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The Siwaliks in the foothills of the Himalayas, containing molasse sediments derived from the rising
mountain front, represent a foreland fold-thrust belt which was deformed during the continued northward
convergence of the Indian plate following the continent-continent collision. In this contribution we
present balanced and restored cross sections along a line from Adampur through Jawalamukhi to
Palampur in the foothills of the Punjab and Himachal Himalayas using published surface/subsurface
data. The cross section incorporates all the rock units of the Sub-Himalaya Zone as well as that of the
northern Lesser Himalaya Zone. The structural geometry of the fold-thrust belt in this section is largely
controlled by three buried thrusts within the Sundernagar Formation of the Lesser Himalaya Zone. Two
of these buried thrusts splay from the basal detachment and delineate a buried horse. Three thrusts
towards foreland, including the Main Frontal Thrust (inferred to be a blind thrust in this sector), splay
from these buried thrusts. In the hinterland, an anticlinal fault-bend fold was breached by a sequence of
break-back thrusts, one of which is the Main Boundary Thrust. A foreland propagating thrust system is
inadequate to explain the evolution of the fold-thrust-belt in this section. We show that a "synchronous
thrusting" model in which in-sequence initiation of thrusts at depth combined with continued motion on
all the thrusts leading to out-of-sequence imbrication at the upper structural levels better explains the
evolution of the fold-thrust belt in the Jawalamukhi section. The estimated shortening between the two
chosen pin lines is about 36% (about 72 km).

1. I n t r o d u c t i o n
The Himalayan orogenic belt is characterized by several
fault-bound, stacked-up and longitudinally continuous
lithotectonic zones. The southernmost Sub-Himalaya
Zone (SHZ, commonly called the 'Siwaliks', figure la)
contains molasse sediments derived from the rising
Himalayas and were deposited in a narrow and elongated foreland basin. The rocks of the SHZ have been
studied since the early days of geological exploration in
the Himalayas but the structural evolution of this
poorly-exposed belt is not as yet clearly understood.
These sediments were deposited on a Precambrian
basement and were deformed during continued crustal
shortening following the continent-continent collision.

The structural styles in the SHZ then should be akin to
the fold-thrust-belts (FTB) characteristic of thinskinned tectonic setup (e.g. Bally et a11966; Dahlstrom
1969, 1970; Elliot and Johnson 1980; Boyer and Elliot
1982; Butler 1982, 1987). Consequently, the structural
evolution of the SHZ can be deciphered through the
well-established techniques of cross-section balancing.
Although several balanced cross sections have been
constructed for the Nepal (Schelling and Arita 1991;
Schelling 1992) and the Pakistan (Coward and Butler
1985; Johnson et al 1986; Lillie et al 1987; Baker et al
1988; MacDougall and. Hussain 1991; Jadoon et al
1992; and others) Himalayas, similar efforts for the
Indian part of the Himalayas involving SHZ rocks are
rare (Srivastava and Mitra 1994; Powers et al 1998).
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Figure 1. (a) Geological sketch map showing the extent of Sub-Himalaya Zone (SHZ) and the Lesser Himalaya Zone (LHZ) in
the western Himalayas (simplified after Gansser 1981). Z-l: Location of the Zira-10NGC exploratory well in the Indo-Gangetic
foredeep. (b) Geological map of the Adampur-Jawalamukhi-Palampur transect (area of study) showing fault and fold axial traces
(after Raiverman et al 1983), and the line of section.
In this article we present a balanced cross section
along a transect extending from A d a m p u r t h r o u g h
Jawalamukhi to P a l a m p u r located in the foothills of

the P u n j a b and Himachal P r a d e s h (figure ]b, henceforth referred to as the " J a w a l a m u k h i section").
T h e section has been constructed using the published
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Figure 2. Interpretation of the lithologs of the ONGC
exploratory drill wells. Data taken from table 2 of Sastri
(1979) and figure 10 of Karunakaxan and Ranga Rao (1979).
For abbreviations and well locations see figure 1. Note that the
Zira-1 (Z-l) well is located outside the area of study (figure la)
but it falls on the southwestward extension of the line of
section. All other wells axe located close to the line of section
and the data from the borehole logs have been projected on to
the line of section.
surface (figure lb) and subsurface (figure 2) data. We
also estimate the crustal shortening across this belt
and discuss the structural evolution. In contrast with
the previous workers, we incorporate the rocks of the
Lesser Himalaya Zone (Shali and Sundernagar Formations) occurring to the north in the cover sequences
and treat the subducting Precambrian gneissic rocks
of the Indian plate as the basement.
The literature on the cross-section balancing is
rather exhaustive but an excellent summary on the
techniques can be found in Woodward et al (1989, and
references therein).

