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We present the results of a structural neotectonic survey undertaken on the Mahesian Anticline in the
frontal Himalaya of Pakistan. This anticline resulted from the folding of Precambrian to Tertiary layers
that was controlled by a thrust and a backthrust, interacting in a complex way. Four generations of fluvial
terraces formed by the Jhelum River and two tributaries have been distinguished on the SE flank of the
anticline. Two of these terraces, T2 and T3, have been left hanging by fold development and have been
dated by cosmogenic °Be to 6.5 + 0.2 ka and 3.3 + 0.7 ka, respectively. From such ages an uplift rate of
~10 mm/y was determined for the Holocene. That uplift is induced by a shortening rate of ~10 mm/y. We
highlight that the Mahesian Anticline and Frontal Salt Range Thrust, together with the Kalabagh western
lateral ramp and the Jhelum eastern lateral ramp, delineate the active tectonic boundary of the Potwar
Plateau. This thrust sheet moves above the salt level without out-of-sequence deformation. Moreover,
the small but significant difference between the long-term deformation rates (8.4 mm/y) and the
geodetic velocities (2—5 mmy/y) detected for the Central Potwar Plateau seems to be linked to episodic
spurts of accelerated creeping of the thick salt level, triggered by earthquakes located to the north on the
deep (>15 km) part of the MHT. In addition, the large difference between the long-term deformation
rates and the geodetic velocities (less than 2 mm/y) reported for the eastern Potwar Plateau seems to be
linked to the accumulation of a slip deficit around asperities formed where the salt is missing. This deficit
may be recovered during earthquakes potentially as great as Mw 7.

© 2017 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

The Himalaya of Pakistan is characterized by regional-scale
plateaus that mainly slip aseismically over the Indian Plate, as
suggested from the lack of historical high-magnitude earthquakes
in the area (e.g. Seeber and Armbruster, 1981, Fig. 1a and b). The
largest of these plateaus is the Potwar Plateau, which bounds the
western flank of the Hazara-Kashmir Syntax (e.g. Grelaud et al.,
2002, Fig. 1a and b). This plateau is currently moving southwards
above a late Precambrian—Early Cambrian salt level (Crawford,
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1974) that partially defines the main detachment in the area: The
Main Himalayan Thrust (MHT) (Schelling and Arita, 1991). It is
indeed this salt unit which mostly precludes the generation of
earthquakes in the area, unlike what occurs in most of the Himalaya
frontal zones (e.g. Seeber and Armbruster, 1981). By combining
paleomagnetic data and geological observations, Jaumé and Lillie
(1988) propose that the northern Potwar Plateau deformed as a
steeply tapered thrust wedge (sensu Chapple (1978), with an angle
of 3.5°—5.5°, until ca. 2 Ma. Between 2 Ma and the Present, the
propagating to the south main detachment reached the evaporates
level, which has pushed the Potwar Plateau without frictional
deformation. Then, erosion has reduced the initial steep slope of
the plateau to its present gentle slope. Cotton and Koyi (2000),
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Fig. 1. a) Structural map of the Potwar Plateau-Salt Range area. The study area is delimited by a red rectangle. AA’ is the profile shown in Fig. 2b. Moment tensor solutions are
provided for the 1992 Kohat Plateau and 2005 Kashmir earthquakes (black and red, respectively). Other constrained moment tensor solutions compiled are depicted by orange focal
mechanisms. The approximate location of the AD 25 Taxila Earthquake is depicted by a red star, b) Isopach map of the salt detachment according to Leathers (1987). Thickness are
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Fig. 2. a) Long term shortening rate for the MBT-Salt Range area. The mean shortening rate (dashed line) has been 8.4 + 0.5 mm/yr since ~12 Ma. See references in text and Table Ai-
ii in supplementary materials. b) Schematic profile AA’ (NW—SE) for the Potwar Plateau-Salt Range based on Leathers (1987). For location see Fig. 1a. PH = Pabbi-Hills Anticline,
R = Rhodas Anticline, RT = Rhodas Thrust; MA = Mahesian Anticline, MT = Mahesian Thrust; DA = Domeli Anticline, DT = Domeli Thrust; Q = Qazian Anticline, K = Kallar
Anticline; BA = Buttar Anticline, RF = Riwat Fault, SS = Soan Syncline. The ellipse is a zoom showing the change in dip of the Siwalik from the western to the eastern part of the

Mabhesian Anticline.

based on scaled sandbox models, simulate the evolution of the
Potwar Plateau and surrounding areas above adjacent frictional and
ductile substrates. Considering variations in the original thickness
of the ductile salt level and the influence of the prekinematic and
synkinematic style of the wedge above the main detachment, they
establish that forward-vergent thrusts producing steep wedges
develop above a frictional substrate. On the other hand, they sug-
gest that both forward and backward vergent thrusts conducting
low taper wedges occur over ductile substrates. Further, above a
ductile level, deformation propagates farther and faster than above
a frictional level; this differential rates produce a lateral inflection
zone sub-parallel to the shortening direction. Within the wedge
above the salt horizon, a frontal inflection and general folding is
promoted, generating diapiric structures. These features are like
those dominating the Salt Range - Potwar Plateau (e.g. Leathers,
1987).

Geodetic velocities indicate that the central part of the Potwar
Plateau is currently slipping to the S—SE at rates of 3—5 mm/y (e.g.
Jouanne et al.,, 2014, Fig. 1b). These velocities are lower than those
estimated from geological evidence for the Late Cenozoic, which
are ~8.4 mm/y for the last 12 to 2 My (e.g. Baker et al., 1988;
Mcdougall and Khan, 1990, Fig. 2a, Table Ai-ii in supplementary
materials). No shortening rates have been estimated for the Potwar
Plateau on the thousands of years' time-scale and this lack of in-
formation is a major obstacle when discussing the significance of

the geodetic velocities in terms of how strain is being accommo-
dated along the salt detachment of the Main Himalayan Thrust
(MHT). To fill this gap, overriding active structures, such as those
located close to the syntax in the frontal Himalaya of Pakistan
(Fig. 1a and b), are appropriate sites for estimating Holocene
deformation rates. There, the structural pattern is represented by
sub-parallel fault propagation folds related to blind thrusts that
accommodate convergence-induced shortening (e.g. Leathers,
1987, Fig. 2b). The most clearly expressed active structure in this
area is the Mahesian Anticline (e.g. Nakata et al., 1991, Fig. 3a—c),
located in a zone where the salt is ~0.2 km thick (Leathers, 1987,
Fig. 1b) and where GPS velocities (India Fixed Reference Frame) are
almost zero (<2 mm/y, PK34 station; Jouanne et al., 2014, Fig. 3a).
This anticline is bounded to the east by the Jhelum River, which has
carved fluvial terraces lying unconformably over Tertiary forma-
tions (Siwalik Group; Fig. 4a—e). Some of these terraces have been
uplifted by blind thrusts and backthrusts (e.g. Yeats and Lillie, 1991)
and are preserved on the E—SE flank of this fold (Fig. 5a—c).

