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A B S T R A C T   

In Kashmir Himalaya, the Medlicott-Wadia Thrust is a main active fault responsible for the crustal accretionary 
prism building during the Late Quaternary. Because of the long seismic silence during the last five centuries, it is 
a key structure to be studied in order to estimate the regional seismic hazard. In the Riasi area, the analysis of 
two paleoseismological trenches allowed us identifying and measuring several seismic ruptures over the last 
~3500 years. We determined that the oldest rupture occurred around 1600–1000 BC, while the youngest oc-
curred after 1470 AD. The latest event is compatible with the great 1555 AD (Mw  >  7.5) Kashmir earthquake, 
whose evidence at the surface had not yet been recognized. Our results show that despite the long-lasting seismic 
gap, the Medlicott-Wadia Thrust is a main seismogenic structure in the region, able to produce large earth-
quakes. Their recurrence interval ranges between 500 and 700 years, implying that a main seismic event could 
occur in the next decades. These seismic ruptures are localized over gently-dipping fault branches associated 
with decameter-scale scarps. The morphologies observed are due to a significant non-localized component of the 
deformation in Quaternary sediments.   

1. Introduction 

Seismicity over the past two centuries indicates that North-western 
Himalaya is one of the most active regions of the whole collisional belt. 
This part of the Himalayan arc has been struck by two major earth-
quakes a hundred years apart: the 1905 Kangra Mw 7.8 event (Bilham, 
2001; Ambraseys and Douglas, 2004; Wallace et al., 2005) and the 2005 
Balakhot-Bagh Mw 7.6 event (Avouac et al., 2006; Kumahara and 
Nakata, 2006; Pathier et al., 2006; Kaneda et al., 2008; Kondo et al., 
2008; Yan et al., 2013) (Fig. 1). However, in between these two co- 
seismic rupture zones, a 200-km-long seismic gap has not registered any 
major earthquake during the last five centuries and no paleoseismolo-
gical calendar associated with potential seismogenic structures in the 
area is available (Bilham, 2019). 

The latest big seismic event in this area occurred in 1555 AD, when 
a Mw  >  7.5 earthquake shook the Kashmir basin and its surroundings 
(Ambraseys and Jackson, 2003; Ambraseys and Douglas, 2004). The 
fault that ruptured during this event is still unknown due to the poor 

accuracy of historical archives and the absence of paleoseismological 
studies in the region. Concerning the potential source of such an 
earthquake, Bilham (2019) mentions its possible occurrence along 
several identified fault systems located either south or north of the Pir- 
Panjal range (Fig. 1). In the former case, the main candidates are the 
Main Frontal Thrust (MFT) and the Medlicott-Wadia Thrust (MWT), 
also called the Riasi Thrust (Vassallo et al., 2015; Gavillot et al., 2016; 
Mugnier et al., 2017). In the latter case, the principal fault observed is 
the Balapur Thrust (BT) (Ahmad and Bhat, 2012), then mapped through 
the whole Kashmir Basin and thus renamed the Kashmir Basin Fault 
(KBF) (Shah, 2013, 2015). This uncertainty highlights the lack of cru-
cial paleoseismological evidences for a more robust regional seismic 
hazard assessment. 

Most of the shortening across Kashmir Himalaya is due to India- 
Eurasia convergence, as inferred from geodetic studies (~1.4 cm/yr) 
(Schiffman et al., 2013; Jade et al., 2014). It is mainly accommodated 
by two active thrusts: the MFT and the MWT (Vassallo et al., 2015; 
Gavillot et al., 2016) (Fig. 1). A smaller amount of the deformation is 
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distributed on shorter and more internal thrusts. Among them, within 
the Kashmir Basin, the BT or KBF is thought to be the most active 
structure (Ahmad and Bhat, 2012; Shah, 2013) (Fig. 1). However, the 
geometry and kinematics of these faults are matter of discussion (Dar 
et al., 2014; Shah, 2016) and the deformation rates that they accom-
modate are unknown. While the MFT in Jammu region is a blind 
structure, and cannot be directly studied in terms of paleoseismicity, 
the MWT is an out-of-sequence structure reaching the surface and de-
forming Quaternary markers (Thakur et al., 2010; Mugnier et al., 
2017). Along the mountain front, local scarps of several tens or hun-
dreds of meters are developed where this fault affects the Quaternary 

surfaces. The most outstanding geomorphic expression of MWT is ob-
served in the Riasi area, therefore chosen for paleoseismological study 
(Figs. 2–4). 

