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Abstract

The study presents hydrodynamic mechanism of boulder transportation along the
rocky coastal margins with a case study from the eastern flank of the Arabian Sea.
Limestone blocks ranging in size from small (1.3, 0.95, 0.35) m to large (2.9, 1.68,
0.5)m scattered over a rocky platform were considered for the approximation of
wave energy. The boulders with prominent imbrications indicative of flow
direction were used to assess the minimum flow velocity to initiate boulder
transport during extreme wave events. The irregular /polyhedral boulders,
previously a part of sub-aerially exposed jointed limestone strata, were detached
and transported from the rocky coastal platform under the impact of high energy
waves. We calculated velocity and height for dynamic waves required to transport
boulders onshore using boulder dimensions i.e., length (a-axis), width (b-axis), and
height (c-axis). By applying hydrodynamic equations, it is deduced that the average
wave velocity required to transport boulders of such dimensions onshore must be
>7.28m/s and the corresponding average wave heights must be >5.51m and
>1.38m in case of the storm and tsunami events respectively. Based on largest
clast recorded, =7m high storm waves and =2m high tsunami waves are capable of
transporting =2.5m?3 tabular boulders along rocky coastal margins. Since this region
has documented records of very-severe cyclonic storms affecting the coastal
landscape in addition to the widespread impact of 1945 tsunami, we suggest that
boulders deposition on the eastern flank had received inputs from storm as well as
tsunami events for the last few decades.

Keywords: Arabian Sea, Extreme wave events, Hydrodynamic mechanism, High-
energy waves, Imbricated boulders
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1.0 INTRODUCTION

Transported boulders have been used as indicators of high
energy waves in numerous studies, but direct observations of
boulders transportation due to known extreme wave events
are relatively rare [5-9, 15-20, 35-38]. The transport ability of
storms and tsunami waves is well studied by comparing the
images/photographs of the coastal platform before and after

impacts [5-9, 15-20, 31-38]. The documented boulder transport
by the 2004 Indian Ocean tsunami and tropical storms in the
Pacific Ocean witnessed the extent of inundation and wave
energy [7, 8, 31-38]. Storms are capable of quarrying large
boulders from the shoreline but do not usually have sufficient
energy to displace them far inland [5, 8, 9, 35-38]. By contrast,
the long wave of tsunamis is more likely to transport mega-
clasts inland due to the longer duration of their action [7, 9, 20,
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31-34]. Makran subduction zone is generated by the
convergence between the Eurasian and the Arabian Plates
which constitutes one of the largest accretionary wedges on
the planet [29, 40]. The zone constitutes a shallow subduction
angle with a high sediment input of 7km and therefore it is
seismically active [29]. Several scientists have studied historical
seismic events in the Makran subduction zone, and presented a
preliminary estimation of tsunami hazard along the encircling
coastlines [3, 4, 10-13, 20-24, 29, 30, 39].

In this study, we explored a segment of eastern coastline of
the Arabian Sea which is indirectly associated with Makran
subduction zone. This region falls under the risk zone of
tsunamigenic earthquakes originated from the Makran
subduction zone (Figure 1). The eastern coastline has also
witnessed cyclonic storms of severe to very severe category in
the past; some of them caused extensive devastation along the
Saurashtra coast [25-28]. The Arabian Sea is known to generate
storms of high intensity every 2 to 3 years [25-28]. The chain of
piled, scattered, and imbricated boulders running along the
surveyed coastline might have been deposited by any one or
more of the aforementioned event/s. In this paper, an attempt
has been made to understand hydrodynamic mechanism
behind transportation of the tabular boulders along rocky
coasts and to determine the nature of causative event/s.
Geometry of boulder size and fluid flow dynamics are taken
into account to estimate the potential size of the waves
required for transportation of such boulders.

2.0 TECTONIC SETTING AND COASTAL
GEOMORPHOLOGY

Makran is a part of the coastal territory of Iran and Pakistan
stretching over the Strait of Hormoz, in the south of Iran, to
Karachi-Pakistan and surrounded by Arabian Plate on its south-
west and Indian Plate on its south-east direction [10, 11, 21,
39]. The Makran coast is part of the accretionary wedge of the
MSZ formed by the subduction of the Arabian plate under the
Eurasian plate [3, 23, 29]. The convergence rate along the
subduction zone varies between 2.3 cm/yr in the western end
and 2.9 cm/yr along the eastern margin [23, 29]. The region
associated with MSZ and Murray Ridge has experienced
tsunamigenic earthquakes in the past, where 326BC and 1945
tsunamis have documented records of impacting the
Saurashtra coast (Fig. 1). However, the study segment has not
only been affected by tsunami waves but also by storm waves,
where 1975, 1982, 1998, 2001, and 2007 cyclonic storms have
recorded their tracks with close encounters (Fig. 1). The NW-SE
alignment of the coastline is vulnerable to tsunamis/storms
based on their sources in the Arabian Sea.

