-thrust belt.
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CHAPTER 4:
STRUCTURAL GEOLOGY AND REGIONAL TECTONIC SIGNIFICANCE OF
THE RAMGARH THRUST, HIMALAYAN FOLD-THRUST BELT OF NEPAL
Ofori N. Pearson and Peter G. DeCelles
Department of Geosciences, The University of Arizona, Tucson, AZ 85721

Abstract
In terms of volume, rocks of the Lesser Himalayan tectonostratigraphic zone form
the bulk of the Himalayan fold-thrust belt in Nepal. Recent research shows that
considerable structural complexity exists within these rocks, yet most syntheses and
models of the fold-thrust belt's evolution focus only on the importance of the Main
Central, Main Boundary, and Main Frontal thrusts. Detailed mapping across Nepal has
revealed the existence of the Ramgarh thrust, which carries a large, far-traveled thrust
sheet of Lesser Himalayan zone rocks. The Ramgarh thrust is a regional structure that
can be traced for more than 1000 km across Nepal and in the adjacent Kumaon region of
northern India. Minor details notwithstanding, the structural characteristics of the
Ramgarh thrust sheet remain relatively consistent along the length of the fold-thrust belt
in Nepal. The Ramgarh thrust always carries rocks of the lowermost Lesser Himalayan
zone, and is always found in the proximal footwall of the Main Central thrust. Because
the Ramgarh thrust accommodates a magnitude of shortening similar to that
accommodated by the Main Central thrust, recognition of the fault has important
implications for understanding the structural evolution of the fold-thrust belt. Most
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importantly, the presence of the Ramgarh thrust demonstrates the need to view the
Himalaya fold-thrust belt as an orogenic system that consists of many structural elements
acting together to accommodate shortening imposed by India's continuing subduction
beneath Eurasia.

4.1. Introduction
The Himalayan-Tibetan Plateau orogenic system is the most dramatic
physiographic features on Earth (Figure 4.1). The Himalayan front rises abruptly from
elevations of ~100 m on the Indo-Gangetic plane, to over 8000 m along the crest of the
range. North of the Himalayan front, the Tibetan Plateau extends for -1000 km at an
average elevation of >5000 m.
In terms of volume, the bulk of the Himalayan fold-thrust belt in Nepal consists of
rocks from the Lesser Himalayan tectonostratigraphic zone (Figure 4.2; see balanced
cross-sections in Schelling and Arita, 1991; Schelling, 1992; DeCelles et al., 2001;
Robinson, 2001; Pearson et al., 2001a; Pearson et al., this dissertation - Chapter 3).
These rocks lie between the Main Central and Main Boundary thrusts, and their structural
and stratigraphic relationships remain sparsely documented; notable exceptions are in farwestern Nepal (DeCelles et al., 2001; Robinson, 2001); in the Kathmandu area of central
Nepal (Pearson et al., 2001a; Pearson et al., this dissertation — Chapter 3); and in the
Kumaon region of northern India (Valdiya, 1980; Sinha, 1981; Srivastava and Mitra,
1994, 1996). These studies document significant structural complexity in Lesser
Himalayan zone rocks, which suggests that the rocks have accommodated a large amount
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of tectonic shortening. In far-western and central Nepal and the Kumaon region of India,
workers have described a large duplex (the Lesser Himalayan duplex) and a major thrust
fault (the Ramgarh thrust) in Lesser Himalayan zone rocks (Srivastava and Mitra, 1994;
DeCelles et al., 1998b; DeCelles et al., 2001; Robinson, 2001; Pearson et al., 2001a, b;
Pearson et al., this dissertation - Chapter 3).
In spite of published descriptions of the Ramgarh thrust that suggest it is one of
the most important structural elements in the Himalayan fold-thrust belt (Srivastava and
Mitra, 1994; DeCelles et al., 1998a, 2001; Robinson, 2001; Robinson et al., 2001;
Pearson et al., 2001a, b), the fault remains largely obscure and has not been incorporated
into any thermotectonic models of the Himalaya. Published models (e.g., Hodges et al.,
1996; Harrison et al., 1997, 1998; Ganguly et al., 2000; Johnson et al., 2001; Catlos et al.,
2001; Kohn et al., 2001; many others) focus on the activation (and reactivation) of three
major south-vergent thrust faults: the Main Central, Main Boundary, and Main Frontal
thrusts. The Ramgarh thrust has garnered little attention from geologists in part because
the chronostratigraphy of Lesser Himalayan zone rocks is poorly known, and major
structures within the zone are difficult to recognize.
In this paper, we provide a systematic description of the Ramgarh thrust at seven
localities across the Himalayan fold-thrust belt in Nepal, including stratigraphic
relationships and deformation characteristics of both hanging-wall and footwall rocks.
Minor details notwithstanding, the stratigraphic and structural characteristics of the
Ramgarh thrust remain remarkably consistent along the >800 km length of the fold-thrust
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belt in Nepal. This information provides a basis for a discussion of the Ramgarh thrust in
terms of its role in the structural evolution of the fold-thrust belt.

4.2. Tectonic Setting

The Himalayan fold-thrust belt formed in response to the collision between India
and Eurasia that began during latest Paleocene to early Eocene time (Beck et al., 1995;
Pivnik and Wells, 1996; Najman and Garzanti, 2000). The Indus-Yalu suture zone in
southern Tibet marks the boundary between the Indian and Eurasian plates, and bounds
the fold-thrust belt to the north (Yin and Harrison, 2000). Supracrustal rocks from the
northern margin of the Indian craton have been thrust southward in response to India's
continuing subduction underneath Eurasia (Powell and Conaghan, 1973; Coward and
Butler, 1985; Mattauer, 1986), creating the Himalayan fold-thrust belt. Deformation in
the fold-thrust belt has propagated in a southward direction; structures in the northern
part of the fold-thrust belt are generally older than those in the south. The fold-thrust belt
is bounded to the south by the Indo-Gangetic foreland basin system, which developed in
response to crustal thickening, and onlaps the northern margin of the Indian craton
(Lyon-Caen and Molnar, 1985; Burbank et al., 1996).

4.3. Regional Geology
The Himalayan fold-thrust belt in Nepal consists of four tectonostratigraphic
zones separated by major fault systems (Heim and Gansser, 1939). From south to north,
these are the Subhimalayan, Lesser Himalayan, Greater Himalayan, and Tibetan
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Himalayan zones (Figure 4.2). The fault systems that separate these rock packages are
the Main Frontal, Main Boundary, and Main Central thrusts, and the South Tibetan
Detachment system. This section contains brief descriptions of the ages and general
lithological characteristics of each tectonostratigraphic zone. Although the bulk
characteristics of the tectonostratigraphic zones are relatively similar along much of the
Himalayan arc (Gansser, 1964, 1991; Valdiya, 1980), there is significant lithological
variation across Nepal in rocks carried by the Ramgarh thrust; more detailed, site-specific
descriptions will therefore be given in subsequent sections.
The southernmost tectonostratigraphic zone is the Subhimalayan zone. Rocks of
the Subhimalayan zone are currently being thrust over modem sediments of the IndoGangetic foreland basin by the Main Frontal thrust system. The Subhimalayan zone is
made up of the Middle Miocene to Pleistocene (Tokuoka et al., 1986; Harrison et al.,
1993; Quade et al., 1995; Ojha et al., 2000) Siwalik Group, which consists of
synorogenic sediments that were shed by the rising fold-thrust belt and deposited in the
Himalayas' flexural foredeep (Lyon-Caen and Molnar, 1985; DeCelles et al., 1998a).
The Siwalik Group is unmetamorphosed, and coarsens upward from siltstone and
sandstone to conglomerate. The Main Boundary thrust, which carries Lesser Himalayan
zone rocks, truncates the northernmost exposures of Subhimalayan zone rocks.
The Lesser Himalayan zone consists of an ~10 to 13 km thick succession of
unmetamorphosed sedimentary to greenschist-grade metasedimentary rocks (Upreti,
1996; Pearson et al., this dissertation - Chapter 3). Authors have used several different
stratigraphic schemes to describe the Lesser Himalayan sequence, but with minor
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modifications, we use those advocated by Tater et al. (1984), Shrestha et al. (1984a, b;
1987a, b), Stocklin (1980), and Upreti (1996). Figure 4.3 shows a correlation of Lesser
Himalayan stratigraphic units across Nepal. The Nawakot unit (Upreti, 1996) makes up
the bulk of the Lesser Himalayan zone, and is Paleo- to Meso-Proterozoic in age (Gehrels
et al., 1999; DeCelles et al., 2000). The uppermost portion of the Lesser Himalayan
zone, however, is made up of much younger rocks: the Gondwanan Unit is Permian to
Paleocene in age, and the Eocene Bhainskati and Early Miocene Dumri Formations are
the oldest Himalayan synorogenic sediments. The Lesser Himalayan duplex and
Ramgarh thrust systems are two major structural elements within Lesser Himalayan zone
rocks that have recently been identified in Nepal (DeCelles et al., 1998b, 2001; Robinson,
2001; Pearson et al. 2001a, b, this dissertation - Chapters 2, 3). The Main Central thrust,
which carries Greater Himalayan zone rocks, bounds the Lesser Himalayan zone to the
north.
The Greater Himalayan zone contains high-grade metasedimentary and metaigneous rocks, as well as associated leucogranites (Le Fort, 1975). In central Nepal, the
lower portion of the Greater Himalayan zone is made up of clastic metasedimentary
rocks, the middle part is calcareous, and the upper part consists of augen orthogneiss. UPb ages from Greater Himalayan zone detrital zircons that range from -1700 to ~750 Ma
(Parrish and Hodges, 1996; DeCelles et al., 2000), provide an upper time limit for
deposition of the Greater Himalayan zone protoliths. The Cambrian-Ordovician ages of
the augen orthogneiss provide a younger age limit for Greater Himalayan zone rocks.
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The South Tibetan detachment system is a family of north-dipping normal faults (Burg
and Chen, 1984; Burchfiel et al., 1992) that forms the northern boundary of the Greater
Himalayan zone, and separates these rocks from those of the Tibetan zone.
The Tibetan Himalayan zone consists of Cambrian to Eocene sedimentary rocks
that were deposited on northern India's Tethyan margin (Gaetani and Garzanti, 1991).
Tibetan zone lithologies include shallow- and deep-marine strata as well as rift basalts
and rare alkali granites (Gaetani and Garzanti, 1991; Spring et al., 1993). Tibetan zone
rocks are generally unmetamorphosed, although development of a fold-thrust belt during
middle Eocene to late Oligocene time caused local burial metamorphism in structurally
deep exposures (Coleman, 1996; Searle, 1999).
The Main Central thrust and South Tibetan Detachment system were active
synchronously during the latest Oligocene to early Miocene (Hubbard and Harrison,
1989; Harrison et al., 1992; Hodges et al., 1996; Coleman, 1996). The timing of motion
along the Ramgarh thrust and growth of the Lesser Himalayan duplex system will be
discussed in detail in subsequent sections. The Main Boundary thrust probably became
active during the Pliocene (DeCelles et al., 1998a, 2001), and the Main Frontal thrust is
currently active (Powers et al., 1998; Wesnousky et al., 1999; Lave and Avouac, 2000).