In this contribution, we present the results of a structural and
neotectonic survey devised to characterize the structure of the
Mahesian Anticline and quantify the Holocene deformation of its SE
flank. First, we collected structural data about the orientation of the
Tertiary layers of the SE limb of this anticline. Comparing these data
with seismic profiles (Leathers, 1987) yields a model of how the
leading thrust and backthrust have controlled the structure of the

indicated by a gray scale. GPS velocities of Jouanne et al. (2014) with respect to the India Fixed Reference Frame are represented by red arrows; segmented red rectangles are the
dislocations used in their model. InSAR constrained velocities (Chen and Khan, 2010) for the Kalabagh Fault are depicted by blue arrows KF = Kalabagh Fault; SRT = Salt Range
Thrust; MBT = Main Boundary Thrust; NPDZ = Northern Potwar Deformed Zone; KA = Khaur Anticline; SS = Soan Syncline; RF = Riwat Fault; BA = Buttar Anticline; TB = Tanwin-
Bains Anticline; K = Kallar Anticline; Q = Qazian Anticline; ] = Jabbar Anticline; A = Adhi Anticline; BS = Baun Syncline; B = Bhubar Anticline; DA = Domeli Anticline;
MA = Mahesian Anticline; LF = Lehri Thrust; D] = Dil Jabba Thrust; KK = Kotal Kund Syncline; JT = Jogi Tilla Anticline; R = Rhodas Anticline; PH = Pabbi Hills Anticline,
MWT = Medlicot-Wadia Thrust, JF = Jhelum Fault, BBF = Balakot-Bagh Fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Mahesian Anticline. Second, we mapped four generations of fluvial
terraces on its SE flank. Quartz clasts were collected from two levels
of terraces for '°Be analysis in order to obtain their exposure ages.
We calculate uplift and shortening rates from these ages for a kink-
like geometry fold (e.g. Suppe, 1983) which is what we interpret the
Mahesian Anticline to be. We compare our thousands of years'
time-scale shortening rates with those obtained from geodetic
methods in the surrounding area (e.g. Jouanne et al., 2014) and
their difference is discussed in terms of the thickness of the salt
detachment and its mechanical (creeping and/or stick slip)
behavior. We finally propose a conceptual model of how the
Mahesian Anticline has grown during the Holocene, as a result of
the processes occurring at depth along the MHT. Our results and
interpretations seek to evaluate the seismic risk in a region where
the ninth largest dam in the world (the Mangla Dam (Fig. 1a and b))
is being constructed.

2. Tectonic and geological setting

The study area is located on the western side of the outermost
part of the Hazara-Kashmir Syntax (HKS) in Pakistan (Fig. 1a and b).
The HKS is a complex structure in the western Himalaya and cor-
responds to a bend defined by curved thrust faults whose traces run
parallel to each other locally (Bossart et al., 1990, Fig. 1a and b). Its
origin has been discussed by Bossart et al. (1990) and it is usually
suggested that it started to form during the Pliocene (Treloar et al.,
1992). In the HKS, E—W shortening occurred in a portion of the
Himalayan belt dominated by N—S convergence (e.g. Coward et al.,
1986). The western flank of the HKS is represented by the Potwar
Plateau-Salt Range domain (Fig. 1a and b), which is a thin-skinned
fold-and-thrust belt above the sub-horizontal salt detachment (e.g.
Crawford, 1974). This fold-and-thrust system is bounded to the
north by the Main Boundary Thrust (MBT) and to the south by the
Salt Range Thrust (SRT) (Fig. 1a and b; Pennock et al.,, 1989). Its
western limit is a lateral ramp, the Kalabagh Fault (Fig. 1a and b;
Mcdougall and Khan, 1990), while its eastern limit is the Jhelum
Fault, corresponding to the course of the river of the same name
(Fig. 1a and b; Baig and Lawrence, 1987). In the Potwar Plateau-Salt
Range domain, thrust motion occurs southeastward, parallel to the
orientation of the Kalabagh Fault (e.g. Khan et al., 2012). The salt
level is the dominant factor controlling the lateral variation of the
structural grain in the NW Himalayan fold-and-thrust belt of
Pakistan (Khan et al., 2012), and so the locations of the lateral ramps
of this plateau—the Kalabagh and Jhelum faults—are probably
linked to the extent of these evaporates.

In the vicinity of the Jhelum River, thrusts within the Potwar
Plateau-Salt Range have exposed most of the geological units
composing this domain. From a mechanical and lithostratigraphic
standpoint, the four main units (Gee, 1980, Fig. 2b) are:

i) A Precambrian crystalline basement. This basement crops
out only in the Sagortha high, south of the Salt Range.
Seismic profiles indicate that its top dips 1°—4° to the north
(e.g. Lillie et al., 1987) and that it is affected by normal faults
(Grelaud et al., 2002).

ii) Alate Precambrian salt layer (Salt Range Formation), which is
the main regional detachment (MHT; e.g. Crawford, 1974). It
varies in thickness from less than 200 m to more than
3000 m, although these values may not represent the orig-
inal thickness of the salt, since thickening and thinning
related to flow deformation have occurred (Butler et al.,
1987).

iii) A Cambrian to Eocene unit of platform deposits. This unit
varies in thickness from 200 m to 500 m and mechanically
behaves as a “carapace” (Butler et al., 1987). An Oligocene
hiatus marks the transition to the overlying molasses
(Leathers, 1987).

iv) Miocene to Quaternary syntectonic molasses; these deposits
are up to 6 km thick (Mugnier and Huyghe, 2006) and are
divided into the Rawalpindi and Siwalik groups (e.g.
Anderson, 1927).