2. G e o l o g i c s e t t i n g
In the Himalayan foreland, the SHZ is separated
towards south from the Indo-Gangetic Foredeep
(alluvial plain) by the Main Frontal Thrust (MFT,
figure la). Recognition o f the M F T in the field,
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mapping the fault trace and characterization of the
fault are problematic in many sectors. Raiverman et al
(1993) suggest that the contact between the IndoGangetic Foredeep and SHZ varies from normal (i.e.,
unfaulted), to thrust and associated folds, imbricate
thrusts and strike-slip faults. This problem may be in
part due to the fact that at many places the M F T is
probably a blind fault buried below the forelimb of a
fault-related fold and/or the alluvium. Towards north,
the SHZ is separated from the Lesser Himalaya Zone
(LHZ) by the Main Boundary Thrust (MBT). The
LHZ consists of sedimentary and very low-grade metamorphic rocks of Precambrian age.
The Tertiary clastic sedimentary rocks of the SHZ
are usually grouped into the Siwalik Group (Supergroup, Parkash and Kumar 1991). The lateral correlation of the poorly-exposed Siwalik rock sequences is a
stratigrapher's nightmare owing to extensive facies
variation and repetition of rock units due to thrusting
(Parkash et al 1980; Parkash and Kumar 1991;
Tandon 1991). However, they have traditionally been
divided into Upper, Middle and Lower Siwaliks. The
Siwalik Group is underlain by the early-Tertiary sedimentary rocks (Dharmsala and Subathu Groups) of
shallow marine, lagoonal and transitional facies.
Within the Indian part of the Himalayas, the SHZ
attains maximum outcrop width in the foothills of
Punjab and Himachal Pradesh (figure la). This area
is also referred to as the Kangra re-entrant. The
northern limit of the LHZ is marked by the Chail
thrust (CT), beyond which the crystalline rocks of the
Higher Himalayas are exposed.

3. P r e v i o u s w o r k
There are several cross sections already available for
this transect (figure 3 and Powers et al 1998). The
cross section of Karunakaran and Ranga Rao (1979) is
rather schematic with open antiforIns and synforms,
and steep fault surfaces (figure 3a). This cross section
was somewhat modified by Acharyya and Ray (1982)
but their section is also schematic and kinematically
untenable. However, Acharyya and Ray (1982) make
an important suggestion that the basement may be
represented by the Precambrian Indian shield. Raiverman et al (1983) interpret the structures in terms of
wrench faulting (figure 3b) which was later modified
to include a large number of flower structures
(Raiverman et a11994). The flower structures develop
in zones of transpression in areas with curving or enechelon offsets of large-scale strike-slip fault traces
(Suppe 1985; Ramsay and Huber 1987). However,
such fault geometry has not as yet been conclusively
documented from the SHZ. The first attempt to
interpret the structures of the SHZ in terms of thinskinned tectonics was made by Thakur (1993) who
showed characteristics of fold-thrust-belts above an
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Table 1. General stratigraphy and lithology of the Sub Himalaya Zone and Lesser Himalaya Zone along the Jawalamukhi section
(adapted from Srikantia and Sharma 1976; Raiverman et al 1983; Najman et al 1993; Thakur 1993).
Group

Energy
sequences

Sub Himalaya Zone
Siwalik
6-8
5
4
Dharamshala 3
2
Subathu

Formations

Upper Siwalik
Middle Siwalik
Lower Siwalik
Kasauli
Dagshai

1

Age

Thickness
(maximum)

Late-Pliocene to Pleistocene
2300 m
Late-Miocene to Late-Pliocene 1333m
Mid to Late Miocene
1333 m
Early to Mid Miocene
Late Eocene to Oligocene
2000 m
Palaeocene to Eocene

2667 m

Mid to Late Proterozoic
Early Proterozoic

2000 m
4000 m

Rock types

sandstone, conglomerate.
mainly sandstone.
sandstone, shale (< 50%).
sandstone, shale (equal proportion).
red shale with minor sandstone,
mudstone.
mainly green shale with limestone,
mudstone.

Lesser Himalaya Zone
Shali
Sundernagar
Precambrian crystalline basement

approximately flat detachment surface (figure 3c).
This section is also schematic and not restorable. Note
that the top of the LHZ rocks has been taken as the
detachment surface in all the three sections in figure 3.
Recently, Powers et al (1998) published a balanced
cross-section and estimated shortening rate along the
same transect. A detailed comparison between our
cross section with that of the one suggested by Powers
et al (1998) is given in section 7.

4. S o u r c e s o f d a t a a n d a s s u m p t i o n s
A balanced cross section is essentially a model based
on incomplete data set and a few assumptions. Like
any other type of modeling, the solution we arrive at is
most likely to be non-unique. Therefore, the sources of
data and the assumptions should be clearly stated so
that if the need arises and/or data set improves the
section can be modified with relative ease.

4.1 Stratigraphy
The Tertiary sequence (table 1) in the SHZ starts with
the rocks of the Subathu Group. The Subathu Group
is followed upward by the Dharamshala Group and
the Siwalik Group.
Traditionally,
the
Dharamshala Group is divided into a lower Dagshai
Formation and an upper Kasauli Formation, and the
overlying Siwalik Group is divided into Lower, Middle
and Upper Formations. In this article we refer to the
Subathu and Dharamshala rocks as early-Tertiary
sequence. Raiverman et al (1979, 1983) have subdivided the thick pile of Siwalik and the early-Tertiary
rocks into eight energy sequences (en-seqs) on the
basis of variation in grain size. These en-seqs approximately match with the conventional classification of
the rocks of the SHZ (table 1).

marly sediments, evaporite.
quartzite, volcanics.