In this area, previous studies were focused on the regional active 
tectonics (Vassallo et al., 2015), the control of the sedimentation in the 
Riasi area (Vignon et al., 2017) and the tectonic pattern in the vicinity 
of Riasi (Gavillot et al., 2016; Mugnier et al., 2017). A long-term ver-
tical throw rate across the MWT, based on the analysis of a hectometer- 
scale fault scarp, yields values between 0.9 and 1.3 cm/yr during the 
last 36 ka (Vignon et al., 2017). Considering that fault dip at depth is 
45°, this result is consistent with the 1.1  ±  0.4 cm/yr shortening rate, 
inferred for the last 15 ka (Vassallo et al., 2015; Mugnier et al., 2017). 
Although a smaller rate estimate (0.6–0.7 cm/yr) in the same area was 
proposed by Gavillot et al. (2016), all these studies agree that Qua-
ternary cumulative slip along the different Riasi Fault branches is in the 
order of several kilometers and that MWT is a major active fault in the 
Himalayan building process. 

Therefore, the goal of our study is to complement this available 
dataset through paleoseismological investigations along the MWT. Our 
primary objectives are to determine and discuss the recurrence of sur-
face rupturing earthquakes along this main structure of the Kashmir 
seismic gap zone and if possible to find the primary ruptures associated 
with the 1555 AD earthquake. Then, the chronology of paleo-earth-
quakes will be discussed in the light of the historical archives in order to 
propose a robust paleoseismic calendar. The geometry of both co- 
seismic ruptures and fault scarps will be analyzed to better understand 
how deformation is expressed in this kind of tectonic context. These 
data are fundamental to characterize the seismic behavior of active 
faults and thus to better evaluate the related seismic hazard in such a 
densely populated region of Himalaya. 

2. Tectonic and geological context 

In the Kashmir Himalayan region, four main sub-parallel thrusts 
have been active during the Late Cenozoic (Nakata et al., 1991). From 
North to South – from the most internal to the most external fault – they 
are the Balapur Thrust (BT) or Kashmir Basin Fault (KBF) (Ahmad and 
Bhat, 2012; Shah, 2013), the Main Boundary Thrust (MBT) (Burbank 
et al., 1986), the Medlicott–Wadia Thrust (MWT) (Thakur et al., 2010), 
and the Main Frontal Thrust (MFT) (Powers et al., 1998) (Fig. 1). In the 
Kashmir Basin, the BT-KBF is a discontinuous thrust that deforms 
Quaternary deposits lying over the Higher Himalaya unit. On the 
southern side of the Pir Panjal range, the MBT makes the Lesser Hi-
malaya unit thrust over the red sandstones of the Cenozoic Murree 
formation, that lies unconformably on a Precambrian stromatolites-rich 
limestone (Gansser, 1964). In the Riasi area, the MWT allows the Pre-
cambrian limestone to override the Late Cenozoic conglomerates and 
sandstones of the Siwaliks formation (Krishnaswamy et al., 1970; 
Hebeler et al., 2010; Vignon, 2011). At the toes of the Himalayan range, 
the MFT is a blind ramp that is at the origin of a folding in the Siwaliks 
units with a ~20-km-wide wavelength. 

The MBT ceased its activity in the region several tens of thousands 
of years ago, while the BT-KBF, the MWT and the MFT deform Late- 
Quaternary markers and are therefore considered as potentially seis-
mogenic (Shah, 2013; Vassallo et al., 2015). We focused our study on 
the MWT, which is the thrust absorbing most of the regional shortening 
across the Himalayan belt (Vassallo et al., 2015; Gavillot et al., 2016). 

3. Morphotectonic record in the Riasi area 

The Riasi area is located at the toes of the main Himalayan relief 
(Figs. 2–4), where the Quaternary deposits belong to a kilometer-scale 
alluvial fan system deposited by the Nodda river, a small tributary of 
the Chenab river (Vignon et al., 2017). Morphologically, this fan dis-
plays an older surface S3 and a younger fill-and-cut terrace S2, inset in 
surface S3 and joining laterally the coeval fan of a southern stream 

Fig. 1. Morpho-structural map of north-western Himalaya with main Cenozoic 
faults. Active thrusts are shown using bold lines. MFT: Main Frontal Thrust; 
MWT: Medlicott-Wadia Thrust; MBT: Main Boundary Thrust; MCT: Main 
Central Thrust; BBT: Balakhot-Bagh Thrust; BT: Balapur Thrust. Inferred rup-
ture area for the 1905 earthquake (Wallace et al., 2005) and estimated rupture 
area for the 2005 earthquake (Avouac et al., 2006) are shown using dotted 
lines. In the box: the star indicates the localization of the study area at the 
continental scale. 

Fig. 2. Faults map of the MWT system in the Riasi reentrant over a SPOT5 
satellite image. 
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(Fig. 3). Vertical incision of the modern rivers carved canyons of more 
than 50 m deep and led to the abandonment of these alluvial surfaces. 
Present aggradation of the sediments at the outlet of these canyons 
builds new connected fans labeled S1. The abandoned alluvial fan 
system shows a hectometer-scale cumulated tectonic scarp along the 
MWT (Fig. 4). The scarp is located in a re-entrant of the MWT, where 
the fault trend bends from N 120°E on the eastern flank to N 70°E on the 
western flank (Figs. 1 and 2). Previous studies by Vassallo et al. (2015) 
and Mugnier et al. (2017) showed that scarp morphology has resulted 
from successive activity of several fault branches over a 2-km-wide fault 
zone, where the Precambrian limestones, belonging to the Lesser Hi-
malaya unit, overthrust Siwalik conglomerates and Quaternary fan 
deposits on a 45°N dipping plane. 