3. Deformation rates of the Potwar Plateau-Salt Range

In the eastern part of the frontal Potwar Plateau-Salt Range
(Fig. 1a and b), the Salt Range Thrust ends to the NE and the
deformation is distributed among several fault propagation folds
(e.g. Yeats and Lillie, 1991, Fig. 2b). Seismic profiles show that these
structures are led by blind thrust faults rooted in the salt detach-
ment (Pennock et al., 1989) and these thrusts are both foreland- and
hinterland-vergent (Yeats and Lillie, 1991, Fig. 2b). The outermost of
the recognized fault propagation folds are the Mahesian Anticline,
the Rothas Anticline, and the Pabbi Hills Anticline (Fig. 2b).

Numerous deformation rates have been determined for
different structures and time-spans between 12 Ma and the present
in the Potwar Plateau (e.g. Mcdougall and Khan, 1990; Table Ai-ii in
supplementary materials). A synthesis of the structural works
performed for the thrusts between the Peshwar Basin and the Salt
Range (Fig. 1a and b; Fig. 2a) is proposed here. The long-term mean
displacement south of the MBT is deduced from the sum of the
incremental displacements of all the recognized structures since
1.8,2,4.5, 8,10, and 11 Ma. Nonetheless, the displacement along the
MBT has to be assumed to have been constant between 1.9 and 11
Ma (McDougall et al., 1993) since its temporal distribution is
unknown.

Our compilation suggests that tectonic displacement within the
Potwar Plateau has occurred at 8.4 + 0.9 mmy/y for the last 11 My
(Fig. 2a). This Late Cenozoic mean value is roughly consistent with
the 9—14 mm/y obtained farther west by Baker et al. (1988) for the
last ~2 My at the front of the Salt Range and with the shortening
rates along and south of the Domeli Thrust, located around 10 km
northwest of the Mahesian Anticline (Fig. 2b), and constrained at
~7 mm/y for the last 2.5 My (Pennock et al., 1989). However,
present-day shortening rates are only 3—5 mm/y (Jouanne et al.,
2014) on the central Potwar Plateau and therefore lower than
Late Cenozoic rates. This discrepancy between Late Cenozoic and
present-day shortening is more obvious on the western (Chen and
Khan, 2010) and eastern (Jouanne et al., 2014) borders of the Potwar
Plateau—Salt Range (Fig. 1b). Indeed, a GPS station (Jouanne et al.,
2014) indicates velocities of <2 mm/y (PK34 in Fig. 3a).

Fig. 3. a) Local structural map of the Mahesian Anticline and its periphery. PK34 is the GPS station of Jouanne et al. (2014). DA = Domeli Anticline, QT = Qazian Thrust; LF = Lehri
Thrust, JF = Jhelum Fault. The orientation of the Siwalik beds is also depicted. Profiles of Fig. 4d and e are represented. Tn is the Nagri Formation; Tdp is the Dhak Pathan Formation;
TQsl and TQsu are Lower Soan and Upper Soan formations, respectively; Qmc is the Mirpur Conglomerate; Qa are surficial deposits; Qs are stream channel deposits. b) Interpreted
structure of the Mahesian Anticline (following Suppe, 1983). Main lithological units are indicated. A and B are the “thrust” and “backthrust”, respectively. C-C’ is the profile
considered in c). ¢) Dip of the Siwalik beds from the central part of the Mahesian Anticline to its southeastern most external part. Red triangles depict the slope of the layers
projected onto a NW—SE profile. Note the abrupt change in the bed slope, as indicated by the red transparent bar that depicts the kink-like geometry of the anticline. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Structure of the Mahesian Anticline

The Mahesian Anticline is the best expressed active structure on
the Potwar Plateau (Nakata et al., 1991) and is composed of folded
Tertiary fluvial series (Rawalpindi Group and Nagri, Dhok Pathan,
and Soan formations of the Siwalik Group; Fig. 3b; Khan et al.,
1997). Its axis dips to the NE and the fold is ~20 km long and
6 km wide (Fig. 3a and b). Seismic lines (Leathers, 1987) indicate
that the Mahesian Anticline developed above the detachment at
the base of the salt formation at a depth of ~4 km (e.g. Leathers,
1987). It is mainly the result of a hinterland-vergent blind thrust
although some foreland-vergent blind thrusts (Yeats and Lillie,
1991) and detachments within the Tertiary piles (Grelaud et al.,
2002) make the structure more complex (Fig. 3b). Lateral varia-
tions also affect its geometry.

A structural analysis along the profiles in Fig. 4b and c and Fig. 5,
close to the seismic line PTW1 (Leathers, 1987), indicates that beds
dip at less than 20° close to the fold axis, while they dip at more
than 60° on the outermost part of the SE flank, where they may
even be subvertical (Fig. 3¢). The change in the dip of the Siwalik
layers from the inner part of the SE flank to its outermost part is
abrupt (Fig. 3b and c¢) and suggests a kink-like geometry (Suppe,
1983). A strongly tilted unconformity between the Quaternary
sediments and the Siwalik layers indicates rotation of the SE flank
during the formation of the anticline (Fig. 5c¢). The structural
development of the Mahesian Anticline is discussed further in
section 7.

5. Fluvial terraces on the SE flank of the Mahesian Anticline

Four generations of fluvial terraces have been distinguished on
the SE flank of the Mahesian Anticline (Fig. 4a—e; Fig. 5a—c). They
are formed from fluvial conglomerates deposited unconformably
over the Siwalik (Fig. 6a and b). We have named these terraces T1 to
T4 from oldest to youngest, respectively. The most developed
terrace is T2, which was mainly formed by a paleo-meander of the
Jhelum River; remnants of sediment of the paleo-Jhelum River
terrace are found spatially related to T2 and are assigned to the T1
terrace. Terrace T3 is linked to the incision of the Baral and Pandori
tributaries into terraces T2 and T1 (Fig. 4a). Since the development
of terraces along the two tributaries was not necessarily synchro-
nous, we focus on the terraces constructed by the Baral Tributary in
what follows. Terrace T4 was cut by the Jhelum River. The deposits
associated with T1 are more than 10 m thick, while the deposits
related to terraces T2 and T3 are less than 4.5 m and 2.5 m thick,
respectively.

We performed satellite image analysis and Aster GDEM topo-
graphic profiles around the Jhelum River, from the periphery of the
Mahesian Anticline to its intersection with the Pabbi Hills Anticline
(Fig. 3a, Fig. 4d and e). We measured the terrace elevation with
respect to the WGS84 ellipsoid, with a precision of +0.1 m, by
performing DGPS topographic leveling (Fig. 4b and c). Close to the
dam, the anthropic effects due to its construction are substantial
and preclude a detailed topographic study along the northern part
of T4 (Fig. 4a). Furthermore, construction of a high resolution DEM
was not possible due to restrictions on movement in this military
area; so elevation data of the terraces were simply projected on
NW-—SE cross-sections (Fig. 4b and c).