4.4. Overview of the Ramgarh Thrust
The Ramgarh thrust is named for the town of Ramgarh, which lies south of
Almora in the Nainital District of northern India's Kumaon region. The Ramgarh thrust
was first described in Kumaon, and has more recently been recognized in Nepal. Before
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embarking on detailed descriptions of the Ramgarh thrust from locations across Nepal, it
is appropriate to summarize descriptions of the fault in India, and outline the evidence for
the fault's existence in Nepal.

4.4.1. The Ramgarh Thrust in India
Several workers (e.g., Heim and Gansser, 1939; Pande, 1950; Gansser, 1964;
Valdiya, 1980; Srivastava and Mitra, 1994) have described the Ramgarh thrust in
Kumaon. The thrust carries rocks of the Ramgarh Group, which is a suite of quartzporphyry and porphyritic granite that occurs within a succession of phyllite, quartzite,
metasiltstone, and carbonaceous slate (Heim and Gansser, 1939; Valdiya, 1980). The
Munsiari and Almora thrusts, which also carry metasedimentary rocks, bound the
Ramgarh thrust sheet at its top (Valdiya, 1980; Srivastava and Mitra, 1994). Despite the
existence of metasedimentary rocks within the Ramgarh Group, most workers have
viewed the group as crystalline basement rocks. Heim and Gansser (1939) and Gansser
(1964) suggested that Ramgarh Group rocks are part of the crystalline Almora klippe, and
Srivastava and Mitra (1994) suggested that rocks carried by the Ramgarh, Almora, and
Munsiari thrusts originate from crystalline basement below the Lesser Himalayan
sequence. The presence of metasedimentary rocks within the Ramgarh Group, however,
suggests that it does not represent true Indian cratonic basement. Instead, the Ramgarh
Group probably originates from the lowermost part of the Lesser Himalayan sequence.
This observation is supported by Nd isotope studies (Ahmad et al., 2000), which show
that rocks from the Ramgarh Group have ENd(0) values typical of lowermost Lesser
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Himalayan zone rocks (e.g., Parrish and Hodges, 1996; Robinson et al., 2001). The
Ramgarh thrust places the Ramgarh Group above rocks stratigraphically higher in the
Lesser Himalayan zone sequence, usually the Nagthat/Berinag or Blaini Formations
(Valdiya, 1980; Srivastava and Mitra, 1994). Srivastava and Mitra (1994) did not
calculate the amount of displacement accommodated by the Ramgarh thrust, but their
cross-sections suggest that the combined Ramgarh, Munsiari, and Almora thrusts
accommodated at least ~ 180 km of displacement.

4.4.2. Evidence for the Ramgarh Thrust in Nepal
DeCelles et al. (1998b, 2001) noted several structural characteristics of the foldthrust belt in far-westem Nepal that resemble features described in the Kumaon region.
In addition to the Main Frontal, Main Boundary, and Main Cenu-al thrusts, DeCelles et al.
(1998b, 2001) observed that in far-westem Nepal, the Kushma and Ranimata Formations,
which are the lowermost Lesser Himalayan units (Figure 4.3), are commonly thrust above
stratigraphically higher Lesser Himalayan zone rocks. The fault that carries the Kushma
and Ranimata Formations, therefore plays a role that is structurally similar to that of the
Ramgarh thrust of Kumaon (which places the lowermost Lesser Himalayan Ramgarh
Group above the Lesser Himalayan Nagthat/Berinag or Blaini Formations). Additionally,
DeCelles et al. (1998b, 2001) noted that both the far-westem Nepal fault and the
Ramgarh thrust of Kumaon crop out in similar locations in the fold-thrust belt. In
Kumaon, the Ramgarh thmst occurs in the proximal footwall of the Munsiari thrust, and
is likely folded underneath the Almora klippe (Srivastava and Mitra, 1994). In far-
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western Nepal, the fault that carries the Kushma and Ranimata Formations is exposed in
the footwall of the Main Central thrust, and is conformably folded underneath the
Dadeldhura/Kamali klippe, which is the eastward continuation of the Almora klippe
(DeCelles et al., 1998b, 2001). DeCelles et al (1998b, 2001) therefore defined the
Ramgarh thrust in far-western Nepal as the fault system that places greenschist-grade
rocks of the Kushma and Ranimata Formations above less metamorphosed Lesser
Himalayan zone rocks.
Robinson (2001) and Pearson et al. (2001b) have also described the Ramgarh
thrust in far-western Nepal, and DeCelles et al. (2001) suggested that the fault is also
present in central and eastern Nepal. Pearson et al. (2001a, this dissertation - Chapters 2
and 3) have confirmed the presence of the Ramgarh thrust in the Kathmandu region of
central Nepal. In the following sections, we present detailed descriptions of the Ramgarh
thrust from seven locations across Nepal. These descriptions show that the Ramgarh
thrust is a regionally significant structure that has played an important role in the
structural evolution of the Himalayan fold-thrust belt.

4.5. Descriptions of tlie Ramgarh Thrust In Nepal
Over the course of three field seasons, we mapped the Ramgarh thrust in
numerous locations across Nepal. In this section, we provide detailed descriptions of the
fault from seven locations where it is especially well-exposed. From west to east, these
locations (shown in Figure 4.2) are:
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-

the Dhuli area of far-western Nepal

- the Modi Khola and Marsyandi Nadi drainages near Pokhara in central Nepal
-

the Bhainsedobhan, Malekhu-Galcchi Bajar, and Langtang areas in the
Kathmandu region of central Nepal

-

the Tribeni area in eastern Nepal.

Mapping was carried out at scales of 1:25,000, 1:50,000, and 1:63,500, depending on
available topographic maps.