The LHZ has a narrow outcrop width (figure 1) in
the area of study and consists of the Shall Structural
Belt of Srikantia and Sharma (1972, 1976) which
includes the Shali and the Sundernagar Formations
together with the Mandi-Darla volcanics. The other
important stratigraphic horizons of the LHZ, viz., the
Simla slates and the Krol-Tal sequences or their
equivalents, have not been observed west of the Simla
hills (Thakur 1993; Srikantia and Bhargava 1998).
We, therefore, infer that these sequences were not
deposited west of the Simla area. The Sundernagar
Formation, consisting of clastic sediments (mainly
quartzite) and penecontemporaneous lava flows, is the
oldest stratigraphic unit of the LHZ. The Shali Formation, consisting mainly of limestone, dolomite, shale,
salt beds, marl and marble, rests unconformably above
the Sundernagar Formation.
The stratigraphic scheme adopted by us for the SHZ
and LHZ is given in table 1. The stratigraphic thickness for the Tertiary units were obtained from the
ONGC well logs (figure 2; Sastri 1979; Karunakaran
and Ranga Rao 1979; Raiverman et al 1983). The
thickness for the LHZ sequence was determined from
the surface data (Srikantia and Sharma 1972, 1976;
Srikantia 1977) as subsurface data are not available.
4.2 Dip and depth of detachment
The dip and depth of detachment are important
parameters for cross-section balancing. We constrain
these parameters using published lithologs of the
ONGC exploratory wells (figure 2; Sastri 1979;
Karunakaran and Ranga Rao 1979; Raiverman et al
1983, 1993, 1994). We emphasize that the ONGC
wells were not deep enough for a unique solution.
The Precambrian granitic basement was penetrated
at a depth of 700 m in the Zira-1 well, located in the
Indo-Gangetic Foredeep (figures la, 2). The quartzite
unit encountered at a depth of 2510 m in Adampur-1
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well and the marble unit at a depth of 4790 m in
Janauri-2 well were considered by Karunakaran and
Ranga Rao (1979) to represent the Precambrian
basement. If these three points are taken to represent
the detachment, the dip of the detachment works out
to be about 2-4 ~ towards north (cf. Seeber et a11981).
With this interpretation the rocks of the LHZ (some
workers refer to them as "Vindhyan Group") become
part of the basement (figure 3). An attempt to
construct a deformed-state cross section with such a
low dip of the detachment led to severe room problem
in the hinterland and the section did not balance. The
room problem could be obviated assuming a stair-case
or faulted geometry of the basement-cover interface.
But such a geometry could not be deduced through
projection of the surface dip data to the subsurface
assuming fault-bend or fault-propagation folds. This
suggests that the dip of the detachment is possibly
steeper than hitherto assumed and there is a need to
reinterpret the lithologs of the ONGC wells.
We interpret that:
9 the quartzite unit at a depth of 2510 m in Adampur1 well belongs to the Sundernagar Formation,
9 the marble unit at a depth of 4790 m in Janauri-2
well belongs to the Shali Formation, and
9 the ONGC wells never penetrated the Precambrian
granitic basement along the line of section north of
the Zira-1 well.
We, therefore, infer that the detachment between
the Precambrian crystalline basement and the cover
sequences dips uniformly at about 7~ towards north
from the point (at a depth of 700 m) where granitic
rocks were encountered in Zira-1 well. This eliminates
the unsubstantiable necessity of a stair-case or faulted
geometry of the basement-cover interface. This
interpretation is supported by the work of Gahalaut
and Chander (1997) who deduced, using geodetic
data, a detachment (called Plate Boundary Fault)
with a uniform dip of about 5-6 ~ towards north under
the Lower and Higher Himalayas. Seeber et al (1981)
put the LHZ (called "sedimentary wedge") above the
detachment in their generalized cross section across
the Himalayas. An important consequence of our
interpretation is that the sedimentary rocks of the
LHZ (Shali and Sundernagar Formations) become
part of the cover sequence. In other words, we take the
subducting Precambrian gneissic rocks as the basement and the top of this basement as the basal
detachment. However, the contact between the Shali
and Sundernagar Formations has acted as a d@collement surface for some of the thrusts in the SHZ.
Finally, detailed field mapping has shown that the
rocks of the LHZ are present within the SHZ at some
places (e.g., Srikantia and Bhargava 1998) and outcrops of early-Tertiary rocks occur within the LHZ
(e.g., Pilgrim and West 1928; Raiverman et al 1994).
Obviously, if the LHZ rocks occur below the basal