The western coastline of the Arabian Sea extensively shows
hard rocks and deserts in the form of bays, cliffs, high-raised
sandy platforms with gentle slopes [10, 20]. The northern belt
is dominated by rocky and sandy deserts with steep slopes
directing towards the Arabian Sea [20-23]. The eastern
coastline shows distinct regime of geomorphology and
sedimentology probably due to its bathymetry, coastal
configurations (land contours), hydrodynamic setting, and arid
climate (Figure 1). Moving from land to seaward, this coastline
shows extensive stretch of terraces, eolian dunes, sandy cliffs,
boulder deposits, and rocky tracts running parallelly along the
shoreline (Figures 2, 3). The boulder deposits exhibit

imbrications with stacking and piling patterns due to certain
hydrodynamic processes associated with extreme wave events
along the eastern coastline (Figures 2, 3). Our study focuses on
this hydrodynamic mechanism of transporting such boulders
onshore.
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Figure 1 Map showing tectonic features and tsunamigenic earthquakes
associated with the Arabian Sea [10]. Tsunamis and storms proximity
are marked by the red and yellow stars respectively. The study segment
on the Saurashtra coast is marked by the red oval circle. Major tectonic
features are Makran Subduction Zone (MSZ), Murray Ridge (MR), Owen
Fracture Zone (OFZ); Second Map shows the bathymetry of the Arabian
Sea [10, 11, 29].

3.0 STUDY AREA

The study area is located along the eastern flank of the Arabian
Sea, which covers a segment of the Saurashtra coast of India
(Fig. 1). We surveyed multiple locations along the study
segment bounded within the coordinates 21.99239, 69.1856°
and 22.4796°, 69.0676° along the Saurashtra coast of India
(Fig. 1). The region is bordered by a windy coast controlling its
onshore depositional environment which has formed eolian
dunes running parallel to shoreline, and therefore, it is a wave-
dominated coast (Figs. 2, 3). Though this region has
experienced many near/far source earthquakes in the past, this
study is restricted to tsunamigenic earthquakes. Most of known
tsunamis impacted with low intensity except the 1945 which
caused widespread devastation due its high wave energy [11-
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13, 22]. The region is marked by a shallow continental shelf (as
shown in Figure 1: bathymetry map), large-scale geomorphic
divisions (i.e., Rann of Kutch, gulf), and tectonic elements (i.e.,
subduction, faults). In this segment of the coast, rock
formations are mainly made up of limestone along with small
and irregular horizons of sand-clay members (Figure 3).

Figure 2 Southward facing photo shows boulders that are extensively
scattered along the shoreline manifesting the gentle topographic slope.
The boulders are blanketed over rocky tract with imbrications
indicating flow-directions within a 20-25m wide fringing zone
associated with the shoreline.

In this region, limestone is observed as the topmost
lithological unit with the underlying sandstone and irregular
sand-clay units forming a rocky coastal platform (Figure 3). The
topmost limestone unit shows joint sets striking N30°W to
N35°W (Figs. 3-5). Due to solution activity and presence of joint
sets, limestone had been no longer remained stable and
fractured along the weakened zone (Figures 4, 5). This process
leads to transformation of rocky platform into fragmented
tabular boulders, which is accompanied by detachment and
transportation of boulders under the wave activity (Figures 2-
5).

Previously eroded and deposited boulders from limestone strata

Underlying strata

Figure 3 Landward facing photo shows stratified layers of sandstone
(lowest), limestone (middle), and boulder deposits (top). We observed
that mostly limestone layer is removed and transported due to its soft
nature and weak tendency against wave action, whereas sandstone
mostly remained stable due to its resistive nature and found unevenly
eroded.