The top of T1 is poorly preserved and its geometry is not dis-
cussed further here. T2 is nearly flat and at an elevation of nearly
300 m in its northwestern part whereas its southeastern part is
tilted eastwards and its elevation less than 250 m (Fig. 4b and c).
This tilting occurs above the steep Siwalik beds (Fig. 4b and c,
bottom). Along the Baral River, T3 is also tilted westward above the
steep beds of the fold and its elevation varies between 283 m and

256 m (Fig. 4b and c, bottom). At the intersection between the Baral
and Jhelum rivers, T4 is ~10 m above the river bed and was reached
by catastrophic high flow prior to the dam's construction. Its
northern part is higher than the river, even after its excavation
during the dam construction, so this zone was probably affected by
fold warping. The overall geometry of T2 and T3 indicates homo-
geneous uplift of the northeastern part of the terraces and tectonic
tilting above the steep beds of the southeastern flank of the
Mahesian Anticline (Fig. 4b and c).

The incision of this zone is controlled by the uplift of the
Mahesian Anticline and the consequent changes in the geometry of
the river. The uplift of the Mahesian Anticline since the construc-
tion of T1 has promoted the eastward migration of the Jhelum River
bed to its present day position and locally favored incision. River
trend changes have been documented as a significant control in the
incision rate, for instance, further east along the Himalaya, in the
Darjiling sub-Himalaya. There, the Tista River, obeying to an
augmentation in deformation rates along out-of-sequence reverse
faults, has migrated and strengthened its incision (Mukul et al.,
2007).

Nonetheless, south of the Mangla Anticline, the Jhelum River is
locally anastomosed and only incises T4, whereas no clear incision
between T4 and older features is evidenced. There, the vertical
incision between the low stand of the Jhelum River and T4 is less
than 10 m and reflects the dynamics of the river between low flows
and catastrophic high flows (Fig. 4d and e). A stable level of the
Jhelum River is therefore inferred during terrace construction.
Furthermore, the slope of the Jhelum River is less than 0.1%; thus,
the difference in elevation compared to the initial slope of the river
between the downstream and upstream parts of T4 is only a few
meters. Therefore, the difference between the tops of terraces T4
and T2 is thought to reflect the uplift. This results in an uplift of
60 + 5 m for the northwestern T2 site (i in Fig. 4a).

The watershed areas of the tributaries are both around 10 km?
and their evolution is controlled by changes in the Jhelum River.
The abandonment of the T2 meander by the Jhelum River increased
the length of the Baral tributary by ~30% (3 km versus 10 km). This
means its present-day elevation above the Jhelum River is greater
than its elevation during the development of T3. Therefore, the
difference between the tops of terraces T4 and T3 is thought to
underestimate the uplift. Nonetheless, the present-day slope of the
Baral River is uncertain given the existence of a small dam along its
course and is estimated at between 0.4 and 0.8% (Fig. 4b and c);
these uncertainties are used to estimate the uplift component for
the northwestern sites of T3 as 37 + 5 m (iii in Fig. 4a).

6. °Be concentrations and age interpretation

Cosmogenic radionuclides (CRN) have been successfully used to
constrain the age of deformed geomorphic surfaces (e.g. Frankel
et al,, 2015). These isotopes are generated within the first few
meters of the Earth's surface due to the impact of secondary cosmic
rays; their production rate decreases exponentially with depth (Lal,
1988). At a given depth (x) and for a material density (p), the pro-
duction rate (Px) can be estimated if the surface production rate (Pp)
is known (Lal, 1991):

Py = Pye*¢/4) (1)

where 4 is the characteristic attenuation factor, which is roughly
invariant at different locations on Earth (Lal, 1991).

In situ produced CRN (here '°Be) can be used to measure the
duration of surface exposure to cosmic rays (cf. Gosse and Phillips,
2001) and so provides a numerical age for a surface. These ages
must be considered apparent because they are dependent on
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Fig. 4. a) Map view of the terraces on the Mahesian Anticline in a Google Earth image. i, ii and iii are the '°Be sample sites. White solid lines AA’ and BB’ are the projected DGPS
profiles shown in b) and c). BR and PR are the Baral and Pandori rivers, respectively. b) and c) are, in the upper sections, the profiles AA’ and BB/, respectively. Terraces of the left and
right sides of the Baral River were respectively projected. The lower sections of b) and c¢) show the relation between the terraces and the change in dip of the Siwalik across the
Mabhesian Anticline. T3b and T3p, are the terrace T3 produced by the Baral and the Pandori tributaries, respectively. d—e) Topographic profiles of Fig. 3a from Aster GDEM.

parameters including prior exposure issues (inheritance, e.g.
Anderson et al., 1996), post-depositional effects (partial shielding,
e.g. Putkonen and Swanson, 2003), and erosion (e.g. Brown et al.,
1991). Considerations about additional parameters, sample prepa-
ration procedures, and laboratory facilities are addressed in
supplementary materials.

In this study, the ages obtained correspond to the abandonment
of fluvial terraces as a consequence of the formation of the Mahe-
sian Anticline. Only T2 and T3 were sampled (Fig. 6a—h). Much of
the original surface of terrace T1 is occupied by a military camp and
access is prohibited, while elsewhere the surface has been largely
obliterated by natural incision(s) post-abandonment, resulting in a
rough surface from which it was not possible to select appropriate
sample sites. No suitable sites were identified for T4 because it has
been disturbed by anthropic action. To determine exposure ages,
we collected boulders and pebbles both from the surfaces of these
terraces and along vertical profiles. We chose to collect quartz
fragments exclusively in order to analyze samples with the same
lithology (Fig. 7a). Gneisses and granites were too scarce or too
badly weathered to be suitable for this kind of analysis. In order to
estimate the amount of inherited °Be due to prior exposure pro-
cesses of the clasts, samples (one per depth level) were collected
from around 2.5 m deep in terraces T2 and T3, following the
strategy of Anderson et al. (1996).