The morphology of the Nodda fan system (i.e. S2 and S3 surfaces,  
Figs. 3, 5a and c) and the shallow stratigraphy (Fig. 5b and 5d) indicate 
that Holocene fault activity is mainly concentrated on the two most 
external fault branches. These two branches are separated by about 
500 m and are called respectively Scorpion and Rain faults (Figs. 3 and 
4). These thrusts show ruptures reaching either the topographic surface 
or very shallow layers, and are associated with steep and sharp deca-
meter-scale individual scarps (Figs. 3–5). The abrupt narrowing of the 
canyon width, from 70 m to 10 m upstream the trace of the Scorpion 
fault (Fig. 3), suggests a river incision response to differential uplift 
across this tectonic structure (Amos and Burbank, 2007; Yanites et al., 
2010). The presence of large boulders of concrete material collapsed in 
the canyon at the toes of the Rain Fault offers evidence of localized and 
relatively recent weakening of the consolidated alluvial deposits along 
this structure. Displacements on more internal branches are sealed by 
undeformed deposits or by the planar morphology of the fan (Mugnier 

et al., 2017). At Holocene time-scale, deformation is therefore mi-
grating towards the frontal part of the Riasi thrust system. 

In order to date and measure the latest stages in the deformation 
history, we focused on the tectonic record of the two decameter-scale 
Scorpion and Rain scarps. The two scarps, Scorpion (innermost) and 
Rain (outermost), are continuous over several kilometers, only inter-
rupted by the recent vertical incision of the Nodda river within its own 
alluvial fan. (Fig. 3). The topographic slope in the steepest part of the 
scarps averages 30–35°, while in this zone the original slopes of the fan 
surface (surface S3) and of the inset terrace (surface S2) are ~4° and 
less than 3°, respectively. On the right bank, the surface vertical se-
paration of S3 is 22  ±  2 m across the Scorpion scarp and 36  ±  3 m 
across the Rain scarp (Figs. 5a, c and 6a). On the left bank, the vertical 
surface separation across the Rain scarp are 26  ±  2 m (S3-S2) and 
8  ±  1 m (S2-S2), respectively (Figs. 5d and 6b). The topographic 
profile along S2 shows a ~5 m counter-slope in the hanging-wall due to 
layers folding over the thrust ramp (Figs. 5e and 6b). This fold is likely 
due to a change in fault plane dip at shallow depth, as visible in the 
fault zone cross-section (Fig. 4b). We thus measured the surface vertical 
separation outside of the fold zone to minimize the effects of this local 
near-surface complexity on the vertical throw across the fault (see also  
Kaneda et al., 2008). 

Stratigraphy of the alluvial fan and of the fill-and-cut terrace shows 
tabular up-ward fining sequences (40 cm–1 m thick) with planar bed-
ding of clast-supported conglomerates (angular to sub-angular gravels 
to pebbles, well-sorted) alternating with sparse sand units (Vignon 
et al., 2017). These sediments result from the mechanical erosion of the 
nearby steep hillslopes of Precambrian limestones, where Nodda river 
originates. The top stratigraphic units (over 30–50 cm) are slightly 

Fig. 3. Satellite image (Google Earth) of the Nodda river zone and mapping of the alluvial surfaces, tectonic scarps and fault branches. Pictures and topographic 
profiles presented in other figures are localized. 
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disturbed by human activity, as they are used to build cereal crops on 
terraces. 

Above the fault branches associated with the decameter-scale 
scarps, alluvial layers are folded with a hectometer-scale wavelength. 
These layers dip gently northward in the back part of the folds (Fig. 5e) 
and they dip strongly southward in the fore part of the folds close to the 
fault zone (up to 60°, Fig. 5d). In the upper and middle part of the 
scarps, the sedimentary deposits preserved by erosion are continuous 
and not faulted (Fig. 5b and d). The brittle deformation is concentrated 
within the lower part of the two scarps. We trenched through these 
parts of the scarps in order to identify, measure and date as many 
seismo-sedimentary horizons as possible (Fig. 7). 

4. Paleoseismological trenches method 

In this geological context, seismic events generate co-seismic slips of 
several meters along low angle reverse fault plans. The hanging-wall 
tips, constituted by poorly consolidated sedimentary units, collapse 
immediately after each earthquake. The collapsed sediments of the 
hanging-wall produce colluvial wedges that seal the newly formed co- 
seismic ruptures and are therefore coeval of them. Thus, we assume that 
earthquakes may be dated by colluvial wedge using 14C method. 
Nevertheless, the dating concerns the organic matter contained in the 
colluvial wedges and not directly the deposit formation. Charcoals used 
to date colluvial wedges, i.e. most of our samples, formed before their 
final deposit and therefore their dating yield a maximum age for the 
colluvial wedge formation. As a consequence, colluvial wedges dated by 
charcoals, even though simultaneous of the earthquakes, yield max-
imum ages for their occurrence. 