detachment then they should not occur within the
SHZ unless the basal detachment itself migrates downward with time. Therefore, the previous interpretation that the top of the LHZ is the basal detachment is
also inconsistent with the field data.
4.3 Method of section construction
The SHZ, from the Pakistan border in the west to the
Nepal border in the east, has been mapped by the
officers of the Oil and Natural Gas Corporation
(ONGC) (Raiverman et al 1990). The geological map
of the SHZ shown in figure l(b) has been adapted
from Raiverman et al (1983, 1990). Subsurface
geology and the stratigraphic thickness for the SHZ
as well as for the Indo-Gangetic Foredeep were
constrained from the lithologs of the ONGC wells
(figure 2; Sastri 1979; Karunakaran and Ranga Rao
1979) and the cross section of Raiverman et al (1983)
(figure 3b). The geological map and the thickness of
different rock units for the LHZ have been adapted
from Srikantia and Sharma (1972, 1976) and Srikantia (1977).
Seismic reflection profiles provide useful constraints
for the construction of cross sections although they are
not absolutely essential. In the SHZ, a few seismic
profiles of limited surface and depth extent have been
published (Raiverman et al 1993, 1994). Two seismic
profiles, each of about 7-8 km length, lie close to our
line of section. These two seismic profiles have been
very differently interpreted by different workers (e.g.
Raiverman 1983, 1994; Powers et al 1998) suggesting
that the interpretations of these seismic profiles are
rather subjective. We, therefore, do not use the seismic
data but construct the cross section exclusively from
the surface data with additional constraints from the
bore-hole logs.
Two approaches to section balancing have been
taken in the past (De Paor 1988):
9 construction of retrodeformable sections from raw
data using kink-style parallel model of fault-related
folding and assuming either vertical simple shear
over ramps or layer-parallel shear, and
9 modification of previous interpretations after an
evaIuation process using guidelines regarding material conservation, fault-related fold geometry,
map-section compatibility, and bedding cut-off
geometry.
In this work a combination of these two approaches
has been adopted. We have constructed the deformedstate cross section using the dip-domain data from
Raiverman et al (1983) and Srikantia and Sharma
(1976), and subsurface stratigraphy from figure 2. We
have retained most of the axial and fold traces as
given by Raiverman et al (1983, 1990; figure lb) and
have used figure 3(b) as an initial template. In this
area only a limited subsurface data are available.
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Following general practice (e.g., Woodward et a11989),
the surface data, i.e. geological map and dip-domain
data, were extrapolated to depth using various
geometric models of fault-bend and fault-propagation
folding with additional constraints from litholog data
from boreholes. The kink-style parallel fold geometry
was assumed with or without layer-parallel shear. Both
forward and inverse modeling strategies were adopted
during construction of the section. For each thrust we
constructed several retrodeformable fault-related fold
models. Several cross sections were then constructed
using different combinations of these fold models. The
cross section shown in figure 4(a) was the only one
that could be balanced. In particular, the buried horses
(horse 1 and 2), the buried thrusts (SuT-1, SuT-2 and
SuT-3) and the subsurface projection of the breach
thrusts (MBT, MT and CT) were inferred from such
subsurface extrapolation of the surface data.

5. B a l a n c e d c r o s s s e c t i o n
5.1 Deformed-state cross section
The deformed-state cross section for the Jawalamukhi
section is shown in figure 4(a). Two pin lines were
chosen, one in the undeformed foreland (P1) coincident with the Adampur-1 well and the other on the
Chail thrust in the hinterland (P2). Both the pin lines
are oriented perpendicular to bedding planes. While
the cross section was restored with respect to the
pinline P 1 , the pinline P2 was used for calculating
shortening. The salient features of the cross section
are discussed below. Since there is no stratigraphic
inversion, all 'anticlines' and 'synclines' are also
'antiforms ~ and 'synforms' respectively.
As in many other sectors of the SHZ, the fault trace
of the M F T in this area is not marked in the field and
the mapped fault trace (Raiverman et a11983, 1993) is
a matter of conjecture. Further, the Adampur-1,
Hoshiarpur-1, Janauri-1 and 2 wells do not intersect
the M F T (figure 2) and precise subsurface location of
the M F T also becomes uncertain. However, the dipdomain data of the Janauri anticline (JA) suggest it
to be a fault-bend fold. We, therefore, assume the
M F T to be a blind thrust, buried below the forelimb of
the fault-bend fold, and infer it to have a stair-case
geometry. The M F T ramps upsection from a lower
flat at the Sundernagar-Shali contact and joins a
higher fiat at the contact between the Middle and
Upper Siwaliks. It should be mentioned that the
location of the upper flat is not well-constrained. If the
upper flat is actually at the contact between the
Upper Siwalik and the alluvium then the section can
be slightly modified to accommodate
this without
affecting the overall geometry of the cross section.
The Soan thrust (ST), exposed towards north of the
MFT, is interpreted as a hangingwall imbricate of the