The pebbles come from the Himalayan Belt, located approxi-
mately 100 km to the north, while the boulders originate from the
Siwalik that crops out in the study area. Samples are assumed not to
have been remobilized after their deposition in the terrace sedi-
ments because of the well-preserved fluvial sorting. Cosmogenic
ages for similar fluvial terraces in NW Himalaya have resulted in

ages of ~30 ka or younger (e.g. Bookhagen et al., 2006). For such a
period only strong surface denudation (>1 m) would significantly
affect the exposure ages. The aspect of terraces T2 and T3 is
dominantly flat (Fig. 6¢, f), which suggests a very low denudation
rate, meaning this parameter can be ignored for age calculations.
We test anyway maximal erosion rates to evaluate its incidence in
age calculations. Thirteen samples were obtained from two sites on
terrace T2 (i and ii in Fig. 4a; Fig. 6c—e) and seven samples from one
site (iii in Fig. 4a; Fig. 6f—h) in terrace T3. Table 1 shows the details
of each sample.

Four surface samples from terrace T2 give a coherent average
19Be concentration of ~37 000 + 4800 at/g (Fig. 7a). Sample
PK2007-09 (orange diamond in Fig. 7a) has a high °Be concen-
tration (~63 000 at/g), possibly largely due to inheritance. Probably,
this high inheritance is due to its size (1.2 m in diameter) and the
occurrence of Siwalik outcrops in the catchment of the Pandori
River. Thus, the boulder is too big to have been effectively trans-
ported by this tributary. Data obtained at depth show a significant
scattering in terms of '°Be concentration (Fig. 7a). They do not fit
any curve of '°Be decreasing concentration with depth, suggesting a
potential inherited amount of this isotope variable from one clast to
another (Fig. 7a). If this is correct, the samples with the lower in-
heritance are those with the lowest concentration of '°Be both at
the surface and at a given depth. Even if it has been suggested that
sampling sand may give less scattered results (Hidy et al., 2010),
other studies demonstrate that both sand and coarser samples may
result in considerable dispersion of '°Be concentration data (e.g.
Rizza et al., 2015; Oskin et al., 2008). Based on this, we consider it
unlikely that the observed scattering is conditioned by the size of
the collected samples.
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Fig. 5. a) Panoramic view of the SE flank of the Mahesian Anticline. b) Detailed view of beds pertaining to the Siwalik Group along the Baral River. The dips of the layers are gentle
(~20°) beneath the irrigation dam. c) Detailed view of the layers of the Siwalik Group in the easternmost part of the Mahesian Anticline. Subvertical (~70°S) beds of the Siwalik are
observed. Terraces T1 to T3 are depicted by colored lines. Yellow continuous lines are the Siwalik beds. Yellow segmented lines are silty levels overlying the Siwalik beds. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

For T2, zero erosion was first assumed for the calculations. Next,
we developed a least square calculation, which is a function of the
exposure age and inheritance, to generate a curve that confirms the
production rate attenuation law of Lal (1991), considering the two
least concentrated samples at the surface and at depth, PK2007-23
and PK2007-28, with their uncertainties (red curve in Fig. 7a). In
Fig. 7a, the samples to the right of the curve contain higher in-
heritance than those located on the curve; therefore, the model
represents the maximum age with the minimum inheritance. With
this, we obtained a maximum age of 6.5 + 0.2 ka for terrace T2. To
test the influence of erosion in our estimations, we secondly
considered a maximum erosion rate of 0.018 mmy/y, which has been
suggested for Bhutan terraces (Berthet et al., 2014), in a much
wetter area. With this, we observed that the zero erosion age is not
modified by more than 600 y. Hence, even with this unlikely
erosion rate, our results are not significantly affected. We thus
consider our zero erosion age as reliable and in agreement with the
age of a cool and dry climatic period in NW Himalaya reported at 7.7
to 6.1 ka (Trivedi and Chauhan, 2009), conducive to the abandon-
ment of fluvial terraces.

For terrace T3, the same reasoning and methods are followed
(Fig. 7b). Assuming an erosion rate of zero, the calculated °Be
concentration is consistent with a maximum age of 3.3 + 0.7 ka,

which is coherently younger than the maximum age of terrace T2
(Fig. 7b). We also tested a 0.018 mmy/y erosion rate and observed
that the estimated age is not greatly affected (<200 y). The esti-
mated maximum age for T3 is similar to other Holocene terraces in
the Himalaya and can be correlated with a cool and dry climate
stage in the NW Himalaya from 4 ka to 2 ka (Trivedi and Chauhan,
2009).

7. Holocene deformation rates of the Mahesian Anticline

Considering the abandonment age of the terraces and their
uplift, the uplift rates for the Mahesian Anticline are between
9.2 + 0.8 mm/y and 11.2 + 2.8 mmy/y, respectively, for terraces T2
and T3; given the uncertainties, an uplift rate of ~10 mmy/y is
considered in the following. Tilting above the southeastern flank of
the anticline is occurring at a rate of ~0.5%/ky, a value that suggests
a Late Pleistocene age for the unconformity that dips 8° at the
boundary between the terrace deposits and Siwalik beds (Fig. 5c).
This tilting is linked to shortening of the Mahesian Anticline, as
described in the following section.

Previous works about the Mahesian Anticline (e.g. Leathers,
1987) claim that the deformation of the sedimentary pile is due
to the effect of two blind thrusts within the core of the detachment
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Fig. 6. Field photographs of the fluvial terraces of the Mahesian Anticline. a—b. Fluvial conglomerates beneath terrace T2 in discordance over the Siwalik deposits (site i). White lines
in a) and in b) represent the discordance. c) General view of terraces T1 and T2. d) Detailed view of the surface of terrace T2 (site ii). e) View of the section where clasts for the '°Be
profile for T2 were collected. f) General view of terrace T3. g) Detailed view of clasts over terrace T3. h) View of the section where clasts for the '°Be profile for T3 were collected.

fold: a foreland-vergent thrust and a hinterland-vergent backthrust
(Fig. 8). The genetic link between the fold and the two faults is
unclear and the different seismic profiles indicate that their
respective influence varies laterally. The whole anticline seems to
be a truncated detachment fold (Wallace and Homza, 2004),
although the tilting observed above the steep beds suggests a
trishear fault-propagation fold (Erslev, 1991).

In what follows, the homogeneous uplift rate (U) of the north-
eastern part of the terraces is considered as the first-order
parameter for characterizing the Holocene deformation of the
Mahesian Anticline. The simplifications suggested by Grelaud et al.
(2002) were used to analyze the fold by adapting the equations of
Mugnier et al. (2006).