4.5.1. Far-Western Nepal: Dhuli
The best exposure of the Ramgarh thrust in far-western Nepal is near the remote
village of Dhuli, in the northern part of Bajhang district (Figure 4.4). The Ramgarh thrust
sheet at Dhuli is -~2 km thick, and is sandwiched between two of the fold-thrust belt's
major structural elements. To the north, the Ramgarh thrust sheet is bounded by the
Main Central thrust, which carries amphibolite-grade paragneiss and schist of the Greater
Himalayan zone (Formation I), and to the south, the thrust sheet is bounded by the
northenunost horse of a large duplex in Lesser Himalayan zone rocks (Figure 4.4).
The Ramgarh thrust sheet at Dhuli consists of the Kushma and Ranimata
Formations. The Kushma Formation is an ~600 m thick quartzite that is very well
exposed, forming sharp ridges that are largely devoid of vegetation (Figure 4.5). The
Kushma Formation is predominantly a thickly bedded, pure quartz-arenite. Potassiumfeldspar grains are present in minor amounts, but increase in abundance toward the base
of the formation. Muscovite is present in varying amounts throughout the unit.
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Figure 4.5. Photograph of the Ramgarh (RT) and Main Central (MCT) thrusts near
Dhuli. The photograph looks toward the northwest. RN = Ranimata Formation,
KS = Kushma Formation, and GHZ = Greater Himalayan Zone rocks.
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Sedimentary structures present in the quartzite include ripples and planar (Figure 4.6),
trough, and hummocky cross-stratification. The contact between the quartzite and the
overlying Ranimata Formation is sharp and conformable.
At Dhuli, the Ranimata Formation occurs both within the Ramgarh thrust sheet,
and in the footwall of the Ramgarh thrust. Within the Ramgarh thrust sheet, the
Ranimata Formation is -1300 m thick, and is predominantly a chloritic or sericitic
phyllite with a distinctive green color and silky luster. Toward the top of the Ranimata
Formation, near the Main Central thrust, the unit becomes more of a fine- to mediumgrained chloritic schist. Small garnets are abundant throughout the Ranimata Formation,
as are white quartz augen, blebs, and veins. Exposures of the Ranimata Formation are
generally poor, as the unit weathers much more easily than the Kushma Formation, and
thus is heavily vegetated and cultivated. In the footwall of the Ramgarh thrust, the
Ranimata Formation also contains sills of altered diorite (Figure 4.7) and thinly-bedded
carbonate layers.
The Ramgarh thrust is spectacularly exposed in fresh outcrops excavated by the
Seti River, and it is possible to place a finger on the fault surface - a rare occurrence in
the Himalayas (Figure 4.8). As previously mentioned, the Ramgarh thrust places the
Kushma Formation above the Ranimata Formation, which is contained within the
northernmost horse of a large duplex to the south of Dhuli. A tight Z-shaped fold in the
quartzite less than 1 m above the fault surface shows clockwise rotation, implying a topto-the-south sense of motion for the hanging-wall (Figure 4.8). The contact with the
Main Central thrust and Greater Himalayan zone rocks at the top of the Ramgarh thrust
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Figure 4.6. Planar cross-beds in the Kushma Formation at Dhuli The bed of quartzite
on the right of the photograph is the uppermost part of the Kushma Formation. The
layer with the prominent cross-beds is ~ 1 m thick.
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Figure 4.7. Diorite intrusion within the Ranimata Formation. Photograph
is taken in the proximal footwall to the Ramgarh thrust. Note the abundant
quartz blebs and augen in the Ranimata phyllite. Foliation strikes ~1(X)°
(from bottom to top of the photograph) and dips ~60° to the north (right of
the photograph). Rock hammer for scale.
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Figure 4.8. Photographic mosaie of the Ramgarh thrust at Dhuli. KS = Kushma
Formation, RN = Ranimata Formation, and RT = Ramgarh thrust. Note the Z-shaped fold
in the hanging-wall, which indicates clockwise rotation, or a top-to-the-south sense of
shear. Outcrop is located at latitude N29°45'33.0" and longitude E8ri7'28.2". Rock
hammer for scale.
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sheet is not well exposed. However, the location of the Main Central thrust can be
constrained to within ~300 m, between unambiguous outcrops of the Ranimata Formation
and Greater Himalayan zone paragneiss. It is likely therefore, that the Main Central
thrust is a relatively discrete surface, perhaps similar to that observed in central Nepal at
Langtang National Park (see Pearson et al., this dissertation - Chapter 2). The Main
Central thrust at Dhuli does not appear to be a broad shear zone that contains a tectonic
melange or imbricated stack of Lesser and Greater Himalayan zone rocks (e.g.,
Macfarlane, 1992; Hodges, 2000; Kohn et al., 2001).
Bedding and foliation orientations of all rocks, both Lesser and Greater
Himalayan, are remarkably consistent in the Dhuli area (Figure 4.9). The average
foliation orientation in the Ranimata Formation from the footwall of the Ramgarh thrust
strikes 286° and dips toward the north at 48°. Within the Ramgarh thrust sheet, average
bedding of the Kushma Formation strikes 291° and dips north at 52°, whereas average
foliation for the Ranimata Formation strikes 286° and dips 48° to the north. Foliation of
Greater Himalayan zone rocks in the hanging-wall of the Main Cenu-al thrust strike 292°
and dip 54° toward the north. The surface of the Ramgarh thrust is parallel to bedding
and foliation in both the hanging-wall and footwall of the fault. These bedding and fabric
orientations suggest the following two relationships: 1) the Main Central thrust was
emplaced on the Ramgarh thrust sheet in a hanging-wall flat on footwall flat thrust
relationship, and 2) the Ramgarh thrust was emplaced upon the footwall Ranimata
Formation in a hanging-wall flat on footwall flat thrust relationship. Recognition of these
flat-on-flat relationships is critical, as they imply that rocks in the Dhuli area were
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uplifted and tilted to their present steep orientations after emplacement of both the Main
Central and Ramgarh thrust sheets.
The Kushma quartzite in the Ramgarh thrust sheet is an L-S tectonite; lineation
and foliation are especially well developed toward the base of the quartzite in the
proximal hanging-wall of the Ramgarh thrust, and are more poorly defmed toward the top
of the unit. Muscovite grains define lineation, and quartz grains show a strong shape
preferred orientation that defines a continuous foliation (Figure 4.10). This foliation is
generally sub-parallel to original bedding surfaces, but in some locations, intersects it at a
very low angle (~2 - 5°). This low-angle foliation dips toward the north at a slightly
steeper angle than original bedding surfaces, which suggests a top-to-the south sense of
shear. It is possible that the sub-parallel bedding and foliation surfaces formed through
transposition, but with the exception of small Z-folds in the proximal hanging-wall of the
Ramgarh thrust, there is no evidence to support tight isoclinal folding within the Kushma
Formation. Additionally, structural facing directions are always upright and point toward
the north. It is more likely that the foliation developed through progressive simple shear,
in which case the Kushma Formation may have accommodated a large amount of strain.
As the foliation is more pronounced toward the base of the Kushma Formation this
simple shear is probably related to displacement along the Ramgarh thrust.
Microstructures within the Kushma quartzite suggest that deformation within the
Ramgarh thrust sheet occurred at temperatures consistent with upper greenschist- to
lower amphibolite-grade metamorphism. Microstructures typically associated with lowgrade conditions, such as firactures in grains, sweeping undulose extinction, evidence for
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Figure 4.10. Photomicrograph of the Kushma Formation quartzite at Dhuli. Sample is from
~300 m above the Ramgarh thrust, and is cut paralle to lineation and perpendicular to
foliation (left side of photograph is oriented at 190°, right side is 10°, and foliation dips
52° to the north). Width of view is 9 mm. Not the shape preferred orientation of quartz
grains (elongated from top left to bottom right), which defines a continuous foliation.
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pressure solution and redeposition, and deformation lamellae were not observed in thinsection. Instead, the quartzite appears to have been largely recrystallized through a
combination of both grain boundary migration and subgrain rotation processes (Figure
4.11), which are typical of medium- to high-grade (400 - TOCC) conditions (Passchier
and Trouw, 1996). Extensive dynamic recrystallization is also supported by the fact that
the quartzite shows a strong lattice-preferred orientation when viewed under a
microscope with the gypsum plate inserted.
DeCelles et al. (2001) and Robinson (2001) have mapped the Ramgarh thrust in
several other locations in far-western Nepal, and the reader is referred to those works for
additional information.

4.5.2. Central Nepal: Pokhara Region
The Ramgarh thrust also exists in the Pokhara region of central Nepal. In this
section, we present maps of the Ramgarh thrust from the Modi Khola and Marsyandi
Nadi drainages on the south and east flanks of the Annapuma massif (Figure 4.2). In
addition to these two locations, Garzione (unpublished data) has mapped the thrust
farther to the west in the Kali Gandaki drainage, which lies between the Dhaulagiri and
Annapuma ranges.
Before providing descriptions of the Ramgarh thrust, it is important to briefly
discuss the stratigraphy of the Pokhara region. Pecher (1978) mapped Lesser Himalayan
zone rocks in the Annapuma region as the "Midlands Formations, " but his stratigraphic
scheme is of limited use to geologists working with Lesser Himalayan zone rocks.
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Figure 4.11. Photomicrograph of the Kushma Formation quartzite at Dhuli. Sample is from
~250 m above the Ramgarh thrust, and is cut parallel to lineation and perpendicular to
foliation (left side of photograph is oriented at 193% right side is 13°, and foliation dips
43° to the north). Width of view is 9 mm. Subgrain rotation recrystallization (SR) is seen in
mis-oriented grains. Grain boundary migration recrystallization (GBM) is seen in bulging
grain boundaries.
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because it does not account for the significant lithological variation in these rocks.
Colchen et al. (1986) suggested a more detailed stratigraphic scheme based on mapping
of a large portion of central Nepal around the Annapuma range. The Lesser Himalayan
zone stratigraphy of Colchen et al. (1986) is also of limited use, because they did not
account for the structural repetition of stratigraphic units. For example, their "quartzites
de Birethanti," "quartzites basaux," quartzites de Ghandrung," and "quartzites
superieurs" are probably all quartzites of the Kushma Formation. We have adopted the
stratigraphic scheme suggested by Upreti (1996), as it is identical to that used for farwestern Nepal (Figure 4.3).