4.0 METHODOLOGY AND BOULDER TRANSPORT
MODELS

During the survey we measured long (a), intermediate (b), and
short (c) axes of several boulders deposited above mean sea
level alongwith the directions of imbrications. To normalize the
irregularities in the shape of boulders the mean length of axes
was considered. The unit mass of the limestone boulders was
determined using the volumetric method as 2.7 x 103 kg/m3 for
all boulders, and using density their weight is estimated. By
applying hydrodynamic equations using boulder parameters,
we calculated velocity and height for dynamic waves
(storm/tsunami) required to transport boulders onshore.

Here we attempt to generalize hydrodynamic mechanism of
boulder transport with the help of schematic models which
explain the process of boulders deposition during the extreme
wave events (Figures 5-8). It is well known that the pattern of
imbrications is specifically associated with the high energy
waves, i.e., tsunami, storm [5, 7-9, 31-38].

ASolution activity in

Sea

33 cm

Scale

Figure 4 (a) Northward facing photo shows jointed and fractured
limestone strata marked by intense solution activity. The solution
cavities and structures are clearly visible over the fragmented
limestone strata. (b) Southward facing photo showing the rocky coastal
tract overlain by large boulders. The inset image of the large boulder
gives idea of its dimension with the measurement of hammer length.
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Figure 5 Southward facing photo shows linear dune ridge on the left,
limestone platform in the middle, and sea on the right. The dissolution
structures are clearly visible on the eroded and fractured limestone bed
where it has transformed into tabular boulder fragments. The
hydrodynamic mechanism of transportation is illustrated by pointing
drag, lift, and restraining forces applied on a boulder due to action of
high energy waves. The yellow dashed-line features the previous
locations of respective boulders before overturning.

We observed prominent imbrications of boulders all along
the surveyed coastline which indicates their deposition is linked
to high-energy waves (Figures 2, 3). We elucidate the force
components related to high-energy waves causative of erosion,
transportation and deposition over the rocky tract topography
existed during extreme wave events (Figures 5-8).

5.0 HYDRODYNAMIC ASSESSMENT RESULTS

The hydrodynamic equations related to boulder transport
models have been discussed in several studies [1, 6, 14, 17-19,
31]. Initially, Nott developed hydrodynamic equations to
calculate the minimum wave height capable of initiating
boulder movement [17, 18]. These equations involve the
boulder's dimensions, including the long, intermediate, and
short axes, boulder and water density, coefficient of drag,
coefficient of lift, coefficient of mass, gravitational constant and
instantaneous flow acceleration [18]. Nott's equations consider
three possible pre-transport settings: submerged, subaerial and
joint-bounded [17, 18]. In this study the surveyed boulders are
typically sub-aerially exposed (Figures 2-5). Simplified boulder
transport equations (1 & 2) for tsunami and storm waves
respectively under this setting are as follows [17, 18]:

SUBAERIAL BOULDER PRE-SETTING
Ht2[0.25(ps-pw/pw)[(2a-Cn(a/b)(ti/a)]]/[Colac/b?)+Ci] (1)
Hs2[(ps-pw/pw)[(2a-4Crn(a/b)(ii/g)]l/[Co(ac/b?)+Ci] (2)

According to Nott's equations, the capability of transporting
boulders of tsunami waves is fourfold as compared to storm
waves, due to their longer wave period. Storms dissipate their
energy during landfall and only cause marginal deposition.
Wave transport capacities are also strongly influenced by the
boulder shape. For instance, the higher wave height is required

to transport angular shaped boulders than spherical boulders,
similarly greater height necessitates transporting planar
rectangular boulders [1, 6, 18, 19]. However, later it was
pointed out that Nott’s equations yield exaggerated wave
heights. Moreover, here the length of the lever arm and
acceleration of the water around subaerial boulders are also
not considered [1]. Under modified conditions, the coefficient
of lift is 1 for the cuboid, whereas 2 for the prismatic
boulders. Hence, it is suggested that the following corrections
must be applied to the subaerial boulder transport equations

[1]:
Ht2[0.5bc[b(ps-pw)/pw-psCm.iic/(pwg)]l/[Co.c?+Cib?] (3)
Hs2[2bc[b(ps-pw)/pw-psCm.iic/(pwg)]l/[Co.c>+CL.b?] (4)

Where Hiis the tsunami wave height and H;is the storm
wave height at breaking point. a, b and c are the boulder axes
lengths; pw is the sea water density; ps is the boulder's density;
CDis the coefficient of drag=1.2; CLis the coefficient of
lift =0.15; Cm is the coefficient of mass = 1; whereas U is the
flow acceleration=1m/s%;, and g is the gravitational
acceleration = 9.81 m/s2.

