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ABSTRACT 

The textural and mineralogical characteristics of subsurface sediments along with Ground Penetrating Radar (GPR) data 
collected along the Western margin of India were used to understand the depositional environments and the provenance 
of sediments. Textural attributes such as mean, standard deviation, skewness and Kurtosis show fluctuations due to flu-
vio-marine interaction and it is well understood that the bottom sediments are enriched with muddy sand, which may be 
deposited by mean of tidal invasion. The abundance of very coarse silt to very fine sand indicates the prevalence of low 
energy environment. The Linear Discriminate Function analysis indicates the fluvio marine deposition of sediments 
under low energy condition. GPR data upto a depth of 5 m shows the stratigraphic sequences of very fine sands and 
coarse silt. Optically Stimulated Luminescence (OSL) dating of sediments implies that the tidal sediments had depos-
ited between ~30 ± 1 and ~90 ± 4 years before Present. XRD studies results the dominance of K-feldspar and deficiency 
of clay minerals, indicating that most of the sediments are derived from hinterland. Studies indicate that the Provenance 
of sediments in the Mandvi area is not related to Indus delta even though a considerable part of Gulf sediments are de-
posited by the Indus River. 
 
Keywords: Tidal Currents; Mandvi; Grain Size Analysis; XRD; GPR Data; OSL Ages 

1. Introduction 

The continental shelf on the northwest coast of India is 
quite wide and leads into a converging channel, the Gulf 
of Kachchh. Oscillatory flow driven by the tides of the 
adjacent Arabian Sea is the dominant motion in this part 
of the coast. Demanding studies have been carried out on 
modern tidal environments such as tidal flats, tidal inlets, 
deltas and subtidal shelf banks, focusing on the siliciclas-
tic tidal flats of North Sea [1,2], the Gulf of California 
[3], Inchon Bay of South Korea [4], tidal flats in India 
[5-7] and Gironde estuary of France [8]. The high speed 
tidal currents at the mouth of the gulf play the major role 
in the excursion of sediments in the gulf [9]. The main 
source of sediments in the Gulf of Kuchchh is Indus 
River, located about 100 km North West of Gulf of 
Kuchchh, discharging an annual suspended load of 435 
million tones, occupying an area of about 8500 km2. The  

sediments consist mostly of clay particles, which remains 
in suspension for a long period of time and finally settle 
as mud flats, towards the head of Gulf. The total dis-
solved contents of water are measured as high as 21 - 69 
mg·I−1 [10].  

Gulf hydrography is characterized by strong along- 
shore currents at the mouth, moving in and out during 
flood and undergoing dynamic changes with tidal phases. 
Pradhan et al. [11] observed the suspended sediment 
dispersal patterns at different stages of tide cycles by 
using Indian Remote sensing Satellite data. The western 
part of Gulf of Kuchchh is influenced by open sea and 
the eastern part is influenced by the Gulf environment 
[12]. The sediment distribution boundaries counterpart 
the boundaries defined by current velocity distribution, 
as the sediment pattern of the study area is season de- 
pendant. Gulf sediments have a consistent one layered 
structure due to the prevailing climate and condensed  
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fluvial discharge [11]. More suspended sediments oc- 
curred where high magnitude tidal currents are present 
whereas low to very low suspended sediments occurred 
where tidal currents are less. Higher aeolian distribution 
into the region is not reported yet to sustain the turbidity 
in water. The reason behind the suspended nature of 
sediments is the presence of islands, pinnacles and tur- 
bulent tidal currents. Turbidity in near shore waters is 
caused by the churning and transportation of suspended 
sediments along with submarine sediments. The sedi- 
ments are continuously transported due to the action of 
tidal currents. The sediment transportation directions in 
the Gulf region is shown in Figure 1. Sediments enter into 
the mouth of gulf of Kuchchh from both north and south 
directions and its movements are season dependant [13]. 

The eddy type structures around the islands are mainly 
due to the tidal and ebb tidal currents in this region [14], 
which is documented by the 18 m thick layered deposi-
tion in the Gulf [15]. Minor cuspates are seen in the 
coastline along the seaward margin of the beach and 
beach cusp features which are being produced by the 
superposition of processes operating in the intertidal 
zones with different scales of motions [16]. These de-
veloped features replicate the regional trend of the shelf 
edge and are governed by the reactivation of east west 
regional fault in the Gulf of Kutch [17]. Other factors 
that are responsible for the development of crescent 
shaped coastal landforms are the waves which are normal 
to the straight coast and make the impact against the 
curved coast [12].  