MFT. The Soan thrust ramps from the same
d~collement horizon as the MFT, but emerges at the
present erosion level. Multibend fault-bend folds
(Medwedeff and Suppe 1997) are present in the
hangingwall of the Soan thrust.
Structural styles towards hinterland increase in
complexity and are controlled by two buried thrusts,
named as Sundernagar Thrusts 2 and 3 (SuT-2 and
SuT-3), within the Lesser Himalaya Formations.
These two thrusts delineate a buried 'horse' (horse-1
or Sundernagar horse) consisting of rocks of the
Sundernagar Formation. The Barsar backthrust
(BBT) ramps from the same d~collement horizon as
the M F T and Soan thrust. It is a blind thrust that has
undergone high-angle (steep-limb) breakthrough
(Suppe and Medwedeff 1990). The evolution of the
Barsar backthrust has been discussed in section 6. The
Deragopipur anticline (DA) in the hangingwall of the
Barsar backthrust is interpreted to be a fault-propagation fold that has been later modified by fault-bend
folding during slip along the breakthrough thrust. The
geometry of the Dumkhar syncline (DS) is controlled
by the Soan thrust as well as the Barsar backthrust
because it is in the hangingwall of both the faults.
Bhandari (1970) observed the counter-vergent Barsar
thrust with a s t e e p d i p (~ 70 ~ towards the foreland.
It is rather common for breakthrough thrusts to have
a steep dip. It should be noted that the footwall cutoff
angle for the buried thrust is about 44 ~ and that for
the breakthrough thrust is 27 ~ which is in conformity
with the geometric and kinematic principles of faultpropagation folding (Mitra 1990; Suppe and Medwedeft 1990). The tight Balaru syncline (BS) has an
unusual geometry; the north dipping limb of the
Balaru syncline (in the footwall of the Barsar backthrust) belongs to the fanlt-propagation folds related
to the Barsar backthrust and the south dipping limb
(in the footwall of Jawalamukhi thrust) belongs to the
leading anticline of the horse-1. The area in between
Barsar backthrust and Jawalamukhi thrust represents
a 'triangle zone' (Banks and Warburton 1986) as both
of them ramp from the same d~collement surface. But
the area between the Barsar backthrust and the Soan
thrust is not a 'pop-up' structure in the strict sense
since movement along them is not synchronous.
The Jawalamukhi thrust (JT) splays from the roof
thrust of the horse-i and ramps upsection to emerge
at the present erosion level. Fault-bend folds are
present in the hangingwall of the Jawalamukhi thrust.
The south dipping limb and the sub-horizontal limb of
the Bahl anticline (BA) belong to the leading anticline
of the horse-l.
The Lambagraon
syncline (LS) and the Paror
anticline (PA) are the leading syncline-anticline pair
of the fault-bend folds related to the ramp of the SuT2. Unlike the generally broad hinges observed in faultbend folds, the Paror anticline has a relatively sharp
hinge which may be due to partial annihilation of an
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originally fiat-crest fold (Suppe 1983), with heterogeneous layer-parallel forward shear annihilating the
fault-bend folds till the Dharmshala-Subathu contact.
It should be noted that the fold geometry above the
SuT-2 (Lambagraon syncline-Paror anticline pair)
appears to be somewhat similar to fault-propagation
fold with d@collement breakthrough (Suppe and
Medwedeff 1990). But if we use this model then the
Jawalamukhi thrust and the SuT-2 do not balance.
Raiverman et al (1983) mark a fault in the vicinity of
Paror anticline (see figure lb) whose geometry is
uncertain. If the Paror anticline is indeed faulted, it is
in all probability a breakthrough thrust with a small
amount of displacement. For the purpose of clarity,
we have not incorporated this in the cross section.
Such anticlinal breakthrough structures are common
in sharp hinged fault-propagation and annihilated
fault-bend folds (Mitra 1990).
The Palampur thrust (PT) with fault-bend folds on
the hangingwall has brought the pre-Siwalik Dharamshala Group above the Siwaliks. It ramps from the
upper fiat of SuT-1. The evolution of the Palampur
thrust has been discussed in section 6. The Main
Boundary Thrust (MBT) has brought the Lesser
Himalayan Formations, interpreted as a breached
horse (horse-2), above the Tertiary rocks. The Mandi
thrust (MT) is a hangingwall imbricate of the MBT.
The Higher Himalayan Crystallines (Chail Series) are.
thrust over the Lesser Himalayan rocks along the
Chail thrust (CT). The Shali Formation is not
observed in the hangingwall of the Mandi thrust
because it is truncated by "out-of-sequence" movement along the roof thrust of the Lesser Himalayan
horse (horse-2, see section 6) that joins the Chail
thrust at a higher level, or along the Chail thrust
itself. Therefore, the horse-2 constituting of Lesser
Himalayan Formations and Subathu is interpreted as
being breached by "out-of-sequence" movements
along MBT, Mandi thrust and Chail thrust.
As is obvious in figure 4(a), the structural geometry
of the Chail Series and other overlying crystalline
rocks (the Higher Himalaya Crystalline Zone), occurring beyond pinline P2, has not been considered in our
section.
5.2 R e s t o r e d cross section
For the purpose of restoration it has been assumed
that there was no change in thickness during deformation in any of the stratigraphic horizons included in
the plane of the cross section. The stratigraphic units
in the deformed-state cross section were first restored
by the equal line-length method followed by combined
equal-area and key-bed method (Mitra and Namson
1989; Woodward et al 1989). The second method was
employed in order to check the validity of the fault
trajectories obtained in the restored section by the first
method. The section (figure 4a) is balanced between

197

pinlines P1 and P2 and all the faults have 'correct'
orientations in the restored section (figure 4b). Beds
in the hangingwall of each thrust were restored by
matching hangingwall and footwall cutoffs. Where the
hangingwall cutoffs are eroded, minimum displacements along the thrust planes were assumed that
satisfy the present outcrop pattern and the observed
dip data. The data on internal strain in the LHZ rocks
are not only unavailable but also difficult to obtain
and, therefore, not considered. Hence the shortening
values obtained for each of the stratigraphic units are
minimum estimates. However, the fact that we are
able to balance the cross section suggests that internal
strain during the Tertiary Himalayan deformation in
the Precambrian rocks of the LHZ was probably not
very large.
Following general practice, the out-of-sequence
thrusts were restored first. The breached thrusts,
i.e., the MBT, the Mandi thrust and the Chail thrust
were restored successively followed by the Jawalamukhi thrust. The restoration of MBT and Mandi thrust,
and Jawalamukhi thrust led to the partial restoration
of SuT-1 and SuT-2 respectively. Thereafter, the
restoration was carried out from the foreland towards
the hinterland. The M F T and Soan thrust were successively restored which led to the partial restoration of
SuT-3. This was followed by restoration of SuT-3,
Barsar backthrust, SuT-2, Palampur thrust and SuT1 successively.
5.3 Shortening
The calculated shortening (in percentage) for different
horizons/lines are listed in table 2. The shortening
calculated using different lines/horizons vary between
26 and 36%. The variation in absolute values of
shortening and percentage shortening is within
acceptable limits considering the uncertainties
imposed by the data source and assumptions, as well
as variation in original length (1~ of different
stratigraphic units and stratigraphic pinchouts (cf.
Mitra and Namson 1989). The shortening between the
two pinlines is about 72 km or about 36%.
The displacements along the different faults are
shown in table 3. They were calculated by measuring
the distance between the hangingwall cutoff and
footwall cutoff in figure 4(a). Note that the displacement along the SuT-1 includes displacements along
the MBT and the Mandi thrust. Similarly, displacements along the SuT-2 and the SuT-3 include
displacements along the Jawalamukhi thrust, and
the M F T and the Soan thrust respectively. Therefore,
the cumulative displacement (about 97km) is not a
summation of displacements along all the faults.
The shortening and displacements reported here are
exclusively for the cover rocks. The shortening due to
underthrusting of the Precambrian Indian plate along
the detachment cannot be constrained from this work.
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Table 2. Calculated Yo shortening for different horizons, l~ is the initial length, taken from the restored section (figure ~ b). l~ is the
deformed length, taken from deformed section (figure ~a).