Fourteen samples of organic matter, charcoals and bulk organic 
layers, were collected for 14C dating (Table 1). Age discrepancies within 

a same sedimentary unit may be due whether to reworking of older 
sediments (charcoals) or to pedogenetic processes that mix soil parts at 
different decomposition stages (bulk organic layers). In the former case, 
older samples must be considered as containing “inherited” 14C and 
therefore yield overestimated ages. This effect should however be ra-
ther limited considering that the transit time from the source is short, 
due to the small size (few kilometers square) and very steep slopes of 
the catchment. In the latter case, the interpretation of the dating de-
pends on the hypothesis about the formation and evolution of the soil 
units. 

Co-seismic slips are estimated, when possible, by direct measure-
ment of the distance along the fault between the footwall and hang-
ingwall cutoffs of a sedimentary unit. However, in this context, the 
absence of clear piercing points due to erosion or gravitational collapse 
of the hangingwall often prevent this kind of measurement. To propose 
possible paleo-seismic scenarios for each trench and to quantify co- 
seismic displacements, we realized palinspastic restorations based on 
balanced cross-section principles (Elliott, 1983), as suggested by Mc 
Calpin (1996). These restorations are based on an interactive process to 
check the consistency between the initial and final stages of the section, 
and on a deformation style adapted to the granular formations involved 
(e.g. Ménard, 1988). 

Unlike classical restorations on consolidated sediments, the layer 
parallel shearing assumption (e.g. Endignoux and Mugnier, 1990) is not 
suitable in superficial sediments because, in similar environments, the 
bed-parallel shortening can be greater than 30% (Jayangondaperumal 
et al., 2013). In this study we chose to apply an anisopach folding style 
with internal deformation and preservation of the deposit volumes (i.e. 
surface areas within the cross-section parallel to the slip vector), as this 
deformation style is observed in numerous Himalayan trenches (e.g.  
Lavé et al., 2005; Kumar et al., 2006; Bollinger et al., 2014; Mishra 

Fig. 4. (A) Panoramic view of the hectometer-scale tectonic scarp produced by MWT in the Riasi area. Within the alluvial fan of Nodda river, MWT split in several 
fault branches that are associated with decameter-scale scarps. The two outermost fault branches, the Scorpion Fault and the Rain Fault (in red), are the most active 
ones and the scarps associated with them show sharp morphologies. The trench sites are localized on these two fault branches; (B) Cross-section A-A’ of the scarp 
showing the main fault branches (modified after Vassallo et al., 2015). (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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et al., 2016; Le Roux-Mallouf et al., 2016). We must also take into ac-
count that volumes of these granular formations and fault rupture 
lengths can be lowered by compaction or by erosional episodes from 
one stage to another. Thus, for the restoration of a slip event, unit areas 
in the final stage may be either equivalent or smaller than in the initial 
stage. Such models are not meant to be unique, but the constraints 
given by the units’ geometry/sedimentology and by the geochronolo-
gical data minimize the plausible solutions. 

5. Scorpion fault trench 

5.1. Trench analysis 

The trench across the Scorpion scarp was opened on the right bank 
of the Nodda river, where the Scorpion fault created a vertical surface 
separation of ~22 m across the pristine fan surface S3 (Figs. 3–5a and 
b). On this bank, the scarp has a steep slope – up to 30–35° – and 
presents a sharp slope break at its base. The trench is 25 m long, 5 m 

wide, and up to 8 m deep. Its direction is N20°E, perpendicular to the 
fault branch. We chose to analyze in detail the eastern wall because the 
ruptures were better exposed and the samples suitable for dating more 
numerous (Figs. 7a and S1, available in the electronic supplement to 
this article). Three charcoals and five bulk organic samples were col-
lected (Table 1). 

Two main rupture zones (SF1 and SF2) perturb the stratigraphy 
succession of the fan, which can be divided into 7 sedimentary units 
called units S10–S70 (Fig. 7a). The innermost rupture (SF1) dips only 
few degrees to the north. Above the fault plane, in a stratigraphic order, 
we observe a first unit with planar cross-bedded structures of well- 
sorted pebbles and gravels, containing a 20-cm-thick silty layer, con-
stituting the undeformed fan deposit (unit S10). Above this first unit, 
there is a large unconformable second unit of unsorted/locally sorted 
pebbles and gravels in a silty matrix that we interpret as a colluvial 
deposit (S20). Below the fault plane, unit S10 is recognizable by the 
same stratigraphy and by the silty layer described in the hanging-wall; a 
gravel deposit at the footwall of the fault SF1 may correspond to the 