The present work is paying attention on evaluating the 
GPR technique in understanding the shallow subsurface 
architecture of Mandvi region of Gulf of Kuchchh. Proc-
essed radar profiles have been used successfully to con-
struct the radar stratigraphy in both, ancient and modern 
sand bodies [13,14]. Mandvi area was selected because 
of its good exposure to sediments from the hinterland as  
 

 
Figure 1. Schematic representation showing the directions 
of sediment transportations, over a complete tidal cycle, in 
and around Gulf region (after Pradhan et al. [11]). A major 
part of sediments are transported from Indus delta towards 
the head of Gulf. At Mandvi, Mundra and Okha regions, 
sediments are derived from local sources by small rivers. 

being nearby Rukmavati River. Textural and composi-
tional characteristics along with Optically Stimulated 
Luminescence dating (OSL Dating) of sediment samples 
aided to reconstruct the paleoclimate of the study area. 

2. Regional Setting  

The study area is Mandvi (22˚49'05.43"N, 69˚21'01.28"S) 
and is located at the mouth of Gulf of Kuchchh, a funnel 
shaped, east west oriented, seismically active, unique 
macrotidal environment with a tidal amplification of 3 m 
at the mouth to 7 m at the head [15]. The coastal areas of 
Gulf of Kuchchh is developed by a variety of land forms 
such as tidal mud flats, raised beaches, sealed river 
mouth, spits, ridge tunnel system, stabilized and non sta-
bilized dunal area, lagoons and alluvial plain [12]. Loca-
tion map and satellite imagery of the study area is given 
in Figure 2. The study area comes under the eastern part 
of Rukmavati River, which is flowing from the hinder-
land. Local geology of the area being predominantly ba-
salt with Cretaceous sedimentary rocks; sandstones do- 
minate in the study area [16]. The Gulf was sub-aerially 
exposed prior to Holocene, because the known sea level 
was 65 m prior to 10 Ka BP in this region [17]. Coastal 
beaches of Mandvi are characterized by progradation and 
coastal shifting, with alluvial plain extending for several 
kilometers parallel to the coast. The area under investiga-
tion shows the subsurface depositional pattern, which 
may be resulted due to tidal activities and these sedi-
ments are derived from sea to land during high tide activ-
ity. 

3. Methodology 

A total of four GPR profiles from sea to land were 
mapped in the study area near to Rukmavati River using 
a GPR [Subsurface Interface Radar (SIR) 3000 system 
developed by Geophysical Survey System, Inc. (GSSI) 
synchronized with GPS] mounted with 200 MHz as well 
as 900 MHz antenna in monostatic mode. By cross ex-
amination, it was found that all the profiles are of repeti-
tive nature. The lithological boundaries and sedimentary 
structures are commonly become visible in radar profiles.  
Figure 2 shows the satellite image of the study area and 
lines parallel and perpendicular to the coast are the GPR 
runs taken for subsurface imaging. High resolution GPR 
profiling, along with 40 - 50 sediment cores, X-ray dif-
fraction and granularity analysis by Malvern Mastersizer 
2000 particle size analyzer have been carried out in the 
present study. The topographic profile with GPR section 
and trench photographs is shown in Figure 3. In this 
Figure the top row is topographic profile, middle row 
demonstrating the GPR radargram of the section with 
trench marks (unit A and unit B) and bottom row depict-
ing the two trench photogr phs of unit A and unit B.  a  
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Figure 2. Figure shows location map of the study area from where GPR studies have been carried out. The satellite imagery 
of the study area is given in the lower part. 

 

 
Figure 3. shows the vertical and horizontal variations of graphic mean, skewness, standard deviation and kurtosis; from top 
to bottom the mean value decreases; towards the land sorting values decreases and kurtosis values increases. 
 

4. Results  The ages of sediments were calculated using OSL dating, 
which uses quartz separated from the sediments to esti-
mate total radiation exposure seen by it since deposition. 
This is estimated via optically stimulated luminescence. 
The radiation exposure arises from environmental radio-
activity. The environmental dose rate (in Gy/ka) is due to 
the decay of U, Th and K in ambient stratum is computed 
via their elemental concentration. 