4.5.2.1. Modi Khola Drainage
The Modi Khola drainage is located on the south flank of the Annapuma massif,
-25 km to the west-northwest of Pokhara (Figure 4.2). Trails leading up the Modi Khola
valley provide access to base camps from which climbers tackle peaks in the Annapuma
range. Unlike far-western Nepal, many workers have mapped in this area, including
Bouchez and Pecher (1976), Arita et al. (1982), Arita (1983), and Hodges et al. (1996).
In the Modi Khola drainage, rocks in the Ramgarh thrust sheet crop out in the
vicinity of the villages of Ghandruk and Chhomron (Figure 4.12). Exposure in the area is
very poor, as vegetation is dense and the rugged terrain usually prevents one from leaving
established trails (Figure 4.13). Although it is much thinner (-150 m thick), the Kushma
Formation is lithologically similar to that described in the Dhuli area of far-westem
Nepal. The unit consists ahnost entirely of a white to pale green, fine- to medium-
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Figure 4.13. Modi Khola, looking North from Chhomron. The peak in
the background is Hiu Chuli (6434 m). Steep hillsides and dense
vegetation hamper mapping in the Modi Khola. Greater Himalayan zone
rocks carried by the Main Central thrust crop out just north of this
location.
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grained quartzite. The quartzite is micaceous in places, and very thin interbeds of
greenish siltite are common. The best exposures of the Kushma Formation occur in the
Kyumnu Khola, near its confluence with the Modi Khola. The quartzite also forms cliffs
on the east bank of the Modi KJiola (Figure 4.14). We did not observe the Kushma
Formation farther upstream in the Kyumnu Khola (at the western edge of the map area),
but its presence is inferred by large quartzite boulders in the streambed. The Kushma
Formation in the hanging-wall of the Ramgarh thrust is intensely strained, and is
structurally similar to exposures in the Dhuli area. In the Kyumnu Khola, the quartzite is
an L-S tectonite and centimeter-size, recumbent, isoclinal folds are present. Another
thrust sheet containing the Kushma and Ranimata Formations occurs in the proximal
footwall of the Ramgarh thrust. This thrust sheet is probably the northernmost horse in a
large duplex of Lesser Himalayan zone rocks; in far-western Nepal, DeCelles et al.
(2001) called the duplex the "Lesser Himalayan duplex," and in central Nepal, Pearson et
al. (2001a; this dissertation - Chapter 3) called it the "Gorkha-Pokhara duplex." The
Ranimata Formation in the footwall of the Ramgarh thrust is also similar to that described
in far-westera Nepal - it is predominantly a greenish chloritic or sericitic phyllite with
abundant white quartz augen, blebs, and veins. Sills of diorite within the Ranimata
Formation also crop out south of the Kyumnu Khola. The Kushma Formation in this
lower thrust sheet is lithologically identical to that described in the Ramgarh thrust sheet.
Additionally, the Ulleri gneiss, which intrudes the Ranimata Formation (DeCelles et al.,
2001; Robinson, 2001), crops out just to the south of the map area. The Ranimata
Formation within the Ramgarh thrust sheet, however, has some significant differences
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Figure 4.14. Cliffs of the Kushma Formation (KS) quartzite in the Modi Khola drainage.
The Ramgarh thrust (RT) occurs at the base of the quartzite. The village in the valley
bottom is Naya Pul. Photograph looks South, and is taken above the Kyumnu Khola.
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from that in the footwall of the fault. The dominant lithology is a chloritic phyllite/schist
with abundant garnet, but in the upper part of the unit near the Main Central thrust, the
phyllite becomes graphitic. Thin layers of dolomite and impure marble also crop out near
the base and toward the top of the Ranimata Formation. Colchen et al. (1986) mapped
these as the "dolomies et calcaires inferieur" and "dolomies et calcaires superieurs."
The Ramgarh thrust sheet lies in the proximal footwall of the Main Central thrust,
which carries amphibolite-grade schist and paragneiss of Formation I in the Greater
Himalayan zone. Poor exposures in the Modi KJiola valley prevent precise location of
the Main Central thrust, and previous workers (e.g., Arita, 1983; Hodges et al., 1996)
have suggested that the Main Central thrust is contained within a broad shear zone. The
presence of the Ramgarh thrust in the Chhomron area has important implications for the
broad shear zone concept, and will be discussed in detail in a subsequent section. Poor
outcrops also preclude a precise location of the Ramgarh thrust; its position is constrained
by the lowest occurrence of Kushma quartzite in the hanging-wall of the fault, and by the
highest exposures of Ranimata phyllite in the fault's footwall.
Bedding and foliation in the proximal hanging-wall of the Main Central thrust,
within the Ramgarh thrust sheet, and also in the footwall of the Ramgarh thrust flatten
slightly to the south, but are generally sub-parallel (Figure 4.15). Lesser Himalayan zone
rocks to the south of the map area flatten hirther still; south of Ghandruk, dips decrease to
sub-horizontal. The mean foliation in Greater Himalayan zone rocks strikes 296° and
dips 32° to the north. Mean bedding and foliation of the Kushma and Ranimata
Formations within the Ramgarh thrust sheet strikes 295° and dips 25° to the north. Mean

173
(a) Greater
Himala)^

Zone

(b) Ramgarh
Thrust

"

Figure 4.15. Equal area stereonet plots of bedding and foliation orientations in the
Chhomron and Ghandnik areas. Mean poles and surfaces are shown in black, (a) Mean
foliation in Greater Himalayan zone rocks is 296732°. (b) Mean bedding and foliation in
the Kushma and Ranimata Formations carried by the Ramgarh thrust is 295725°. (c) Mean
foliation in the Ranimata Formation in the footwall of the Ramgarh thrust is 305718°.
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foliation in the Ranimata Formation in the footwall of the Ramgarh thrust strikes 305°
and dips 18° to the north. These orientations suggest that the Main Central thrust placed
a hanging-wall flat of Greater Himalayan zone rocks on a footwall flat of the Ramgarh
thrust sheet. A hanging-wall flat of the Ramgarh thrust sheet was subsequently thrust
over a footwall flat of the Ranimata Formation. All rocks in the Chhomron area were
uplifted and tilted to their current orientations during the growth of younger structures in
Lesser Himalayan zone rocks to the south.

4.5.2.2. Marsyandi Madi Drainage
The Marsyandi Nadi drains the northern flank of the Annapuma massif, and
forms the eastern boundary to the range. The popular Annapuma trekking circuit starts in
the town of Besi Shahar, which is ~40 km northeast of Pokhara (Figure 4.2), and follows
the course of the Marsyandi Nadi. Rocks of the Ramgarh thrust sheet crop out at the
village of Khudi, which is -6 km north of Besi Shahar (Figure 4.16).
Exposures of the Ramgarh thrust sheet in the Marsyandi Nadi valley are generally
poor. The area is extensively cultivated, and hillsides are covered by dense vegetation.
Additionally, alluvial terraces of the Marsyandi Nadi cover most bedrock exposures in
the valley bottom. In the Khudi area, the Ramgarh thrust carries the Kushma and
Ranimata Formations, as well as a thick package of coarse, crystalline marble. The
Kushma Formation is ~150 m thick, and is a white, fine- to medium-grained quartzite.
The quartzite is not as micaceous as in the Modi Khola drainage, but contains more thin
interbeds of greenish siltite. The Ranimata Formation in the Khudi area is very similar to
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that in the Modi Khola drainage. It is predominantly a greenish chloritic or sericitic
phyllite/schist. In the upper part of the unit, the phyllite becomes increasingly graphitic.
A sample of the graphitic phyllite was collected for Nd isotopic analysis; the ENd(O) value
is -24.19, which is typical of the Ranimata Formation (Robinson et al., 2001). The
Ranimata Formation contains abundant white quartz blebs, augen, and veins. Very small
garnets (<1 mm) are present throughout the unit, but on a ridge north of the Puma Khola,
garnets reach -l cm in diameter - these are the largest we have seen anywhere in Nepal
within the Ranimata Formation. A small diorite intrusion crops out within the Ranimata
Formation along the Khudi Khola; such inuiisions are diagnostic of the Ranimata
Formation (DeCelles et al., 2001; Pearson et al., this dissertation - Chapter 3). As in the
Modi Khola drainage, the Ranimata Formation at Khudi also contains thin beds of impure
dolostone and marble. Above the Ranimata Formation, a thick band of marble is
spectacularly exposed south of Bahundada and at Jimdu (Figure 4.16). The marble is
-600 m thick, and is very clean and coarse-grained. Very thin beds of green siltite
separate individual marble layers (Figure 4.17). The marble is unlike any other
calcareous unit in Lesser Himalayan zone rocks that we have mapped in Nepal; it is very
similar to the Bhainsedobhan Formation, which is a thick marble in Greater Himalayan
zone rocks near the base of the Kathmandu nappe (see Pearson et al., this dissertation Chapter 3). If this is the case, then the Main Central thrust is located at the base of the
marble slab, rather than below the first occurrence of typical Greater Himalayan zone
paragneiss and schist. Shrestha et al. (1984b) mapped the marble as the Ghanpokhara
Formation, and assigned it to the Lesser Himalayan zone. Colchen et al. (1986) and

Figure 4.17. Marble betow Bahundada. Note the interbeds of
siltite (at geologist's feet) within the marble.
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Catlos et al. (2001) also place the Main Central thrust above the marble. Because the
unambiguous Ranimata Formation contains calcareous beds, it is also possible that the
marble simply represents a dramatic facies variation within the unit.
The Ramgarh thrust sheet at Khudi lies in the proximal footwall of the Main
Central thrust. The Main Central thrust is not exposed, and the trace of the fault shown in
Figure 4.16 is approximate. Greater Himalayan paragneiss is exposed at Bahundada, but
is probably not in place - the entire hillside upon which Bahundada sits is a large
landslide deposit. The location of the contact between Greater Himalayan zone gneiss
and the marble is more tightly constrained in the KJiudi fChola drainage (Figure 4.16).
Catlos et al. (2001) suggested that the Main Central thrust lies in a broad shear zone that
extends from Bahundada to Khudi. The top of the shear zone is defined by the "MCT,"
and the base is marked by the "MCT-I" (Catlos et al., 2001). Their "MCT" corresponds
to the location of the Main Central thrust shown in Figure 4.16, and their "MCT-I"
roughly corresponds to the location of the Ramgarh thrust. In the proximal footwall of
the Main Central thrust, the Ramgarh thrust sheet dips northward at -20-25°, but flattens
toward the south. The Ramgarh thrust sheet remains roughly horizontal for a distance of
~20 km south of Khudi (to the village of Bhote Odar); the Kushma Formation generally
crops out <100 m above the valley floor, but in several locations, drops down to the level
of the road that follows the course of the Marsyandi Nadi.
Bedding and foliation in the northernmost exposures of the Ranimata Formation,
in the marble, and in the proximal hanging-wall of the Main Central thrust are subparallel. This implies a hanging-wall flat on footwall flat thrust relationship for the Main
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Central and Ramgarh thrust sheets. Bedding and foliation orientations are also subparallel in both the hanging-wall and footwall of the Ramgarh thrust. A hanging-wall flat
of the Ramgarh thrust sheet was, therefore, emplaced upon a footwall flat of the
Ranimata Formation.