Fig. 5. Pictures of the decameter-scale scarps (localization in Fig. 3). White lines highlight the visible sedimentary layers, grey lines marks the topography in 
correspondence of the tectonic and alluvial scarps. (A) Scorpion scarp on the right bank of Nodda river seen from the foot-wall. Surface S3 is affected by a 22  ±  2 m 
vertical separation. Man-made terraces for cereal cultivation are visible in the foreground; (B) Scorpion scarp seen from the north-west through an oblique river 
incision. In the black circle, a person gives the scale. Continuous gravel beds preserved in the higher and middle part of the scarp indicate no significant brittle 
deformation reaching the surface within this part of the scarp; (C) Rain scarp on the right bank of Nodda river seen from the foot-wall. Surface S3 is affected by a 
36  ±  3 m vertical separation and it is incised by surface S2 in the foot-wall; (D) Rain scarp across S2 on the left bank of Nodda river seen from the right bank. In the 
black circle, a person gives the scale. Surface S2 is affected by a 8  ±  1 m vertical separation. Gravel beds geometry shows folding in the hanging-wall and 
undeformed planar deposits in the foot-wall. Continuous beds at some distance from the main fault indicates that brittle deformation is concentrated in a few-meters- 
wide zone in the lower part of the scarp. The fault dips ~15° at surface and ~30° at the base of the canyon; (E) Folded layers at the back of the Rain scarp associated 
with a counter-slope at surface. This folding is determined by a change in fault plane dip at shallow depth; (F) Undeformed planar layers of the fan deposits, gently 
sloping toward the south-west. 
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lower part of unit S20. Unit S10 and supposed unit S20 are covered by 
an unconformable clay-rich unit (S30) with few sparse pebbles typical 
of a mud-flow deposit (Reineck and Singh, 1980). Hanging-wall and 
foot-wall units are both sealed by a large colluvial deposit rich in 
gravels and pebbles (S40). Another pebble-rich colluvial deposit (S60) 
lies unconformably over units S20 and S40. 

The outermost rupture (SF2) is constituted by two main sub-parallel 
segments that dip 15°N and displace by 0.8  ±  0.2 m several gravel and 
sand beds from the fan deposit (S10). Two vertical sand dykes, resulting 
from liquefaction features that formed during a previous earthquake, 
are offset by the same amount. This rupture is sealed by a colluvial unit 
(S50), composed of poorly sorted gravel-rich material. This wedge lies 
unconformably over units S10 and S40. These three units, around the 
fault zone, are finally truncated by an erosion surface and overlaid by a 
soil with clustered pebbles zones (S70), which is of anthropic origin. 

Colluvial unit S20 was dated by a bulk soil sample at 15155–14599 
Cal BC (K12-17). Mud-flow unit S30 was dated at 4300  ±  200 Cal BC 
by the quasi-identical ages of a charcoal (K12-5) and of a bulk soil 
sample (K12-16). Colluvial unit S40 contains two charcoals dated at 
1509–2278 Cal BC (K12-12 and K12-13) and an organic layer within 
the same age range (K12-18). The youngest charcoal yields the max-
imum age of this unit at 1661 Cal BC. Colluvial unit S50 does not 
contain organic material and cannot be directly dated. However, it lays 
over a small paleosoil that was dated by a bulk sample at 1118–929 Cal 
BC (K12-20). Colluvial unit S60 was dated by a bulk organic sample at 
850  ±  50 Cal BC (K12-22). 

5.2. Restoration of Scorpion fault history 

Fig. 8 shows the best palinspastic restoration for the main stages of 
the Scorpion scarp history. The oldest colluvial wedge within the trench 
(unit S20) formed around 14500–15000 BC (stage 1). No visible rupture 
is associated with the formation of this deposit, therefore its seismic 
origin is questionable. Later on, during several thousand years, this 
wedge has been partially eroded and finally buried by a mud-flow de-
posit (S30) at ~4300 BC (stage 2). After another erosional period (stage 
3), the series was all faulted between 1661 BC and 929 BC by rupture 
SF1. This rupture triggered the collapse of the scarp, producing collu-
vial wedge unit S40 (stages 4 and 5). The apparent displacement for this 
event is estimated at 4.0  ±  1.0 m from our restoration. 

The latest seismic event within the trench is associated with SF2 
rupture. This event is responsible of a co-seismic slip of ~80 cm and 
induced a collapse of the hanging-wall tip that formed colluvial wedge 
unit S50 (stages 6 and 7). If we consider that organic activity in the 
paleosoil below unit S50 stopped when the co-seismic collapse of the 
scarp buried it, its age of 1118–929 Cal BC corresponds to the age of the 
earthquake. This age is close to that of colluvial unit S60 in the upper 
part of the trench. This colluvial wedge possibly formed during the 
same earthquake or earthquakes sequence by the collapse of the stee-
pest part of the scarp located above the trench. 