Above a ramp, the displacement is parallel to the underlying
fault segment if this latter is considered fixed (Avouac, 2003) and is
expressed by:

U = V*sina (2)

where U is the uplift rate above the ramp, V the shortening rate, and
a the dip angle of the causative ramp (Fig. 8). In the case of a flat
parallel to the beds and a backthrust ramp, a basal wedge is defined
between the basal décollement and the ramp. Assuming the

displacement is zero at its front, the slip along the ramp is equal to
the slip along its base, and Equation (2) still applies for estimating
the velocity above the wedge.

However, a zig-zag pattern is proposed for the faults within the
core of the Mahesian Anticline: a steep backthrust roots into the
salt detachment at ~4 km depth whereas a gentle thrust is con-
nected to the backthrust (Fig. 8). The uplift of the fold is therefore
the sum of the contribution of the two faults, and six domains,
bounded by faults or axial active surfaces. Above the faults, two
trishear propagating zones bound the central part of the anticline
and develop at the tip of the thrust and back-thrust (Fig. 8); the
footwall of the faults is formed by the back-stop and the foreland
zone where a wedge is also formed between the backthrust and the
thrust (Fig. 8a).

For the central domain above the superposed faults (violet zone
in Fig. 8), the total uplift Ut is the sum of the uplift U induced by the
backthrust (Equation (2)) and additional uplift (U,) related to the
thrust. This additional uplift component U, is also determined from
Equation (2) when slip along the thrust (dip «') is estimated (Fig. 8).
The attenuation of displacement between the backthrust and
thrust is weak as the hanging-wall cut-off angles are small (Suppe,
1983) and we have:



84 J. Cortés-Aranda et al. / Quaternary International 462 (2017) 75—89

10Be concentration (at/g)

Clast

Size O 10(?00 20900

30000

40000 50000 60000 70000
: —¢ [o]

50

{ 100

[
un
[=}

S
(=]
(wd) yadap

¢ Siwaliks (Foreland basin)
¢ Himalayan Belt

N
L
o

a)

10000 20000

300

10Be concentration (at/g)

30000 40000 50000

(wd) yadep

300

b) 350

60 cm

Fig. 7. Concentration of '°Be versus depth profiles for a) Terraces T2 and b) Terrace T3. Red curve is the inversion model following Vassallo et al. (2015). The red segmented lines are
given by the uncertainties associated with both surface and in-depth less concentrated samples. Yellow and red diamonds indicate Siwalik and Himalayan Belt clasts, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Ut ~ V(sin a + sin &) 3)

From Equation (3), the shortening rate would be 14 mm/y for
the geometry proposed in Fig. 8 (o = 30° and o’ = 15°); for the
steepest fault system that can be inferred (e.g. & = o' = 30°), the
shortening would be 10 mm/y.

The former analysis suggests that the Holocene shortening rate
for the Mahesian Anticline is greater than the regional long-term
8.4 mm/y rate. The rate obtained for the Mahesian Anticline is
probably affected by the local E-W shortening (Coward et al., 1986)
that enhances deformation in the core of the syntax and is not
related exclusively to the present-day regional shortening.

Due to an unknown component of strike-slip motion that could
affect the Mahesian structure and the complexity of the kinematics
of the whole syntax, no attempt is made to estimate this
contribution.

8. Discussion: deformation of the Potwar Plateau

We have estimated shortening rates for the Mahesian Anticline
at the Holocene timescale. Our estimations are in general consis-
tent with geologically constrained deformation rates and lower

than instantaneous velocities. In this section we first discuss how
deformation conducted by thrusts and backthrusts in the Potwar
Plateau has evolved (in-sequence or out-of-sequence activity).
Then, we argue about how the variable salt thickness along the
MHT under the plateau seems controlling the spatial Holocene-
instantaneous deformation pattern. Finally, we discuss about the
mechanical behavior along the MHT depending on the thickness of
the salt horizon; this latter aspect helps in assessing the seismic
hazard for a region in which no historical Mw > 6 earthquakes have
been documented.

8.1. Late Cenozoic versus Holocene deformation rates

The slightly greater Holocene shortening rate of the Mahesian
Anticline is consistent with the Late Cenozoic 8.4 mm/y regional
estimation for the Potwar Plateau (Fig. 2a). In particular, it is close to
the 9—14 mm/y shortening rates provided by (Baker et al., 1988) for
the last 2 My for the frontal Salt Range. Therefore, we suggest that
deformation of the NE Potwar Plateau has been mainly concen-
trated in the Mahesian Anticline during the Holocene. This is in
agreement with the regional interpretation of Jouanne et al. (2014),
which states that deformation along the MHT is essentially
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Table 1
10Be data. See the supplementary materials for details about sample preparation and laboratory facilities. i, ii, and iii indicate the specific sample sites in each terrace.
Sample Terrace Lat (°) Long  Elevation Depth  '°Be concentration Uncert Shielding  Surface production  Size cm Facies Comments
) (m) (em)  (at/g) (at/g) factor (at/gly)
Pk2007- T2(i)  33.125° 73.605° 323 0 34,734 2337 1 4.7 15 Quartz Whole pebble
23
Pk2007- T2(i)  33.125° 73.605° 323 0 36,762 4951 1 4.7 30 Siwalik Fragments from the
24 upper face
Pk2007- T2(ii) 33.103° 73.605° 307 0 41,410 4559 1 4.7 60 Quartz Fragments from the
01 upper face
the upperface
the upper face
Pk2007- T2(ii) 33.103° 73.605° 307 0 63,216 2653 1 4.7 30 Siwalik Fragments from the
09 upper face
Pk2007- T2(ii) 33.103° 73.605° 307 0 35,021 7506 1 4.7 20 Quartz Fragments from the
11 upper face
Pk2007- T2(ii) 33.103° 73.605° 307 30 94,544 12,014 1 4.7 10 Quartz Whole pebble
06
Pk2007- T2(i)  33.125° 73.605° 323 40 31,721 4889 1 4.7 15 Siwalik Whole pebble
26
Pk2007- T2(i)  33.125° 73.605° 323 45 32,576 2552 1 4.7 7 Siwalik Whole pebble
25
Pk2007- T2(ii) 33.103° 73.605° 307 84 26,391 4875 1 4.7 11 Siwalik Whole pebble
07
Pk2007- T2(i)  33.125° 73.605° 323 95 26,756 4347 1 4.7 10 Siwalik Whole pebble
27
Pk2007- T2(ii) 33.103° 73.605° 307 103 47,105 5451 1 4.7 10 Quartz Whole pebble
08
Pk2007- T2(i) 33.125° 73.605° 323 265 12,052 1146 1 4.7 10 Quartz Whole pebble
32
Pk2007- T2(i) 33.125° 73.605° 323 275 5040 1616 1 4.7 substratum Siwalik Fragments from the
28 upper face
Pk2007- T3(iii) 33.103° 73.613° 294 0 29,311 5750 1 4.7 100 Siwalik Fragments from the
12 upper face
Pk2007- T3(iii) 33.103° 73.613° 294 0 25,701 4648 1 4.7 40 Murree Fragments from the
13 upper face
Pk2007- T3(iii) 33.103° 73.613° 294 0 28,281 1885 1 4.7 40 Murree Fragments from the
14 upper face
Pk2007- T3(iii) 33.103° 73.613° 294 80 14,663 2427 1 4.7 20 Siwalik Fragments from the
17 upper face
Pk2007- T3(iii) 33.103° 73.613° 294 250 35,603 6699 1 4.7 15 Quartz Whole pebble
18
Pk2007- T3(iii) 33.103° 73.613° 294 360 13,251 2676 1 4.7 0.1 Quartz Amalgamated sand
20
Pk2007- T3(iii) 33.103° 73.613° 294 360 13,857 2120 1 4.7 15 Quartz Whole pebble
21