4.5.3. Central Nepal: Kathmandu Region
Rocks of the Ramgarh thrust sheet are e.xposed in several places in the
Kathmandu region of central Nepal. The thrust sheet is exposed in Langtang National
Park and also on both the north and south flanks of the Kathmandu "nappe" (Figure 4.2).
At these locations, the thrust sheet occurs in the proximal footwall of the Main Central
thrust. There is much debate in the literature regarding whether rocks in the Kathmandu
nappe belong to the Greater Himalayan tectonostratigraphic zone, and also whether the
fault that carries these rocks is the southern continuation of the Main Central thrust (e.g.,
Upreti and Le Fort, 1999). For reasons discussed in Chapter 2, we interpret the rocks
within the Kathmandu nappe as both Greater and Tibetan Himalayan zone units, and the
fault that carries these rocks as the southern continuation of the Main Central thrust.
Lesser Himalayan zone rocks in the Kathmandu region have been given different
formation names, but retain similar lithological characteristics to those previously
described in far-western Nepal and in the Pokhara region. With one significant
modification, we use the stratigraphic scheme advocated by Stocklin (1980), which is
shown in Figures 4.3 and 4.18.
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Figure 4.18. Stratigraphic column for Greater Himalayan and Tibetan zone rocks
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are given in the text. Formation thicknesses are from Pearson et al. (2001a; this
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4.5.3.1. Bhainsedobhan A rea
The Ramgarh thrust sheet is well exposed near the village of Bhainsedobhan, on
the Tribhuvan Highway, ~10 km north of the city of Hetauda (Figure 4.2). Near
Bhainsedobhan, three of the fold-thrust belt's major faults are exposed within a small
area (Figure 4.19). The Main Boundary thrust separates the Lesser Himalayan and
Subhimalayan zones, and places the Dandagaon Formation, which consists primarily of
dark blue-green to gray phyllite and slate, against synorogenic sediments of the Siwalik
Group. The Ramgarh thrust bounds the Dandagaon Formation to the north, and the Main
Central thrust forms the northern boundary of the Ramgarh thrust sheet.
The Ramgarh thrust at Bhainsedobhan carries rocks of the Robang Formation.
Stocklin (1980) suggested that the Robang Formation lies at the top of the Lesser
Himalayan stratigraphic sequence, but for reasons discussed in detail in Pearson et al.
(this dissertation - Chapter 3), we suggest that the Robang Formation is part of the
lowermost portion of the Lesser Himalayan sequence. The Robang Formation may be
the lowermost facies of the Kuncha Formation, which is broadly equivalent to both the
Kushma and Ranimata Formations elsewhere in Nepal (see Pearson et al., this
dissertation - Chapter 3, section 4.2.1.2).
The Robang Formation at Bhainsedobhan consists primarily of the Dunga
quartzite beds of Stocklin (1980). Individual quartzite beds are white to green, and range
in thickness from ~10 cm to ~3 m. The quartzite is fine- to medium-grained, but granule
sized clasts are occasionally present. The quartzite has a weakly developed mylonitic
fabric, and quartz grains show both a shape and lattice-preferred orientation. Elsewhere
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in central Nepal, the Robang Formation also consists of a deep green chloritic or sericitic
phyllite that has been metamorphosed to greenschist grade. The phyllite contains small
garnets and abundant white quartz blebs, augen, and veins. At Bhainsedobhan, we only
observed the Robang phyllite in float and in thin layers interbedded with the quartzites.
St5cklin and Bhattarai (1982) suggested that a normal fault may cut out the Robang
phyllite, but we did not observe any evidence for such a fault. Instead, the thickness of
the Dunga quartzite beds and the absence of the phyllite may be due to lateral facies
variation within the Robang Formation. The phyllitic interbeds have a phyllonitic
texture, and S-C fabrics show a top-to-the-south sense of shear (Johnson et al., 2001).
Two diorite sills, each about 20 m thick, intrude the Robang Formation at Bhainsedobhan
(Figure 4.19). Elsewhere in Nepal, these diorite intrusions are usually seen within the
Ranimata Formation, which we interpret to be equivalent to the Robang Formation.
Rocks in the hanging-wall of the Main Central thrust belong to the Raduwa,
Bhainsedobhan, and Kalitar Formations (Figure 4.18). The Raduwa Formation is a
chloritic phyllite/schist that contains abundant garnet, the Bhainsedobhan Formation is a
coarse-grained marble, and the Kalitar Formation is a micaceous schist.
All bedding and foliation surfaces in the hanging-wall of the Ramgarh thrust dip
-60° toward the north, and are sub-parallel to those in both the footwall Dandagaon
Formation and in the hanging-wall of the Main Central thrust (Figure 4.20). This
relationship implies that a hanging-wall flat of the Main Central thrust sheet was
emplaced upon a footwall flat of the Ramgarh thrust sheet. A hanging-wall flat of the
Ramgarh thrust sheet was subsequently emplaced above a footwall flat of the Dandagaon
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Formation. All rocks in the Bhainsedobhan area were uplifted and tilted to their present
orientation by later displacement along the Main Boundary and Main Frontal thrust
systems.

4.5.3.2. Malekhu-Gatcchi Bajar Area
The Ramgarh thrust is exposed in several locations along the northern flank of the
Kathmandu nappe. East of longitude 85°, the thrust essentially parallels the course of the
Trishuli Ganga River. The best exposures of the Ramgarh thrust are in the Malekhu
Khola, and near the village of Galcchi Bajar (Figure 4.2). Both locations lie along the
Tribhuvan Highway; Galcchi Bajar is ~35 km west of Kathmandu, and the Malekhu
Khola is ~15 km farther west.
Both at Malekhu and Galcchi Bajar, the Ramgarh thrust sheet dips toward the
south and lies in the proximal footwall of the Main Central thrust (Figures 21 and 22).
Rocks in the proximal hanging-wall of the Main Central thrust belong to the Raduwa
Formation, which is a garnet-rich, chloritic phyllite/schist. The Raduwa Formation on
the northern flank of the Kathmandu nappe appears very similar to that on the southern
flank at Bhainsedobhan. The phyllite has a phyllonitic texture, and S-C fabrics suggest a
top-to-the-south sense of shear. The Robang Formation at Malekhu and Galcchi Bajar
consists of both phyllite and the Dunga quartzite beds. The phyllite has a deep green hue,
and contains abundant white quartz augen, blebs, and veins. Garnets are locally abundant
in the phyllite, especially close to the Main Central thrust. Individual beds of the Dunga
quartzite are much thinner than at Bhainsedobhan, and are separated by thick interbeds of

I

I Kathmandu Nappe Rocks (GH) 184'50'00" >^0.^2
(including Raduwa, Bhainsedobhan,
and Kalitar Formations)
Lesser Himalayan rocks (includes
the Maiekhu, Benighat. and
Dhading Formations)
0 km

•

•

Robang Formation (includes
Dunga Quartzite Beds and
Diorite intrusion [solid black])

Bedding/Foliation
Towns
Thrust Faults
Road
1 km

scale 1:50,000

contours 100m

Contacts and Faults Dashed Where Approximate

(b)
1 km

--j;

0 km-

0 km

"'•A

Kalitar
Bhainsedobhan

-1km
Raduwa

Figure 4.21. (a) Geologic map of the Maiekhu area, (b) Cross-section; line of section is
shown in (a). No vertical exageration. MCT = Main Central thrust.

189

85°00'00

^

^

_ -/•'A 88

Gdcchi Bajar
X

85*02'30"

Shropuri Gneiss

Kathmandu Nappe Rocks (GH)
(including Raduwa and Kaiitar
Formations and Sheopuri Gneiss)
Lesser Himalayan rocks (includes
I the entire Nawakot unit)
Robang Formation (includes
Dunga Quartzite Beids)
Contacts and Faults Dashed Where Approximate

27°47'30"

—Bedding/Foliation
I

I

Towns
Thrust Faults

0 km " '

I km

scale 1:50,(X)0

2 km
" |
contours 100m

Figure 4.22a. Geologic map of the Galcchi Bajar area. Note the location of
cross-section A-A' shown in Figure 4.22b.

1 km

0 km

0 km

-ikm

Ikm
I

I Greater Himalayan r(K-ks of the Kathmandu nappe

I

I Lesser Himalayan rocks, includes the entire Nawakol unit

I

I Robang Fonnalion, includes the Dunga Quartzite Beds

Figure 4.22b. Cross-section through the Galcchi Bajar area. Line of section is shown in Figure 4.22a.
No vertical exageration. Greater Himalayan rocks include: SH = Sheopuri Gneiss, KA = Kaiitar
Formation, and RD = Raduwa Formation. Lesser Himalayan rocks include: RB = Robang Formation,
MK = Malekhu Formation, BG = Benighat Formation, DG = Dhading Formation; NP = Nou^ul
Formation, DA = Dandagaon Fonnation, FG = Fagfog Formation, and KN = Kuncha Formation.