6. Rain fault trench 

6.1. Trench analysis 

The trench across the Rain scarp was opened on the left bank of the 
Nodda river, where the S3 deposits thrust the S2 deposits (Figs. 3 and 
4). At this place, the tectonic scarp is associated with a vertical surface 
separation of ~26 m and presents a steep morphology up to ~30° that 
trends N100°E. The trench is 16 m long, 5 m wide, up to 6 m deep, and 
is oriented N20°E. For the same reasons as for the Scorpion trench, we 

Fig. 6. Topographic profiles across the two scarps, on both banks of Nodda 
river (localization in Fig. 3), realized using total station and differential GPS 
surveys. Scarp heights across surfaces S2 and S3 are indicated. The dotted line 
represents the eroded pristine surface of S3. 

Fig. 7. Mosaic views of the eastern walls of the two trenches across the Scorpion fault branch (A) and the Rain fault branch (B) with interpretative logs ad samples 
positions (sample marked by asterisk is situated on the western wall). For sedimentary units and ruptures description see the text. Details on 14C samples are given in  
Table 1 (all the ages are calibrated). 
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chose to analyze in detail the eastern wall (Figs. 7b and S2, available in 
the electronic supplement to this article). Five charcoals on this wall 
and one on the western wall were collected for 14C dating (Table 1). 

We observed six main ruptures (RF1 to RF6) and 4 sedimentary 
units called units R10 to R40. All ruptures affect unit R10, whose de-
posits are associated with the cut-and-fill terrace S2. Unit 10 is com-
posed by quite well-sorted gravels to pebbles planar cross-bedded unit 
with fine sand and silty layers. All the ruptures are truncated and sealed 
by younger sedimentary units (R20 to R40), which allow determining a 
relative chronology among them. 

Ruptures RF1, RF2 and RF3 are sealed by unit R20, which corre-
sponds to a clay-rich mud-flow deposit. Rupture RF4, mainly over-
lapping with RF3, is sealed by unit R30, which corresponds to a col-
luvial wedge rich in gravels and pebbles. Above ruptures RF3-RF4, beds 
of unit R10 dip in average 15° to the north. These deposits initially 
dipped gently to the south-west, which suggests that they were tilted 
above a flat/ramp transition located along this rupture zone. We also 
observe a meter-scale drag fold above this rupture zone. Ruptures RF5 
and RF6 are sealed by unit R40, which corresponds to another colluvial 
wedge mainly constituted by silty material and unsorted pebbles. 

Unit R10 is dated at 1110–818 Cal BC by a charcoal (DAG C15). This  
14C age is close to the abandonment age of terrace S2 at ~3.8 ka 
(Vignon et al., 2017). Unit R20 contains two charcoals, DAG C14 and 
C4, the latter sampled on the western wall. They were dated respec-
tively at 660–770 Cal AD and 510–546 Cal AD. We then consider a 
maximum age of 660 AD for the formation of this unit. Colluvial wedge 

unit R30 does not contain organic matter and cannot be directly dated. 
Colluvial wedge unit R40 contains three charcoals in its lower part. 
They have ages spanning the period between 1000 and 1200 Cal AD 
(DAG C9 and DAG C10) to 1470–1640 Cal AD (DAG C12). The youngest 
charcoal yields the maximum age of the deposit, which therefore 
formed after 1470 AD. 

6.2. Restoration of Rain fault history 

Fig. 9 shows the best palinspastic restoration for the main stages of 
the Rain scarp history. To explain the present stratigraphy, the deposits 
of unit R10 have been firstly deformed creating a scarp in terrace S2 
(stage 1 on Fig. 9). Then ruptures RF1 and RF2 occurred in the period 
comprised between 1110 BC and 660 AD, since they affect unit R10 and 
are sealed by unit R20 (stage 2). We can estimate ~1 m of co-seismic 
offset on RF1 and a minimum of 3 m on RF2, for which there is no 
piercing points. Rupture RF3 occurred during the same period (stage 3), 
possibly at the same time of ruptures RF1 and RF2. However, because of 
the geometry of the three ruptures, if they had occurred together it 
would imply a very large co-seismic slip. Considering uniquely the slip 
on RF3, we determine a minimum co-seismic slip of 5  ±  1.0 m. 

The deposit of mud-flow unit R20 eroded the shallowest part of the 
three ruptures and sealed them after 660 AD (stage 4). Rupture RF4 re- 
activated part of RF3 segment and split in another segment toward the 
surface, creating a pebble-rich colluvial wedge (R30) by hanging-wall 
tip collapse (stages 5 and 6). This event occurred before the deposit of 

Fig. 7.  (continued)  

Table 1 
Results of the 14C analysis. Samples were prepared and dated at CEA Saclay, Gif-sur-Yvette (France) and Poznan Radiocarbon Laboratory (Poland). Ages were 
calibrated using program OxCal v.4.2.4 (Bronk Ramsey and Lee, 2013) and the 2013 Northern Hemisphere calibration curve (Reimer et al., 2013).         