Lines/Horizons

Shortening (S) = l~ - l'

% Shortening= (S/l ~ • 100

49 km
70 km
75 km
80 km
72 km

26%
29%
29%
30%
36%

Line length restoration

Base of Siwalik Group (Siwalik-Kasauh contact)
Base Tertiary Rocks (Subathu-Shali contact)
Top Sundernagar Formation (Shali-Sundernagar contact)
Base Sundernagar Formation
Pin Lines P1 to P2
Combined equal area and key-bed restoration
Sundernagar Formation
Table 3. Estimated displacements along different faults. Fault
abbreviations as in figures 1 and 4. Note that the cumulative
displacement is not a summation of displacements along all the
faults. See text for discussion.

Fault

Displacement (km)

Sundernagar thrust-1 (SuT-1)
Main Boundary thrust (MBT)
Mandi thrust (MT)
Palampur thrust (PT)
Sundernagar thrust-2 (SuT-2)
Jawalamukhi thrust (JT)
Sundernagar thrust-3 (SuT-31
Main Frontal thrust (MFT)
Soan thrust (ST)
Barsar backthrust (BBT)
Cumulative

55
10
13.7
11.3
7
3.7
14
2.4
5
9.5
97

6. S t r u c t u r a l e v o l u t i o n

The balanced cross section (figure 4a) portrays a
rather complicated structural geometry of the foldthrust-belt along the Jawalamukhi section. In figure 5
(a to f) we present a series of sections depicting the
sequence of events that has shaped the final structural
geometry in this transect. In each of the diagrams in
figure 5, the next fault(s) to be developed is marked
with heavy line(s). Looked in reverse order (that is
figures 5f to 5a) these diagrams give discrete steps of
the restoration process.
Figure 5(a) shows the undeformed section with the
trajectory of SuT-1, the first fault to develop. It ramps
from the basal detachment (i.e. Precambrian basement-Sundernagar contact) to an upper flat and
brings the Lesser Himalayan rocks over the Tertiary
rocks (figure 5b). The contact between Subathu and
Dharamshala is interpreted a s the roof thrust of the
Lesser Himalayan horse (horse-2, figure 5b). Out-ofsequence movement along this thrust is expressed as
the synformally folded Palampur thrust (figure 5c).
The "synchronous thrusting model" (Gilluly 1960;
Boyer 1992; Mitra and Sussman 1997) rather than the
"second order duplex model" at the frontal zone of
ramp anticlines (Mitra 1986) explains the evolution of
the Palampur thrust. While movement along SuT-1
stopped or was continuing, the ramp of the Palampur
thrust developed from the upper flat of SuT-1 as a

30%
consequence of the reactivation of the roof thrust of
the horse-2. Whether the movement along SuT-1
stopped or was continuing at this stage cannot be
constrained. Such reactivation of i n t e r n a l thrusts are
common in fold-thrust belts (e.g. Boyer 1992; Mitra
and Sussman 1997). There is a slight difference in the
present case however, in the sense that the movement
along the ramp of SuT-1 is not necessary to explain
Palampur thrusting, although movement along both
ramps could have taken place simultaneously. So, the
thrusting is not necessarily synchronous in the strict
sense, but only "out-of-sequence" (Morley 1988).
Figure 6 is a balanced interpretation of how thrust
reactivation at deeper structural levels in the hinterland leads to out-of-sequence movement at shallow
structural levels towards the foreland. Figure 6 also
explains how P T could have evolved, due to reactivation of a buried thrust such as Thrust 1 in the same
figure.
The SuT-2 ramps from the basal detachment in a
piggy-back style and joins an upper flat at the
Sundernagar-Shali contact (figure 5c). Thrusting in
a piggy-back style continued'with the development of
SuT-3, ramping upsection from the basal detachment
(figure 5d), followed by the movement along the
upper flat (Sundernagar-Shali contact). The Barsar
backthrust (BBT), as observed at the present
erosional level, is a breakthrough structure that
developed along the steep limb of a fault-propagation
fold (Deragopipur anticline). This fold is related to a
buried thrust which ramps from the SundernagarShali contact with vergence towards the hinterland
(figure 5d). The evolution of the Barsar backthrust
has been explained in figure 7. From the observed fold
geometry of Deragopipur anticline and Balaru syncline the buried fault tip is inferred to lie along the
contact between Kasauli and Lower Siwalik. The Soan
thrust, followed by the MFT, ramped upsection from
the upper flat of SuT-3 (Sundernagar-Shali contact)
(figure 5e). The Soan thrust has two bends resulting
in multibend fault-bend folds in the hangingwall
(cf. Medwedeff and Suppe 1997). The M F T ramped
from the same d6collement horizon as the Soan
thrust to join an upper flat at the contact between
Middle and Upper Siwalik. Whereas the Soan thrust