transferred to the Salt Range Thrust.

The eastern boundary of the Potwar Plateau is represented by
the Jhelum Fault, which is an active fault as deduced from its
seismicity, old linear landslides, and deflected drainages (Baig and
Lawrence, 1987). The evolution of this long-lived fault is complex
and no estimations of its slip rates have yet been determined.
Because the Mahesian Anticline is on the western side of the Jhe-
lum Fault, we suggest that the Jhelum Fault is, for recent periods, a
sinistral fault transferring shortening to our targeted frontal
structure.

Considering previous works and our results, we suggest that the
active fault systems within the western part of the HKS are repre-
sented by the Kalabagh Fault, the Salt Range Thrust, the Mahesian
Anticline, and the Jhelum Fault (red lines in Fig. 9a and b). There-
fore, in-sequence deformation dominates in the NE Potwar Plateau
during the Holocene. Out-of-sequence thrusts are more active
eastwards, as evidenced by Vassallo et al. (2015), who suggest that
deformation is accommodated between the Medlicott-Wadia
Thrust and the MFT.

8.2. Present-day versus Holocene deformation rates

Present-day deformation of the Potwar Plateau was measured
between 2006 and 2012 by deploying temporal GPS stations

(Jouanne et al., 2014). The obtained data are not affected by
increased stress during and after the 2005 Mw 7.6 Kashmir
Earthquake (Parsons et al., 2006). Deformation field has been
modeled by supposing the MHT as a set of dislocations within an
elastic half-space (red dashed boxes in Fig. 1b). At the surface, these
dislocations reproduce a velocity field that increases southwards
(red vectors in Fig. 1b; Jouanne et al., 2014).

On the western side of the plateau, the analysis of InSAR images
acquired between 1992 and 1999 (Chen and Khan, 2010) indicates
that the creep component of the slip along the Kalabagh Fault is
around 5.7 mm/y in its northern section, and decreases to its
southern termination where the slip is less than 3.7 mm/y (Chen and
Khan, 2010; blue vectors in Fig. 1b). This fault accommodates a lesser
amount of instantaneous deformation in a zone where the salt
thickness tapers (southern tip, Fig. 1b). Similarly, the salt thickness
decreases towards the Jhelum Fault and the instantaneous defor-
mation close to this fault is almost zero (PK34 station, < 2 mm/y,
Jouanne et al., 2014, Fig. 3a). We emphasize that the present-day slip
rates in the central Potwar Plateau (Jouanne et al., 2014) are lower
than all the reported geological rates, including our Holocene results.
Furthermore, geodetic velocities provided for the eastern and
western Potwar Plateau differ markedly from our Holocene rates.
We surmise that this lateral decrease in the instantaneous velocities
is controlled by the thinning or absence of the salt level.
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8.3. Creep pulses triggered by increased deviatoric stress?

It is widely accepted that deformation of the Potwar Plateau is
induced by aseismic slip on a viscous detachment represented by
the salt level (e.g. Seeber and Armbruster, 1981). However, the
discrepancy between Holocene and instantaneous deformation
rates on the lateral borders of the Potwar Plateau imposes sub-
stantial constraints on this assumption. From a mechanical stand-
point, two possibilities are proposed to explain this difference
(Fig. 9a and b).

The first possibility is based on the properties of the salt level.
From creep experiments performed on rock salt (e.g. Urai et al.,
2008), it is found that dislocation creep rates (epc) evolve accord-
ing to the differential stresses (61 — ¢3), as depicted by Equation
(4).

epc = Ae (g1 — g3)" (4)

where A is a constant of the material properties, Qpc the activation
energy for dislocation creep, R the gas constant, T the absolute
temperature, o1 and 63 are the maximum and minimum stresses,
and n is a stress exponent. For salt, n varies from 3 to 6, with greater
values at higher stresses (Hunsche and Hampel, 1999).

The velocity (V) of the sedimentary carapace of the Potwar
Plateau is linked to the deformation rate of the underlying salt level,
and assuming a homogeneous simple shear deformation it is found
(Coward and Kim, 1981) that:

V=2eH (5)

with H being the thickness of the salt level and e the component of
pure shear strain rate.

Assuming that the creep rates and the pure shear strain rate
component are equal, combining Equations (4) and (5) indicates
that:

V=2 Ae®H(ol - g3)" (6)

Equation (6) is a simplification of how deformation is accom-
modated, but it indicates that the velocity of the sedimentary
carapace is conditioned both by the thickness H of the salt level and
the deviatoric stress (61 - 63).

This thickness control inferred from the above law is confirmed:
the decrease in the present-day velocity of the southern Kalabagh
Fault spatially correlates with zones of thin salt (Chen and Khan,
2010, Fig. 1b). Similarly, the eastern termination of the Potwar
Plateau, where the lowest geodetic slip rates have been determined
(Jouanne et al., 2014, Fig. 1b), is also located above a zone where the
salt is thin (<0.2 km thick). In contrast, the highest GPS velocities
are observed in the central zones of the Potwar Plateau-Salt Range
domain, where the salt is thicker than 1.8 km (Fig. 1b).