Trench Sample number Lab code Location Type 14C ages (BP) Cal BC–AD (95.4%)  

Scorpion K12-5 SacA 31874 33°6.777′N 74°49.228′E Charcoal 5455  ±  30 4353–4257 Cal BC 
Scorpion K12-12 SacA 31878 33°6.777′N 74°49.228′E Charcoal 3310  ±  30 1661–1509 Cal BC 
Scorpion K12-13 SacA 31879 33°6.777′N 74°49.228′E Charcoal 3745  ±  30 2278–2036 Cal BC 
Scorpion K12-16 SacA 31,881 33°6.777′N 74°49.228′E Bulk soil 5595  ±  30 4487–4357 Cal BC 
Scorpion K12-17 SacA 31882 33°6.777′N 74°49.228′E Bulk soil 13900  ±  70 15155–14599 Cal BC 
Scorpion K12-18 SacA 31883 33°6.777′N 74°49.228′E Bulk soil 3685  ±  30 2194–1972 Cal BC 
Scorpion K12-20 SacA 31884 33°6.777′N 74°49.228′E Bulk soil 2860  ±  30 1118–929 Cal BC 
Scorpion K12-22 SacA 31885 33°6.777′N 74°49.228′E Bulk soil 2690  ±  30 900–804 Cal BC 
Rain Dag C4 Poz-40712 33°6.376′N 74°49.296′E Charcoal 1580  ±  30 510–546 Cal AD 
Rain Dag C9 Poz-40714 33°6.376′N 74°49.296′E Charcoal 895  ±  30 1039–1215 Cal AD 
Rain Dag C15 Poz-40715 33°6.376′N 74°49.296′E Charcoal 2790  ±  60 1110–818 Cal BC 
Rain Dag C12 Poz-40716 33°6.376′N 74°49.296′E Charcoal 340  ±  30 1470–1640 Cal AD 
Rain Dag C10 Poz-40718 33°6.376′N 74°49.296′E Charcoal 990  ±  30 989–1153 Cal AD 
Rain Dag C14 Poz-40719 33°6.376′N 74°49.296′E Charcoal 1300  ±  30 660–770 Cal AD 
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the large colluvial wedge unit R40, which formed after 1470 AD. The 
co-seismic slip associated with this rupture is 1.0  ±  0.3 m. 

The latest deformation event observed in the trench is associated 
with ruptures RF5 and RF6. Both of them are sealed by unit R40 and are 
therefore compatible with a single earthquake. Rupture RF6 makes unit 
R10 thrust above unit R20. The bending of pebble layers by rupture RF5 
allows us measuring a slip of ~50 cm on this segment and our re-
storation yields a minimum slip of 3.0  ±  1.0 m along rupture RF6 
(stages 7 and 8). This event produced a large colluvial wedge (R40), 
lying above these ruptures and previous deposits (R10, R20 and R30). 
The age of the colluvial wedge formation (post-1470 AD) and its large 
size are compatible with a main earthquake occurred on this thrust 
within the last five centuries. 

7. Discussion 

7.1. Paleoseismic calendar and 1555 AD Kashmir earthquake 

Our present study attests for seismogenic deformation along the 
MWT during the Holocene in the Riasi area. Co-seismic primary rup-
tures reach the surface on two main fault branches at the toes of the km- 
scale tectonic scarp. Most of these ruptures are associated with co- 
seismic slips of several meters, instant collapse of the hanging-wall tip 
and formation of colluvial wedges. In this context, we consider that 
colluvial wedges are coeval with their respective seismic ruptures and 
we try to match our chronological findings with historical archives. 

We found evidences for at least two seismic events along the 
Scorpion fault branch and for at least three seismic events along the 
Rain fault branch over the last ~3500 years. The oldest earthquake 
occurred between 1661 BC and 929 BC along the Scorpion fault and 
was characterized by several meters of co-seismic slip and a large col-
luvial wedge. A Persian historical account, the Tarikh-e-Hasan from Pir 
Hasan Shah (19th century AD), reports about a devastating earthquake 
around 1250 BC that affected the north of Kashmir basin (Iyengar et al., 
1999). It is the oldest seismic event described in the historical literature 

and its date is compatible with the age range of the oldest Scorpion 
rupture. 

Then, Scorpion fault branch ruptured between 1118 BC and 929 BC 
with a co-seismic slip  <  1 m. Rain fault branch ruptured at least once, 
more likely twice, between 1110 BC and 660 AD. It is thus possible that 
both fault branches ruptured together around 1000 BC. Unfortunately, 
there is no historical report in Kashmir area during this period for 
matching geological record with human testimony. 

The penultimate event occurred along the Rain fault between 660 
AD and 1470 AD. For this period, Persian and Sanskrit historical ar-
chives report of major earthquakes in 844 AD and 1123 AD felt in the 
Kashmir basin (Iyengar et al., 1999; Ahmad et al., 2009). Given the lack 
of information about the location and the extent of damage, both of 
them may correspond to this record or be associated with other Kashmir 
fault systems. 