Development of imbrication in boulders due to wave erosion and flip type of transportation and deposition
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Figure 6 Schematic model illustrates the mechanism of boulder
transportation from the stratified layers of limestone. The boulders A,
B, C were detached, transported and settled over the topography after
few overturning actions as shown by the arrows. The model shows how
the morphology of topography changes through time.
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Figure 7 Schematic model illustrates next stage settling of the boulders
from the top layer of limestone. The boulders A, B, C were flipped, re-
arranged and re-settled forming imbrications pattern over the
topography. The model shows how the morphology (surface and slope)
of topography (marked in brown) is modified through time.
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Figure 8 Schematic model illustrates the final stage settling of the
boulders over the topographic surface from the two (red and green)
stratified layers of limestone. The boulders A, B, C were transported,
re-arranged through flipping and re-settled forming imbrications
pattern over the topography. The model shows how the morphology
(surface and slope) of topography (marked in brown) is modified
through time. Blue line marks the Mean Sea Level (MSL).

In some of the works on boulders, coefficient of lift has been
taken as 0.178, but it is not reasonable since every value
between 0.05 and 0.2 is possible [1, 6]. In nature, boulders are
rarely square stones with rectangular flat sides, the value of
coefficient of drag can be more accurately implied within a
range of 0.8 to 1.2 [1-3, 6, 14]. Since we have also observed
some jointed limestone platforms in the field; therefore, we
further applied following equations for Joint-bound boulder
pre-setting [1]:

Ht> [0.5¢(ps-pw)/ pw]/C, (5)
Hs2 [2c(ps-pw/pw)]/C. (6)

Therefore, under specific conditions we adopted the
improved model of equations (3-6) for the calculation of wave
velocity and wave height required to transport such boulders in
case of tsunami and storm events respectively [1-3, 6, 14]. This
mathematical approach can be applied on boulders under
different conditions, such as they may be dislocated from a cliff
or a submerged or sub-aerially exposed jointed rocky platform
by the action of storm or tsunami waves [5, 6, 14, 19]. Since
jointed limestone platform is not a uniform case in study, Table
2 is not considered for the approximation of wave energy.

6.0 RESULTS

We selected fifteen locations along the study segment and
picked up the largest boulders from each site (i.e., B1 to B15)
for assessing the minimum wave energy required for their
displacement. Based on the wave energy (i.e., flow velocity,
wave height), depositional pattern, inundation extent, and
boulder size/shape, we deduced information about the nature
of extreme wave event/s. We used dimensions of the boulders,
i.e., length (a-axis), width (b-axis) and height (c-axis), as well as
component of the forces applied during the time when a wave
hits a submerged or sub-aerially exposed boulder over the
rocky platform (Figures 2-5). Boulder dimensions measured in
field from the selected sites along the coastline are given in the
Tables 1-2. The largest boulder identified out of all the
locations was measured as 2.62x1.98x0.48 (a, b, c) in meters of

dimensions. The hydrodynamic assessment in this study is
based on the assumption that the speed of the current remains
constant for all extreme wave events.

By applying hydrodynamic equations with the measured
data, the calculation shows that the wave velocity required for
initiating boulder transport by any high-energy event ranges
from 4.98 to 8.35m/s, where the corresponding required wave
height ranges from 0.63 to 1.78m for tsunami and from 2.53 to
7.11m for storm. Based on the largest boulder identified from
the study segment, the results suggest that with the uniform
velocity =7m high storm waves and =2m high tsunami waves
are required to transport =2.5m3 tabular boulders along rocky
coastal margins (Table 1).

In this exercise, consideration must be given to the fact that
the maximum size of boulders moved onshore does not
necessarily represent the maximum transport capacity of a
storm wave or a tsunami flow, but may only be indicative of the
maximum size of available clasts. Therefore, even a field of
large boulders located onshore may only give an approximation
of minimum wave or flow energy [14]. Considering this fact, we
plumped for the averaged wave parameters for the
approximation of wave energy. According to our results, the
average wave velocity for a tsunami/storm required to
transport boulders onshore of such dimensions must be
>7.28m/s and the corresponding average wave heights must be
>5.51m and 21.38m in case of the storm and tsunami events
respectively (Table 1).