Balanced cross section across Punjab and Himachal foothills
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Figure 5. Structural evolution of Sub-Himalaya Zone in the Jawalamukhi section. The heavy lines represent fault trajectories
along which the next movemeI~t would be taking place. Looked in reverse order, i.e., from (f) to (a), these diagrams give discrete
steps of the restoration process. Fault abbreviations are as in figure l(b). For clarity, only two stratigraphic horizons have been
ornamented and the upper contact of Upper Siwalik has not been traced in (d-f).
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Figure 6. Balanced diagrams showing how reactivation of an "internal thrust" can explain the structural geometry in the
vicinity of the Palampur thrust (modified after Boyer 1992). 1, 2 and 3 are stratigraphic horizons. (a) Thrusts 1 and 2 evolved in a
piggy-back style, as foreland propagating duplex, ramping from the same d@collement level. Contact between 1 and 2 locates the
upper flat for thrust 1, but the contact between 2 and 3 acted as the upper flat for thrust 2. (b) In the second stage of evolution,
out-of-sequence thrusting results in reactivation of an internal thrust (i.e., thrust 1). Note that thrust-2 is no longer active. A new
thrust (thrust-3) ramps from the upper flat of thrust 2, with fault-bend folds in the hangingwall. (c) Continued movement along
thrust 1 results in movement along thrust 3; thrust 2 remains inactive. Thrusts 2 and 3 can be correlated with the SuT-1 and
Palampur thrust respectively. Thrust 1 is the internal thrust mentioned in the text to explain the evolution of the Palampur
thrust.
is an emergent fault, the M F T is inferred to be a
blind t h r u s t buried below the forelimb of the faultbend fold formed in the hangingwall of the M F T .
Consequently, it is not observed in the field in the
present area. T h e SuT-2 was t h e n reactivated, and the
Jawalamukhi t h r u s t emerged as a r a m p (figure 5f) at
a higher structural level with fault-bend folds in the
hangingwall. T h e geometry of the fault-bend folds
suggests t h a t the Jawalamukhi t h r u s t developed after
SuT-3.
T h e out-of-sequence thrusting continued after the
f o r m a t i o n of the SuT-2 (figure 5f). T h e horse-2
was breached by a break-back sequence of thrusts.
Anticlinal b r e a k t h r o u g h structures developed from
the r a m p of SuT-1; first the M B T and t h e n the Mandi
thrust. M o v e m e n t t h e n continued along Chail t h r u s t
or the roof t h r u s t to horse 1 or both, because the Shali
F o r m a t i o n is inferred to be t r u n c a t e d in the hangingwall of the Mandi thrust. It is to be noted t h a t the
time of formation of these breached thrusts is not well
constrained. T h e n a t u r e of outcrop n o r t h of M B T
(Srikantia and S h a r m a 1976) is controlled as m u c h by
the a m o u n t of m o v e m e n t along these thrusts, as by
the effect of topography. By varying the a m o u n t

of m o v e m e n t along these three thrusts, it can be
explained why the Lesser H i m a l a y a n rocks have
different outcrop p a t t e r n s along strike. Even in the
present case, the a m o u n t of slip along the three thrusts
is not well constrained. T h e balanced cross section
p o r t r a y s the m i n i m u m slip, in each case, to obtain the
present geometry.
T h e relative timing of the breach thrusts, i.e., the
M B T , the Mandi thrust and the Chail thrust, and the
Jawalamukhi t h r u s t with reference to the overall
structural evolution are unconstrained. T h e breach
thrusts formed after SuT-1 and P a l a m p u r thrust
developed, whereas the J a w a l a m u k h i t h r u s t formed
after SuT-3 developed. T h e relative timing with
respect to the M F T and the Soan t h r u s t c a n n o t be
constrained.
It is interesting to n o t e t h a t the Sundernagar-Shali
contact has behaved as a d~collement in m a n y cases;
the Jawalamukhi thrust, the Barsar backthrust, the
Soan thrust and the M F T have this contact as their
lower flats. T h e salt unit at the base of the Shati
F o r m a t i o n (Ropri Member; Srikantia and S h a r m a
1976) m a y have behaved as a weak horizon and
localized the t h r u s t surfaces. Davis and Engelder
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(1985) have examined ways in which the presence of a
relatively weak salt-rich detachment influences the
style of deformation in a thin-skinned orogenic belt.
The resistance to sliding along a detachment between
an overlying mass of deforming sediments and the
underlying rocks controls the style of deformation in
thin-skinned fold-thrust-belts. Rocks like evaporites
(salts) and shales can provide a weak horizon within
which a basal detachment can form and along which
only a relatively small shear traction can be supported.
Elsewhere in the Himalayas, it has been shown that
weak layers such as salt beds and carbonaceous shales
localize thrust surfaces (e.g. Lillie et al 1987; Baker
et al 1988; Mukhopadhyay et al 1997).
The fault-bend fold in the hangingwall of SuT-2 has
a relatively sharp antiformal crest, unlike the common
case of broad antiformal crests. The annihilation of flat
fold crests in fault-bend folds results in such a fold style
owing to simple shear within a thrust sheet after the
development of the fault-related fold (Suppe 1983).
An important point that emerges from figure 5 is that
some of the thrusts in the Jawalamukhi section formed

due to out-of-sequence movement. The evolution of
this fold-thrust-belt cannot be explained in terms of a
simple model of foreland propagating thrust sequences
forming in a piggy-back style. Similar out-of-sequence
thrust movement has recently been proposed from the
Nepal Himalayas by Mugnier et al (1998).