191
phyllite. The quartzite has a weakly developed mylonitic fabric, and the phyllite has a
phyllonitic texture; S-C fabrics in both lithologies suggest a top-to-the-south sense of
shear. At Malekhu, the Robang Formation also contains a thin (~5 m thick) diorite sill
and several thin, impure beds of marble. In both the Malekhu and Galcchi Bajar areas,
the Ramgarh thrust overlies rocks of the Malekhu Formation. The Malekhu Formation is
the uppermost Proterozoic Lesser Himalayan unit (Figure 4.3), and is a thick siliceous
limestone/dolostone. Johnson et al. (2001) also mapped in the Bhainsedobhan, Malekhu,
and Galcchi Bajar areas, and although they did not recognize the Ramgarh thrust, they
noted the similar lithological and textural characteristics of rocks in the vicinity of the
Main Central thrust at all three locations.
Poor exposures and the similar lithologies of the Raduwa and Robang Formations
make locating the Main Central thrust difficult. Thus, the trace of the fault shown in
Figures 21 and 22 is approximate. Although the Raduwa and Robang Formations are
strikingly similar in many aspects, Nd isotope analyses confirm the fact that the Robang
Formation has a Lesser Himalayan affinity, whereas the Raduwa Formation has a Greater
Himalayan affmity (see Pearson et al., this dissertation - Chapter 3, section 5.4.5). The
Main Central thrust therefore separates the two units, and must be a relatively discrete
structure. Additionally, detrital zircons from the Dunga quartzite beds at Malekhu
yielded an age spectrum identical to that found in the Kushma Formation elsewhere in
Nepal (Gehrels et al., 1999; DeCelles et al., 2000). Nd isotopes and detrital zircon ages
firom the Robang Formation (and associated Dunga quartzite beds) support the
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interpretation that these rocks are the lateral equivalents of the Kushma and Ranimata
Formations.
The actual trace of the Ramgarh thrust is not exposed in either the Malekhu or
Galcchi Bajar areas. The trace of the fault shown in Figures 21 and 22 lies between the
structurally lowest exposures of the Robang Formation and the highest exposures of the
Malekhu Formation. Additionally, Johnson et al. (2001) noted a sudden drop in
metamorphic grade from greenschist to anchizone facies in rocks ~1.25 km below where
they mapped the Main Central thrust in the Galcchi Bajar and Malekhu areas. This drop
in metamorphic grade occurs where we mapped the Ramgarh thrust (where the base of
the Robang Formation is in thrust contact with the stratigraphically higher Malekhu
Formation).
Bedding and foliation orientations of rocks in the vicinity of the Main Central and
Ramgarh thrusts at Malekhu and Galcchi Bajar strike E-NE and dip very steeply toward
the south (Figure 4.23). Again, this implies that the Main Central and Ramgarh thrusts
have flat-on-flat thrust relationships with each other, as well as with Lesser Himalayan
rocks in the footwall of the Ramgarh thrust.

4.5.3.3. Langtang National Park Area
Many studies (e.g., Arita et al., 1973; Macfarlane et al., 1992; Inger and Harris,
1992, 1993; Reddy et al., 1993; Parrish and Hodges, 1996; Fraser et al., 2000) have been
conducted in Langtang National Park, which is ~50 km north of Kathmandu (Figure 4.2).
The Ramgarh thrust is exposed on the western edge of the park, in the Trishuli Ganga
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Nadi drainage near the village of Syaphru (Figure 4.24). Pearson et al. (this dissertation Chapter 2) documented the presence of the Ramgarh thrust at Syaphru, and used Nd
isotopes to help constrain the location of the fault.
Macfarlane et al. (1992) devised a stratigraphic nomenclature specific to rocks in
the vicinity of the Main Central thrust in the Langtang area. We have not used their
formation names, however, because all Lesser Himalayan zone rocks in the area can be
described using the modified stratigraphic scheme (Figure 4.3) of Stocklin (1980) - the
same scheme we used to map the Bhainsedobhan, Malekhu, and Galcchi Bajar areas.
At Syaphru, the Ramgarh thrust lies in the proximal footwall of the Main Central
thrust. Greater Himalayan zone rocks that are carried by the Main Central thrust belong
to Formation I, and are predominantly pelitic schists and gneisses, with subordinate calcsilicates, granitic augen gneisses, and rare quartzites. Abundant shear sense indicators
within these rocks show an unambiguous top-to-the-south sense of shear (Macfarlane et
al., 1992). The Ramgarh thrust carries rocks of the Robang Formation. The phyllites and
phyllitic schists within the Robang Formation contain abundant garnet, and have a welldeveloped phyllonitic texture. The phyllites tend to be slightly coarser-grained than those
in the Ramgarh thrust sheet on the fianks of the Kathmandu nappe. This may reflect the
fact that these rocks were buried to slightly greater depths than those near the Main
Central thrust on the flanks of the Kathmandu nappe (e.g., Macfarlane et al., 1999;
Johnson et al., 2001; Pearson et al., this dissertation - Chapter 2). The Dunga quartzite
beds within the Robang Formation are clean, white, fine- to medium-grained quartzites,
and have a weakly developed mylonitic fabric. The Ramgarh thrust also carries an ~40 m
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thick lenticular body of the Ulleri gneiss. Elsewhere in Nepal, the Ulleri gneiss is always
found within the Ranimata Formation. The Ramgarh thrust has placed the Robang
Formation above the Kuncha Formation, which is the lateral equivalent of the Kushma
and Ranimata Formations (Figure 4.3). The Kuncha Formation in the Syaphru area
consists primarily of gritty, greenish-gray phyllites, and phyllitic quartzites. In the
proximal footwall of the Ramgarh thrust, the Kuncha Formation becomes increasingly
graphitic, and thin beds of impure marble, dolostone, and calcareous phyllite and
quartzite crop out. The lithologies in the Kuncha Formation at Syaphru bear a close
resemblance to those in the footwall of the Ramgarh thrust in the Modi Khola and
Marsyandi Nadi drainages.
Poor outcrop exposures combined with similar lithologies prevent precise location
of both the Main Central and Ramgarh thrusts. However, Nd isotopic analyses of Greater
and Lesser Himalayan zone rocks has allowed me to constrain the location of the Main
Central thrust to an -200 m wide zone. A detailed discussion of this is provided in
Pearson et al. (this dissertation - Chapter 2). The trace of the Ramgarh thrust shown in
Figure 4.24 is constrained by the westernmost outcrop of unambiguous Robang
Formation. Stratigraphic relationships combined with Nd isotope analyses suggest that
both the Main Central and Ramgarh thrusts at Langtang are relatively discrete structures,
rather than a broad shear zone composed of a melange or imbricated stack of Lesser and
Greater Himalayan zone rocks (e.g., Macfarlane, 1992; Parrish and Hodges, 1996;
Hodges, 2000).
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Macfarlane et al. (1992) also noted that several small-scale brittle faults are
present in the Langtang area, and suggested that these faults form horses within a duplex
in the Main Central thrust zone. We interpret these faults to be small, intra-formational
faults within the Kuncha Formation. Minor brittle faults, such as these, are ubiquitous
across the fold-thrust belt, and there does not appear to be an increase in fault density in
the Syaphru area. The trends of the Ramgarh and Main Central thrusts begin an -90°
bend at Syaphru (Figure 4.2). Macfarlane et al. (1992) suggested that this bend is caused
by a lateral ramp in the footwall of the Main Central thrust. However, bedding and
foliation orientations of all rocks in the vicinity of the Ramgarh and Main Central thrusts
show this strike rotation, which suggests that the lateral ramp must be at a structural level
below the Ramgarh thrust. Additionally, bedding and foliation orientations are subparallel across both the Ramgarh and Main Central thrusts, which implies the existence of
flat-on-flat thrust relationships for both faults (Figure 4.25).

4.5.4. Eastern Nepal: Tribeni Area
The Ramgarh thrust also extends into eastern Nepal (Figure 4.2). The fault is
spectacularly exposed near the village of Tribeni, at the confluence of the Sunkoshi,
Arun, and Tamor Rivers (Figure 4.26). Figure 4.27 is a photograph of the Ramgarh
thrust on the west bank of the Tamor Nadi at Tribeni. This is the only location, apart
from the Dhuli area in far-westem Nepal, where we have been able to identify the actual
surface of the Ramgarh thrust.
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(a) Kuncha Formation - foolwall of the Ramgarh thrust

(b) Robang Formation - Ramgarh thrust sheet

Lower Hem.

Lower Hem.

Total Data: 12
Equal Area

Total Data : 14
Equal Area

(c) Greater Himalayan zone rocics
Lower Hem.

Total Data: 20
Equal Area

Figure 4.25. Equal area stereonet plots of bedding and foliation orientations and their
poles in Langtang National Park near Syaphru. (a) Orientations in the Kuncha
Formation in the footwall of the Ramgarh thrust; (b) orientations in the Robang
Formation carried by the Ramgarh thrust sheet; and (c) orientations in Greater
Himalayan zone rocks carried by the Main Central thrust sheet. Arrows next to poles
show bedding/foliation rotating to a WNW-ESE direction in the northern part of the map
area.
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Figure 4.26a. Geologic map of the Tribeni area. Note the
location of cross-section A-A' shown if Figure 4.26b.

I km

0 km

-I km

Greater Himalayan Zone Rocks
Syangia and Galyang Formations
; ' Ranimata Formation
* ,

Ulleri Gneiss
Kushma Fonnation

Figure 4.26b. Cross-section through the Tribeni area. Line of section is shown in Figure 4.26a. No
vertical exageration. GH = Greater Himalayan rocks; RN = Ranimata Formation; UL = Ulleri Gneiss;
KS = Kushma Formation; SY = Syangia Formation; GL = Galyang Fonnation.