7.0 CONCLUSION AND DISCUSSION

We carried out hydrodynamic evaluation of the boulder
transport along the selected segment on eastern flank of the
Arabian Sea in order to understand nature of the causative
extreme wave events. Tsunami and storm exhibit different
hydrodynamic characteristics and therefore strike a coastline
with their specific wave patterns and sediment transport
mechanism. Onshore boulder deposits along a coastline, which
is vulnerable to tsunamis as well as cyclonic storms, can’t be
linked to a specific extreme-wave event unless detailed
observations are carried out. Estimating wave parameters by
applying hydrodynamic equations on deposited clasts is one
way of understanding the nature of events. Our study reveals
the characteristics of events responsible for boulders transport
and deposition along the studied transect, which is very
important to understand the wave dynamics of the coastline.
Previous studies have linked these boulder deposits to
tsunamis; however, our study provides evidence that the past
storms along this coastline were also capable of transporting
and depositing such boulders onshore.

The study segment has pre-survey documented records of
very severe cyclonic storms like 1975, 1982, 1998, 2001, and
2007 which impacted this coast with >5m wave heights [25-28].
Such storms usually have capability of eroding and transporting
large boulders onshore upto a limited extent [5, 9, 19, 37, 38].
Based on the nature of storm deposits, their most specific
characteristics can be studied during a post-event survey,
however, those are not usually preserved along such a dynamic
coast. Therefore, as the time passes their discrimination from
tsunami deposits becomes more difficult.
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Table 1 Calculation of wave velocity and wave height in case of storm and tsunami events by using the boulder parameters i.e., length (a-axis), width (b-
axis) and height (c-axis), and components of the forces applied during the time when a wave hits a submerged or sub-aerially exposed boulder (Using
Nott’s modified mathematical approach). (V, Hs) and (V, Hr) domains represent the required wave velocity and wave height to transport such boulders

respectively in case of a storm and a tsunami event [1, 18].

) ) ' Density Mass (Kg) Weight Wav‘e W?ve W?ve

Boulders | a-Axis (m) | b-Axis(m) | c-Axis(m) | Volume (m3) (Kg/m?) Mai = p.abe (KN) Velocity Height Height

Fe=mg | (v)(m/s) | (Hr)(m) | (Hs)(m)
B-1 1.54 11 0.3 0.51 2.70x 10° 1.37x 103 1.35x10* 6.32 1.02 4.07
B-2 1.65 0.8 0.36 0.48 2.70x 10° 1.28 x 103 1.26 x 10* 5.32 0.72 2.89
B-3 13 0.95 0.35 0.43 2.70x 10° 1.17 x 103 1.14 x 10* 5.92 0.89 3.58
B-4 1.35 0.75 0.4 0.41 2.70x 10° 1.09 x 103 1.07 x 10* 4.98 0.63 2.53
B-5 2.9 1.68 0.5 2.44 2.70x 10° 6.58 x 10° 6.45x 10* 7.87 1.58 6.31
B-6 2.62 1.98 0.48 2.49 2.70x 10° 6.72 x 10° 6.60 x 10* 8.35 1.78 7.11
B-7 1.98 1.76 0.41 1.43 2.70x 103 3.86 x 10° 3.78 x 10* 7.82 1.56 6.24
B-8 2.36 1.86 0.38 1.67 2.70x 103 4.50x 103 4.42 x 10* 7.83 1.56 6.24
B-9 2.18 1.65 0.36 1.29 2.70x 103 3.50x 10° 3.43x10* 7.48 1.43 5.70
B-10 2.46 1.88 0.48 2.22 2.70x 103 5.99x 103 5.88 x 10* 8.20 1.71 6.86
B-11 1.92 1.64 0.41 1.29 2.70x 103 3.49x10° 3.42x10* 7.64 1.49 5.94
B-12 2.08 1.67 0.45 1.56 2.70x 103 4.22 x 103 4.14 x 10* 7.78 1.54 6.17
B-13 2.25 1.89 0.46 1.96 2.70x 103 5.28 x 10° 5.18 x 10* 8.16 1.70 6.80
B-14 2.15 1.76 0.44 1.66 2.70x 103 4.50x 103 4.41x 10* 7.91 1.59 6.38
B-15 1.94 1.65 0.39 1.25 2.70x 103 3.37x10° 3.31x10% 7.59 1.47 5.88

Table 2 Under Joint-bound boulder pre-setting, calculation of wave velocity and wave height in case of storm and tsunami events by using the boulder
parameters, i.e., length (a-axis), width (b-axis) and height (c-axis), and components of the forces applied during the time when a wave hits a submerged or
sub-aerially exposed and jointed boulders (Using Nott’s modified mathematical approach) [1, 18].