The latest event, formally dated as post-1470 AD along the Rain 
fault branch (ruptures RF5 and RF6), is associated to one of the largest 
colluvial wedges observed (R40), suggesting that its triggering was due 
to a particularly strong shaking. The 1555 AD earthquake, the main 
event historically recorded during this period, was strongly felt in the 
whole Kashmir Basin and the main damaged areas were respectively at 
50 km to the south-west and at 140 km to the south-east of Srinagar 
(Iyengar et al., 1999; Ambraseys and Jackson, 2003). These places are 
both located in the hanging-wall of MWT at the vicinity of the fault 
emergence. The colluvial wedge dating and size combined with the 
historical localization of damages in Kashmir region with respect to the 
MWT trace make the great Kashmir earthquake of 1555 AD to be the 
best candidate for this rupture. 

7.2. Co-seismic slips in the Himalayan context 

Since co-seismic slips are large, part of the recorded deformation is 
systematically lost in the gravitational collapse of the hanging-wall and 
clear piercing points along the ruptures are often absent. In this context, 
palinspastic restorations are fundamental to complete direct 

Fig. 8. Palinspastic restoration for the paleoseismic history across the Scorpion fault branch. Two ruptures occurred during the last ~3500 years. The first event 
occurred between 1661 and 929 BC, the second event occurred between 1118 and 929 BC. 
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measurements and be able to determine slip estimates. Using this 
method, we found that co-seismic slips for each event may vary from 
less than 1 m to more than 5 m. 

However, co-seismic slips at surface along Himalayan thrusts are 
not always directly linked to earthquakes magnitude. Indeed, the main 
seismogenic décollement at the base of the Himalayan range gently dips 
to the north, with the consequence that the distance between the epi-
centers and the frontal ramps may vary from few km to more than a 
hundred km (Mugnier et al., 2013, Schiffman et al., 2013; Kundu et al., 
2014). It is particularly evident considering the latest earthquakes: the 
2015 Mw 7.8 Gorkha earthquake, triggered on the main detachment, 
did not even produce primary surface ruptures (e.g. Avouac et al., 2015; 
Grandin et al., 2015; Kobayashi et al., 2015) whereas the 2005 Mw 7.6 
Balakhot-Bagh earthquake, triggered at the base of the ramp, produced 
surface ruptures with slips up to 7 m (Kaneda et al., 2008). Thus, co- 
seismic slips of 1 m or less observed in the Riasi trenches may corre-
spond either to relatively small or medium (Mw  <  7.5) events trig-
gered in the vicinity of the emergence of the MWT at surface or to big 
(Mw  >  7.5) events triggered tens of kilometers northward on the main 
detachment. 

Moreover, the amplitude of co-seismic slip at surface may be biased 
by diffusive component of the deformation. This phenomenon is likely 
enhanced by the rheology of thick Quaternary sedimentary cover 
composed by weakly or partially consolidated granular material. When 

alluvial deposits thickness is particularly important – several tens or 
hundreds of meters – surface ruptures may even locally die out along 
the fault trace, as observed within most of the fill terraces crossing the 
fault in the near Pakistan Kashmir during the 2005 Balakhot-Bagh 
earthquake (Kaneda et al., 2008). The lack of morphological expression 
of faulting in these contexts suggests that deformation could be ab-
sorbed at small scale (from microscopic to clast scale), for example by 
grains rotation and dilatancy during shaking events (Iwashita and Oda, 
2000). 

In the Riasi area, diffusive deformation in granular material occurs 
with another type of non-localized deformation undetectable in paleo-
seismological trenches, which is the hectometer-scale folding of alluvial 
deposits. This kind of deformation is particularly clear looking at the 
geometry of topography and stratigraphy of terrace S2 in the hanging- 
wall of the Rain fault (Figs. 5 and 6). The surface uplift due to folding 
locally adds to the surface uplift due to the vertical slip on the fault 
plane. This phenomenon partly explain how tectonic scarps more than 
20 m high are built over gently-dipping fault branches in a few thou-
sand years. 

8. Conclusion 

In Kashmir Himalaya, we determined the chronology and the spatial 
pattern of the latest five seismic paleo-ruptures recorded within the 

Fig. 9. Palinspastic restoration for the paleoseismic history across the Rain fault branch. At least three ruptures occurred during the last ~3100 years. The first event, 
which may be the sum of two distinct ruptures, occurred between 1110 BC and 660 AD. The second event occurred between 660 and 1470 AD. The latest event 
occurred after 1470 AD. 
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sediments stratigraphy of an alluvial fan along the Medlicott-Wadia 
Thrust. These ruptures are localized in the Riasi area, at the front of a 
main hectometer-scale tectonic scarp where two distinct fault branches 
are associated with decameter-scale scarps. Paleoseismic events re-
cognized on these two fault branches are characterized by slips 
from < 1 m to > 5 m occurred between ~1500 BC and post-1470 AD, 
resulting in a mean recurrence interval of large seismic events along 
this section of the MWT between 500 and 700 years. Age and char-
acteristics of the latest event are compatible with the great historical 
Kashmir earthquake of 1555 AD, implying that the occurrence of a 
major event in the next decades is probable. 
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