Figure 4.27. Photograph of the Ramgarh thrust nearTribeni. The Kushma
Formation is the prominent white quartzite, and is thrust on top of slates of
the Syangia Formation (at left). Beds dip vertically in both the hanging-wall
and footwall of the Ramgarh thrust. Note the person for scale below the fault,
and the bridge over the Tamor Nadi.
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Two splays of the Main Boundary thrust crop out just south of the map area
shown in Figure 4.26. The northern splay places the Galyang Formation above the
Miocene Dumri Formation (Figure 4.3). The southern splay places rocks of the
Lakarpata Group, the Gondwanan Unit, and the Dumri Formation (Figure 4.3) above the
lower Siwalik unit of the Subhimalayan zone.
The Main Central thrust lies in the northern part of the map area (Figure 4.26). It
is poorly exposed, and the trace shown in Figure 4.26 is an approximate location
constrained by the northernmost exposure of the Ranimata Formation. Rocks in the
hanging-wall of the Main Central thrust are predominantly garnet-rich pelitic gneiss and
schist. The Ranimata Formation in the Ramgarh thrust sheet consists primarily of
greenish chloritic or sericitic phyllite, with abundant white quartz augen, blebs, and veins.
The Ulleri gneiss intrudes the Ranimata Formation in the north of the map area (Figure
26). The Ulleri is a granitic augen gneiss (quartz + biotite + muscovite + orthoclase +
plagioclase) with a well-developed mylonitic fabric. The Kushma Formation in the
Ramgarh thrust sheet is lithologically similar to that in far-western Nepal; it is a
massively bedded, clean, fine- to medium-grained quartzite that is at least 600 m thick.
The quartzite holds up a high ridge directly north of Tribeni. The Lesser Himalayan zone
Syangia Formation (Figure 4.3) is exposed in the footwall of the Ramgarh thrust, and also
within pods along a splay of the Ramgarh thrust. The Syangia Formation consists
primarily of quartzose sandstone and multi-colored slate. Reddish-purple and green
slates are the dominant lithology at Tribeni.
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The structural geometry of the Ramgarh thrust at Tribeni is more complex than in
other, previously described locations. The thrust sheet contains a hanging-wall splay of
the Ramgarh thrust that includes thin pods of bright green and purple slates from the
Syangia Formation. The pods crop out on the banks of both the Tamor (Figure 4.28) and
the Arun Rivers, as well as on the hillside to the east of Tribeni. Additionally, a lateral
ramp in the hanging-wall of the Ramgarh thrust must be present just west of Tribeni. On
the banks of the Sunkoshi Nadi, green phyllites of the Ranimata Formation are in direct
thrust contact with Syangia slates. Bedding and foliation orientations of all rocks in the
vicinity of the Ramgarh thrust are sub-parallel - they strike W-NW, and dip very steeply
(sometimes vertically to slightly overturned) to the north (Figure 4.29). This geometry
suggests the following kinematic sequence for the Ramgarh thrust (also shown
schematically in Figure 4.30): 1) A hanging-wall flat of the Ramgarh thrust sheet was
emplaced upon a footwall flat of the Syangia Formation. A lateral ramp was present to
the west of Tribeni, and cut the basal Kushma Formation out of the Ramgarh thrust sheet.
2) A hanging-wall splay formed, which duplicated the Kushma Formation to the east of
Tribeni. Undulations in the Ramgarh fault surface allowed small pods of the underlying
Syangia Formation to be incorporated into the fault system. 3) All rocks in the area were
later uplifted and tilted to their present orientation by displacement along the Main
Boundary and Main Frontal thrust systems.
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Figure 4.28. Hanging-wall splay in the Ramgarh thrust at Tribeni. The fault bounded
pod of the Syangia Formation (SY) is ~20 m thick, and is contained within the Kushma
Formation (KS). Photograph is taken firom the east bank of the Tamor Nadi, looking
toward the West.

206
(b) Syangia
Formation

(a) Kushma &
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Figure 4.29. Equal area stereonet plots of bedding and foliation orientations in the Tribeni
area, (a) Bedding and poles for the Kushma and Syangia Formations (contained within
fault-bounded pods) carried by the Ramgarh thrust, (b) Bedding and poles for the
Syangia Formation in the footwall of the Ramgarh thrust, (c) Foliation and poles for the
Ranimata Formation in the proximal hanging-wall of the Ramgarh thrust.
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Figure 4.30. Schematic cross-section showing the sequential development of the
hanging-wall splay in the Ramgarh thrust at Tribeni. (a) A hanging-wall flat of the
Ramgarh thrust sheet is thrust above the Syangia Formation, (b) A hanging-wall
splay of the Ramgarh thrust develops, duplicating the Kushma Formation.
An undulating fault surface permits the incorporation of Syangia pods. All rocks
shown in this cross-section are later tilted to their current vertical orientation by
thrusting on the Main Boundary and Main Frontal (?) thrust systems.
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4.5.5. Other Locations
We have also recognized the Ramgarh thrust in several areas in central and
eastern Nepal that are not described in the preceding sections. In central Nepal, the fault
Is present near the town of Kodari, on the China-Tibet border (Figure 4.2). At Kodari,
the Robang Formation crops out in the proximal footwall of the Main Central thrust, and
overlies rocks of the upper Nawakot unit. We have not mapped the area in enough detail
to completely understand the Ramgarh thrust's structural setting, but preliminary work
suggests that the map of Shrestha et al. (1984b) may not accurately represent the geology
near Kodari. The Ramgarh thrust is also likely exposed east of Tribeni, along the road
from Dharan to Dhankuta (Figure 4.2). A very thick section of the Kushma Formation,
which holds up a high ridge north of Dharan, is thrust over slates and phyllites that may
belong to the Syangia Formation. The fault also crops out north of Katari Bajar (Figure
4.2), which is -80 km west of Tribeni. In the Katari Bajar area, the thrust sheet appears
very similar to that on the flanks of the Kathmandu nappe. Phyllites and thin quartzite
beds that may be equivalent to the Robang Formation (and associated Dunga quartzite
beds) are thrust over rocks similar to the Dandagaon Formation. The thick basal Kushma
Formation that appears farther east is not present in the Katari Bajar area.

4.6. Discussion
The Ramgarh thrust is clearly a regional structure. Minor details notwithstanding,
the structural characteristics of the thrust remain remarkably consistent along the length
of the fold-thrust belt in Nepal. These characteristics may also be similar in the Kumaon
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region of northern India. The Ramgarh thrust has not been recognized in Nepal because
the stratigraphy of Lesser Himalayan zone rocks has, until recently, been poorly
understood. The existence of the Ramgarh thrust across Nepal has several important
implications for the structure and stratigraphy of the Lesser Himalayan
tectonostratigraphic zone. As the Ramgarh thrust is always found in the proximal
footwall of the Main Central thrust, its regional presence also affords the opportunity to
clarify some important points concerning the nature of the Main Central thrust.
The structural importance of the Ramgarh thrust sheet within the fold-thrust belt
is best illustrated through balanced cross-sections. Simplified balanced cross-sections
from far-westem Nepal and the Kathmandu region of central Nepal are shown in Figures
31 and 32. In both cases, the Ramgarh thrust clearly accommodates a significant amount
of tectonic shortening; ~120 km of displacement occurred on the fault in far-westem
Nepal (DeCelles et al., 2001), and ~ 193 km of slip occurred in the Kathmandu region
(Pearson et al., this dissertation - Chapter 3). It is likely that the Ramgarh thrust in the
Pokhara region and in eastern Nepal also accommodated a similar amount of shortening.
Interestingly, the amount of shortening accontmiodated by the Ramgarh thrust is an order
of magnitude greater than that accommodated by the Main Boundary and Main Frontal
thrusts, and is similar to that accommodated by the Main Central thrust (DeCelles et al.,
2001; Robinson, 2001; Pearson et al., this dissertation - Chapter 2).
In far-western Nepal, the Ramgarh thrust acts as the roof thrust for a large duplex
in Lesser Himalayan zone rocks (Figure 4.31; DeCelles et al., 2001; Robinson, 2001).
The cross-section through central Nepal (Figure 4.32) also shows a large duplex in Lesser
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Greater Himalayan zone rocks
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Figure 4.31. Cross-section through far-western Nepal. Modified from DeCelles et al. (2001). The Ramgarh thrust is shown
in black. The Dhuli area corresponds to the northernmost exposure of the Ramgarh thrust shown above. MFT = Main
Frontal thrust, MBT = Main Boundary thrust, RT = Ramgarh thrust, MCT = Main Central thrust, STDS = South Tibetan
Detachment system.
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Figure 4.32. Cross-section through the Kathmandu region of central Nepal. Modified from Pearson et al. (this volume Chapter 3). The Ramgarh thrust is shown in black. The Langtang area corresponds to the northernmost exposure of the
Ramgarh thrust shown above, the Galcchi Bajar and Malekhu areas are on the northern flank of the Kathmandu nappe,
and the Bhainsedobhan area is on the southern flank of the Kathmandu nappe. MFT = Main Frontal thrust, MET = Main
Boundary thrust, RT = Ramgarh thrust, MCT = Main Central thrust, STDS = South Tibetan Detachment system.
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Himalayan zone rocks. However, the roof thrust for the duplex is the Trishuli thrust
(Pearson et al., this dissertation - Chapter 3), which lies below the Ramgarh thrust. It
could be argued though, that the Ramgarh thrust may have been the roof thrust for the
duplex in central Nepal. However, this is impossible to determine because the leading
edge branch line between the Ramgarh and Trishuli thrusts has been eroded.
Both cross-sections also suggest that the Ramgarh thrust is the oldest major
structure within Lesser Himalayan zone rocks. Evidence from crosscutting relationships,
foreland basin provenance studies, and thermochronology suggest that the Ramgarh
thrust became active in the middle Miocene (e.g., DeCelles et al., 2001; Robinson, 2001;
Robinson et al., in press; Pearson et al., this dissertation - Chapter 3). The Ramgarh
thrust became active as slip was transferred from the Main Central thrust system, which
became active in the latest Oligocene to early Miocene (e.g., Guillot, 1999; Hodges et al.,
1996). The downward step in the basal fault of the fold-thrust belt must reflect the need
of the fold-thrust belt to regain critical taper (e.g., Davis et al. 1993; DeCelles and Mitra,
1995; Meigs and Burbank, 1997) by incorporating new material (i.e.. Lesser Himalayan
zone rocks) into the orogenic wedge.
For such a large, far-traveled, regionally extensive thrust sheet, the Ramgarh
thrust is remarkably thin. In far-western and eastern Nepal, the thrust sheet is ~2 km
thick. Of this thickness, however, ~600-700 m consists of the Kushma Formation, a
highly competent quartzite. The Ranimata Formation, ± intrusions of the Ulleri gneiss,
comprises the remainder of the thrust sheet. In the Pokhara region of central Nepal, the
thrust sheet is approximately the same thickness, but the proportion of quartzite is much
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less; the Kushma Formation in the Modi Khola and Marsyandi Nadi drainages is only
-200 m thick. In the Kathmandu region of central Nepal, the entire thrust sheet is only
-200 - 300 m thick. The apparent strength of the thrust sheet can perhaps be explained
by recognizing the fact that during slip on the Ramgarh thrust, the thrust sheet was
overlain by all Greater Himalayan zone rocks (and some Tibetan zone rocks) carried by
the Main Central thrust. Thus the true thickness of the Ramgarh thrust sheet, from a
mechanical perspective, is much greater than the -200 m to -2 km thickness of Lesser
Himalaya zone rocks carried by the fault. It is more interesting, perhaps, to wonder why
the Main Central thrust is a hanging-wall flat for such a long distance above the Ramgarh
thrust. Numerous other stratigraphic horizons within Lesser Himalayan zone rocks are
prime glide planes for the Main Central thrust. The Main Central thrust, however,
appears to have used the lowest advantageous glide plane in Lesser Himalayan zone
rocks.
The hanging-wall flat on footwall flat thrust relationship that the Ramgarh thrust
has both with the Main Central thrust and rocks in the footwall of the Ramgarh thrust is
also signiflcant. Bedding and foliation in the Ramgarh thrust sheet and in rocks in the
footwall of the fault are always sub-parallel. It could be argued that parallelism is hard to
judge in footwall units such as the Ranimata Formation, which is predominantly a
phyllite. However, the Ranimata contains numerous quartzose lithologies, some of which
have planar and trough cross-beds that show bedding is parallel to foliation (Pearson et
al., this dissertation - Chapter 3). Boundaries of sills within the Ranimata (diorites and
the Ulleri gneiss) are also generally parallel to foliation. Additionally, in some locations.
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the footwall of the Ramgarh thrust contains lithologies that show unambiguous bedding
orientations. For example, in exposures of the Ramgarh thrust sheet just north of the
Main Boundary thrust in far-western Nepal, the footwall of the Ramgarh thrust is the
Lakarpata Group, which is a well-bedded carbonate unit (DeCelles et al., 2001). In the
Tribeni area, the footwall of the Ramgarh thrust is made of the Syangia Formation, which
contains sedimentary structures such as raindrop marks that allow an unambiguous
determination of bedding orientation.
The Ramgarh thrust has a hanging-wall flat on footwall flat relationship in all
locations that we have described, except for the Tribeni area, where a hanging-wall
lateral ramp is present. Nevertheless, frontal and additional lateral ramps must exist in
the Ramgarh thrust, as stratigraphic units in the footwall of the thrust vary. This can be
seen with the aid of stratigraphic separation diagrams for the Ramgarh thrust (Figure
4.33). Three of these diagrams are shown in Figure 4.33 because rocks carried by the
Ramgarh thrust crop out in three general areas in the fold-thrust belt: 1) in the
northernmost exposures of Lesser Himalayan rocks; 2) along the northern flank of the
crystalline nappes (the Kathmandu nappe and the Dadeldhura klippe), and 3) in the
southern part of the fold-thrust belt, just north of the Main Boundary thrust. Figures
4.33b and 4.33c contain information from locations of the Ramgarh thrust not described
in this chapter; DeCelles et al. (2001) and Robinson (2001) described the thrust on the
north flank of the Dadeldhura klippe and just north of the Main Boundary thrust in farwestern Nepal; Pearson et al. (this dissertation - Chapter 3) described the Ramgarh thrust
in the Thulo Khola, on the northern flank of the Kathmandu nappe. At all locations
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1 = Dhuli; 2 = Modi Khola; 3 = Khudi; 4 = Langtang;
5 = N. Dadeldhura klippe; 6 = Malekhu, Galcchi Bajar, Thulo Khola;
7 = S. Dadeldhura klippe; 8 = Bhainsedobhan; 9 = Tribeni