) ) ' Density Mass (Kg) Weight Wav‘e W?ve W?ve

Boulders | a-Axis (m) | b-Axis(m) | c-Axis(m) | Volume (m3) (Kg/m?) M = p.abc (KN) Velocity Height Height

Fe=mg | (v)(m/s) | (Hr)(m) | (Hs)(m)
B-1 1.54 11 03 0.51 2.70 x 10° 137x10° | 1.35x10° 6.32 170 6.80
B-2 1.65 0.8 0.36 0.48 2.70 x 10° 1.28x10° | 1.26x10° 5.32 .04 3.16
B-3 13 0.95 0.35 0.43 2.70 x 10° 117x10° | 1.14x10° 5.92 198 793
B-4 135 0.75 0.4 0.41 2.70 x 10° 1.09x10° | 1.07x10* | 4.98 227 9.07
B-5 2.9 1.68 0.5 2.44 2.70 x 10° 6.58x10° | 6.45x10* 7.87 261 11.06
B-6 2.62 1.98 0.48 2.49 2.70 x 10° 6.72x10° | 6.60x10* 8.35 272 11.88
B-7 1.98 176 0.41 1.43 2.70 x 10° 3.86x10° | 3.78x10* 7.82 232 9.29
B-8 236 1.86 0.38 1.67 2.70x 10° 4.50x10° | 4.42x10* | 7.83 215 361
B-9 218 1.65 0.36 1.29 2.70x 10° 350x10° | 3.43x10% | 7.48 204 316
B-10 2.46 1.88 0.48 222 2.70x 10° 599x10° | 5.88x10¢ | 8.20 231 908
B-11 192 1.64 0.41 1.29 2.70x 10° 3.49x10° | 3.42x10* 7.64 232 9.29
B-12 2.08 1.67 0.45 1.56 2.70x 10° 4.22x10° | 4.14x10 7.78 255 10.20
B-13 2.25 1.89 0.46 1.96 2.70x 10° 5.28x10° | 5.18x10° | 8.16 261 10.43
B-14 215 176 0.44 1.66 2.70x 10° 4.50x10° | 4.41x10 7.91 2.49 0.97
B-15 1.94 1.65 0.39 125 2.70x 10° 3.37x10° | 3.31x10* 7.59 221 3.84
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Though in this region the boulders deposits are restricted to 20-
25m wide fringing zone from the shoreline, we cannot rule out
a tsunami origin, as this localization may be subjected to the
geomorphic barrier in the form of =8m high eolian dune and
cliff. In this scenario, the speed of a tsunami or storm flow is
dissipated by the eolian dune/cliff and the boulders are only
transported upto rocky tract/beach ridge or dune/cliff base.

Further, these boulder deposits can also be correlated with
the documented 1945 tsunamigenic earthquake of Makran
subduction zone, where the parameters calculated in this study
are fairly in agreement with the approximated minimum wave
or flow energy of the tsunami hitting the Saurashtra coast. The
1945 was the deadliest event killing more than 4000 people by
its earthquake and tsunami [40]. Based on simulation models
and documented records, the 1945 tsunami waves reached a
height of about 11-11.5m in the Gulf of Kutch and Saurashtra
coast [12, 22, 40], which is much more than the calculated
‘required wave height’.

The identification of tsunami and storm deposits in the
stratigraphic horizons is comparatively easy as they are usually
preserved in the topographic depressions, channels, swales,
marshes, and back-dune environments [19, 31-34, 37].
However, the regions where boulders are the only available
clasts, their discrimination from a storm origin is difficult.
Imbrications have been observed in tsunami as well storm
originated boulder deposits, however, tsunami involves longer
transportation and erosion therefore features more roundness
in boulders [5, 9, 19, 31-38].

In our study region, the shape and size of the boulders are of
mixed nature, i.e., angular to rounded, small to large, and
tetrahedral to polyhedral. The sedimentological records of the
finer fractions (i.e., sand, silt, clay, microfossils) are not
preserved nearshore due to dynamic nature of the coast [41]
and therefore, the major discriminative features are not
available to identify the type of events. However, it is
confirmed from the documented records of tsunamis and
storms in this region that both events possess the wave
parameters required for transporting such boulders onshore.
We postulate that the boulder aggregates of the eastern flank
are the sequel outcome of 1945 and similar paleotsunamis as
well as 1998 and similar cyclonic storms impacted along the
Saurashtra coast.
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