Assuming that salt creeping is the only deformation-inducing
process, the contrast between Holocene and present-day veloc-
ities in the Potwar Plateau implies that the creep rate used to be
faster than that currently observed by Jouanne et al. (2014). Equa-
tion (6) indicates that creep may be accelerated if deviatoric
stresses rise. Earthquakes like the ~25 AD Taxila event (Fig. 1a;
Fig. 9a), which is believed to have occurred at the NW hinterland
limit of the Potwar Plateau (Ambraseys et al., 1975), along the
deeper and presently locked part of the MHT (Jouanne et al., 2014),
may increase the deviatoric stress controlling creeping, making it
faster (Fig. 9a). The repetition of such earthquakes supposedly in-
duces bursts of intense creeping, in addition to the regular creep
rates. Moreover, the occurrence of such bursts is thought to
enhance the long-term deformation of the Potwar Plateau at rates

higher than those recorded nowadays with geodesy.

The second possible explanation for the lateral velocity contrast
is to suppose an asperity locally induced by tectonic thinning of the
salt detachment that creates areas without salt. A similar asperity
nucleated the 1992 Mw 6 earthquake that struck the Kohat Plateau
area (Satyabala et al., 2012, Fig. 1a), a region formerly assumed to be
of low seismic risk. There, geodetic velocities are also lower than
the geological shortening rates (Satyabala et al., 2012). This event
suggests stick-slip mechanical behavior occurring locally along the
detachment.

From this analogy, the contrast between our data and the
geodetic velocities in the Potwar Plateau area could be linked to
irregular tectonic thinning of the salt detachment (Fig. 1b). This
irregular pattern has been already evidenced (Fig. 1b) and may be
due to normal faults that offset the salt level and promote the
accumulation of salt in the core of folds (Grelaud et al., 2002).
Intense thinning of the salt level between the anticlines is believed
to create asperities that lock the main detachment, accumulate
elastic strain (Cotton and Koyi, 2000), and suddenly release it
during earthquakes. The anticlines of the eastern border of the
Potwar Plateau (Fig. 9b) are positioned over a zone where the salt is
thinner and irregular (Fig. 1b; Leathers, 1987). Therefore, we sug-
gest stick-slip behavior occurs in the zone east of the dislocation
that currently creeps beneath the central Potwar Plateau (red box in
Figs. 1b and 9b).

8.4. Large earthquakes beneath the eastern Potwar Plateau?

The hypothesis involving earthquakes in the study area con-
tradicts the aseismic character of the MHT underneath the Potwar
Plateau (Fig. 9b), usually inferred from the absence of historical
Mw > 6 earthquakes for the past several centuries (Monalisa et al.,
2009). Nevertheless, instrumental data show that seismic activity
in that area is represented by Mw < 5 earthquakes and a few Mw 5
earthquakes (Monalisa et al., 2009, Fig. 1a). This suggests that the

Tkm
W-NW E-SE
Lehri Mahesian Mangla
Fault Anticline Terraces

Fig. 8. a—b. Interpretation of the Holocene uplift of the Mahesian Anticline as due to a
thrust and a backthurst. The violet zone is the zone located between the active axial
surfaces (black lines). This is the substratum of the Mangla terraces and moves with
the slip field. o and o are the dip angles of the thrust and backthrust, respectively. U is
the uplift produced by the lower wedge, and Ua by the upper wedge. The addition of
both is the total uplift Ut. V is the horizontal component of slip along the basal
detachment. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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this article.)

MHT and/or upper thrusts in the eastern part of the Potwar Plateau
are able to produce seismicity.

To estimate a maximum magnitude for an earthquake affecting
the eastern part of the Potwar Plateau, we consider that the study
area has not been struck by great earthquakes over the last 300
years. For a slip rate of ~10 mmy/y over this period, we calculate a
minimum slip deficit of 3 m. If this slip deficit were to be made up
during an earthquake, the associated rupture could affect a locked
zone bounded to the southwest by the portion of the MHT that
currently creeps (Jouanne et al., 2014), and to the east by the Jhelum
Fault, a zone where the salt thickness is usually less than 0.2 km
(Leathers, 1987). This would lead to an earthquake of ~Mw 7.

If the proposed hypothesis involving great earthquakes is cor-
rect, the Holocene Mahesian Anticline development is due to suc-
cessive earthquakes initiated along the MHT and that propagate
along the leading thrust and/or backthrust. These ruptures would

not necessarily reach the surface. Shallow depth earthquakes of
~Mw 6 have been reported beneath similar anticlines in California
(Lin and Stein, 1989).

An open question is what would happen to the Mangla Dam if
an earthquake struck similar to those that we interpret occurred
beneath the Mahesian Anticline. With the available information
and our results, we think that seismic risk associated with the
occurrence of unusual large earthquakes must not be ruled out for a
densely inhabited zone located in the periphery of the Mangla Dam.

9. Conclusions

e Four fluvial terraces were identified on the SE flank of the
Mahesian Anticline; the maximum ages for terraces T2 and T3,
dated by '°Be, are 6.5 + 0.2 ka and 3.3 + 0.7 ka, respectively.
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e Analysis of structural datasets indicates that the Mahesian

Anticline has experienced a complex kinematic history since its

inception. It seems to be a detachment fault truncated by a

backthrust and a thrust. The propagation of the thrust induces

tilting of the external limb of the fold and the uplift rate for the
central part of the fold is 10.2 + 1.5 mm/y for the Holocene.

Shortening rates for this fold are greater than 10 mm/y for the

Holocene, a value close to the 8.4 + 0.9 mm/y shortening for the

Late Cenozoic.

During the Holocene, the Kalabagh lateral ramp, the frontal Salt

Range thrust, the Mahesian structure, and the Jhelum Fault,

delineate the active boundary of a single thrust sheet (the Pot-

war plateau) that moves above the salt level without internal
deformation (without out-of-sequence thrusting).

e The small but significant difference between the Late Cenozoic
deformation rates (8.4 mm/y) and the geodetic velocities
(2—5 mm/y) evidenced for the central Potwar Plateau appear to
be linked to episodic bursts of accelerated creeping of the thick
salt level, triggered by earthquakes located to the north on the
deep (>15 km) part of the MHT.

e The large difference between the Late Cenozoic deformation
rates and the geodetic velocities (less than 2 mm/y) reported for
the eastern Potwar Plateau is thought to be linked to the accu-
mulation of a slip deficit around asperities formed where the
salt is missing. This deficit may be made up during earthquakes
potentially as great as Mw 7.
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