Figure 4.33a. Mapped
locations of the Ramgarh
thrust in Nepal. The
thrust sheet is exposed in
the northern part of the
fold-thrust belt (solid
lines), the central part on
the north flanks of the
Dadeldhura klippe and
Kathmandu nappe
(dashed lines), and in the
southern part (gray lines).
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where we have mapped the Ramgarh thrust in the northernmost exposures of Lesser
Himalayan rocks (Figure 4.33b), the fault places the Kushma Formation above the
Ranimata Formation. Stratigraphic units in the footwall of the Ramgarh thrust on the
northern flanks of the Kathmandu nappe and Dadeldhura klippe (Figure 4.33c) are higher
in the Lesser Himalayan sequence, which implies the presence of an eroded footwall
ramp in the Ramgarh thrust between the northern and central exposures. Footwall lateral
ramps in these central exposures of the Ramgarh thrust must also exist in areas we have
not mapped, as footwall stratigraphy varies within the upper Nawakot unit. Footwall
lateral ramps must also exist in the southern exposures of the Ramgarh thrust (Figure
4.33d).
The Ramgarh thrust sheet also has a hanging-wall flat on footwall flat relationship
with the Main Central thrust sheet. Foliation orientations in Greater Himalayan zone
rocks carried by the Main Central thrust are always sub-parallel to orientations within the
Ramgarh thrust sheet. This relationship is seen across Nepal (Robinson et al., in press),
and implies that the Main Central thrust at its current exposure level is a hanging-wall
flat. However, many workers (e.g., Rai et al., 1998; Harrison et al., 1998; Upreti and Le
Fort, 1999; Johnson et al., 2001; Catlos et al., 2001; Copeland et al., in press) argue that
the Main Central thrust is expressed as either a hanging-wall or footwall ramp. It is
possible to argue that foliation in the hanging-wall of the Main Central thrust has been
transposed into parallelism with the fault during deformation, which would obscure
original stratigraphic and structural relationships between the fault and its hanging-wall.
If transposition did occur, we would expect to see regional isoclinal folds in hanging-wall
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rocks. This is not the case; the well-documented stratigraphy of the Greater Himalayan
zone in central Nepal (Formations I, II, III; Le Fort, 1975) can be traced for over 100 km
along strike with no evidence of regional isoclinal folds. Additionally, the well-mapped
(Stdcklin and Bhattarai, 1982) stratigraphy in both the hanging-wall and footwall of the
Main Central thrust underneath the Kathmandu nappe shows a flat-on-flat relationship for
the fault (e.g., Stocklin and Bhattarai, 1982; Pearson et al., this dissertation - Chapter 3).
The flat-on-flat nature of both the Ramgarh and Main Central thrusts suggests,
therefore, that younger structures within the fold-thrust belt are dominantly responsible
for uplifting and tilting rocks carried by these thrusts to their present locations and
orientations (Robinson et al, in press; Pearson et al., this dissertation - Chapter 3).
Development of the current structural geometry seen in the fold-thrust belt must therefore
be viewed in terms of the systematic growth of the fold-thrust belt.
Recognition of the Ramgarh thrust as a regional structure also suggests that
viewing the Main Central thrust as a broad, crustal-scale shear zone (e.g., Arita, 1982;
Macfarlane et al., 1992; Hodges et al., 1996; Kohn et al., 2001) is problematic. Although
the Main Central thrust is a major fault that experienced large amounts of slip under
ductile conditions, not all of the strained fabric in rocks from the footwall of the thrust
can be attributed to slip on the Main Central thrust system. Some of this fabric in Lesser
Himalayan zone rocks may be related to motion along the Ramgarh thrust. Although the
Ramgarh thrust shares a structural history with the Main Central thrust (as the footwall
flat upon which the Main Central thrust was emplaced), it also has a distinct history
manifested by the >120 km of displacement accommodated by the fault (DeCelles et al.,
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2001; Robinson, 2001; Pearson et al., 2001a, this dissertation - Chapter 3). For example,
Hodges et al. (1996) suggested that in the Modi Khola drainage, the Main Central thrust
shear zone extends ~5 km into Lesser Himalayan zone rocks below where we map the
thrust (Figure 4.12). However, rocks on the southern margin of the Hodges et al. (1996)
shear zone lie one, and possibly two, thrust sheets below the Main Central thrust. Thus, it
is probable that much of the strongly deformed fabric in rocks in the footwall of the Main
Central thrust is causally related to thrusting on faults structurally below the Main Central
thrust. Structural mapping combined with Nd isotopic analyses of rocks in the vicinity of
the Main Central thrust in Langtang National Park (Pearson et al., this dissertation Chapter 2) show that the Main Central thrust can be viewed as a relatively discrete
structure. Mapping done during the course of this study suggests that this may be a
regional characteristic of the Main Central thrust.
Similarly, the presence of the Ramgarh thrust and faults associated with the
Lesser Himalayan duplex system in the proximal footwall of the Main Central thrust has
affected the orientation of the Main Central thrust sheet. The Main Central thrust sheet
probably acquired its current steep northward dip during growth of the Lesser Himalayan
duplex system, as rocks on the northern limb of the duplex were passively uplifted and
tilted (Robinson et al., in press). The steep northward dip of the Main Central thrust
sheet and the synformal structure of the Kathmandu nappe are two clear examples that
illustrate how younger, and therefore lower, structures affect the structural geometry of
the entire fold-thrust belt.
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The discovery and documentation over the past few years of a structure as
significant as the Ramgarh thrust emphasizes the importance of viewing the HimalayanTibetan Plateau orogen as a system. The South Tibetan detachment system, the Main
Central and Ramgarh thrusts, faults within the Lesser Himalayan duplex, and the Main
Boundary and Main Frontal thrusts all work together as a system to achieve the
deformation within the Himalayan fold-thrust belt that is required by dynamic and
thermodynamic conditions (paraphrasing Davis, 1984). Other unmapped regional
structures may also exist within Greater Himalayan and Tibetan zone rocks. Future
models of the Himalayan fold-thrust belt must take into account the structural complexity
that exists throughout the Himalayan fold-thrust belt, and not simply focus on the Main
Central, Main Boundary, and Main Frontal thrusts.
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