7. A c o m p a r i s o n w i t h t h e cross s e c t i o n o f
P o w e r s e t al (1998)
Since this article was communicated in January 1998,
Powers et al (1998) have published a balanced cross
section for the same transect. Some of the significant
differences between our cross section and that of
Powers et al (1998) are as follows:
9 The Main Frontal Thrust (MFT): Powers et al show
fault-propagation folds in the hangingwall of the
MFT (called the Himalayan Frontal Thrust or
HFF) (figure 8a). The MFT has a bend and it is a
blind thrust with the tip of the fault buried below

Figure 8. Structural interpretations as given by Powers et al (1998) in the vicinity of (a) the MFT, (b) the Barsar backthrust and
(c) the Palampur thrust-MBT. See text for discussion (section 7).
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the alluvium. They also suggest an additional blind
backthrust branching from the MFT, to explain
the presence of a second anticline at the northern
end of the Janauri structure. This geometry was
derived from the lithologs of the Janauri 1 and 2
wells which supposedly intersect the M F T and the
backthrust respectively. But the lithologs of these
two wells (figure 2; Sastri 1979; Karunakaran and
Ranga Rao 1979) do not show the presence of
any fault. Moreover, the Janauri structure with an
additional anticline at the northern end can be
explained by a stair-case geometry of the M F T
having a fault-bend fold (Janauri anticline) on the
hangingwall--a model that we adopt in our cross
section (see figure 4a).
9 The Barsar Backthrust ( B B T ) : The Barsar backthrust was originally recognized by Bhandari (1970)
who showed that this backthrust has a dip of about
70 ~ towards south, i.e., towards the foreland. In the
deformed-state cross section of Powers et al (figure
8b), the same fault (not labelled in their figure) has
been shown to dip towards hinterland (i.e., towards
north) with a reverse sense of movement as shown
by the hangingwall-footwall cutoffs. The present
geometry of this fault as deduced by Powers et al is
that of a forethrust which is at a variance with the
observation in the field. In their geological map and
restored section, Powers et al also recognize this
fault to be a backthrust. They also show an emergent backthrust, called the Jhor fault, although
such a fault is absent on the map. We, on the other
hand, describe the evolution of the backthrust in
detail (figure 7). Finally, our interpretation of the
structural geometry between Barsar backthrust and
Jawalamukhi thrust is significantly different from
that of Powers et al (figure 8b). Our interpretation
is based on the map pattern, surface dip data and
the lithologs of three wells (B-l, Jw-1 and Jw-2).
This part of the section by Powers et al heavily
depends on a seismic reflection profile, the interpretation of which is at best equivocal.
9 North of Palampur thrust: Powers et al draw cross
section up to Palampur thrust (figure 8c). The complex outcrop pattern of the Tertiary rocks that occur
between the Palampur thrust and MBT has been left
unexplained. We have described how reactivation of
a roof thrust further into the hinterland can possibly
explain the outcrop pattern of the Tertiary rocks
north of the Palampur thrust (figure 6).
9 Basement: Powers et al consider the rocks of the
Vindhyan Group to be the basement for the
Tertiary rock sequence and the top of the Vindhyan
Group is taken to be a d@collement. It is not clear
why the rocks of the Vindhyan Group which occur
in the central part of the Indian Peninsular should
be the basement to the Sub-Himalayan rock
sequence. For the reasons explained in section 4.2,
we take the Precambrian gneissic rocks of the
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subducting Indian plate, as the basement and
incorporate the Shali and Sundernagar Formations
of the LHZ in the cover sequence.

8. C o n c l u s i o n s
Using published surface and subsurface data we have
constructed a deformed-state cross section across the
foothills of the Punjab and Himachal Himalayas, from
Adampur through Jawalamukhi to Palampur. The
cross section incorporates the Siwalik Group and the
pre-Siwalik early-Tertiary Formations as well as the
Lesser Himalaya Zone. The geometrically acceptable
orientations of the thrust trajectories in the restored
section together with tightly constrained estimated
shortening (calculated using several lines/horizons)
show that our deformed-state cross section is indeed a
'balanced cross section'.
Although the three major ramps from the Precambrian basement-Sundernagar contact are inferred to
have developed in a piggy-back style, the overall evolution of the Jawalamukhi section cannot be explained
by a simple "piggy-back sequence of foreland propagating thrusting" model (cf. Boyer and Elliot 1982;
Butler 1982, 1987). Some of the thrusts evolved
through out-of-sequence movements, while others (i.e.
MBT, MT and CT) formed in a break-back style.
Further, the movements along the three major ramps
(SuT-1, SuT-2 and SuT-3) splaying from the basal
detachment are not in sequence but alternated on
these three buried thrusts. Therefore, when averaged
over geologic time, the motion along the three ramps
from the basal detachment can be considered to be
synchronous. Therefore a "synchronous thrusting"
model (Boyer 1992; Mitra and Sussman 1997) in which
in-sequence initiation of thrusts at depth combined
with continued motion on all thrusts leading to out-ofsequence imbrication at upper structural levels better
explains the evolution of the fold-thrust belt in the
Jawalamukhi section.
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