4.1. Grain Size Analysis Data 

In accordance with the grain size analysis, sediments 
analyzed are ranging from very coarse silt to very fine 
sand. In both units the mean grain size decreases from 
top to bottom (Figure 3) and the phi value ranges from 
4.236 to 3.5 with an average mean of 3.86; towards the 
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land the phi value increases. The standard deviation val-
ues range between 0.579 and 0.773 with an average value 
of 0.676. The particle dispersion is in the range of mod-
erately sorted to moderately well sorted and the samples 
show variation in sorting. Skewness values range be-
tween −0.129 and 0.346, with an average value of 0.1085. 
Symmetry of samples varies from very fine skewed to 
coarse skewed nature. Top samples of both units are 
finely skewed with negative skewness. The middle and 
bottom samples of unit A and bottom sample of unit B 
are of positive skewness. Kurtosis values range between 
0.866 and 4.23 with an average of 2.548. The samples 
fall under mesokurtic to leptokurtic nature of distribu-
tions. The kurtosis values of the bottom layers of unit A 
and Unit B is less as compared to that of the middle and 
top samples.  

4.2. Linear Discriminate Functions (LDF) 

Sahu [18] introduced the linear discriminate functions for 
environmental interpretation and the method uses all the 
grain size parameters in the form of a single linear equa-
tion, in which Y1 (Aeolian: beach), Y2 (fluvial: turbidity), 

Y3 (shallow marine: fluvial) and Y4 (beach: shallow ma-
rine) values were analyzed. We are using the following 
discriminate functions in this work. 

1) For the discrimination between Aeolian processes 
and inter tidal zone environments, 

Y1 = −3.5688 Mz + 3.7016 σI2 − 2.0766 SK 
+ 3.1135 KG 

where Y is the discriminate function, Mz is mean grain 
size, σI is graphic standard deviation (sorting), SK is 
skewness and KG is graphic kurtosis.  

2) For the discrimination between fluvial and turbidity 
environments,  

Y2 = 0.7215 Mz − 0.4030 σI2 + 6.7322 SK + 5.2927 KG 

3) For the discrimination between shallow marine and  

fluvial environments,  

Y3 = 0.2852 Mz − 8.7604 σI2 − 4.8932 SK + 0.0482 KG 

4) For the discrimination between beach and shallow 
agitated marine environments (subtidal),  

Y4 = 15.6534 Mz + 65.7091 σI2 + 18.1071 SK  
+ 18.5043 KG 

With reference to the values obtained from Sahu’s 
linear discriminate functions (Table 1) plotted in Figure 
3, majority of the samples are formed by beach and flu-
vial activities, except the top sample of unit B which is 
formed by Aeolian activities, aided by turbidity currents 
(Figure 4). Y3 values indicate that the sediments are de-
posited in shallow marine environments.  

4.3. XRD Results 

Samples for XRD studies were gently ground to fine 
powder and oriented slides were made for mineral identi- 
fication. A Seimens X-ray diffractometer with CuKα 
radiation, graphite secondary monochromator, a step size 
of 0.02 2θ, and a counting time of 2 s/steps is used. XRD 
studies of the samples collected from the study area re- 
veal a typical mixed mineralogy of both beach and flu- 
vial environments. The major minerals present in the area 
are K feldspar, quartz, dolomite, rutile, sillimanite, spinel, 
prehnite-pumpellite, vaterite, haematite, montmorillonite 
and tourmaline among which common beach minerals 
are quartz, feldspar, rutile, tourmaline and sillimanite. 
Significantly chlorite and illite are absent in all the sam- 
ples. Examples of diffractograms are given in Figure 5. 
Most common minerals among these are K feldspar and 
quartz. Carbonate minerals such as dolomite and vaterite, 
a temperature polymorph of CaCO3 are present in both 
units; montmorillonite is the present only in the bottom 
layer of Unit A. Heavy minerals such as rutile, silli- 
manite and haematite are also present in the area in mi- 
nor amounts. Spinel is present in all the samples, except 

 
Table 1. Showing LDF values (after Sahu [18]), indicating the deposition of samples in shallow marine environment, by the 
combined action of beach and fluvial processes. 

Discriminate function Environment of deposition 
Sample 

Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 

Top −2.16 20.57 −2.16 160.2 Beach Fluvial Shallow marine Shallow agitated

Middle 0.71 24.94 −3.3 173.4 Beach Fluvial Shallow marine Shallow agitated

Bottom 0.41 24.53 −2.6 161.2 Beach Fluvial Shallow marine Shallow agitated

Top −9.57 6.816 −3.67 118.2 Aeolian Turbidity current Shallow marine Shallow agitated

Middle 1.46 26.52 −6.9 189.4 Beach Fluvial Shallow marine Shallow agitated

Bottom 0.07 24.01 −2.89 151.2 Beach Fluvial Shallow marine Shallow agitated
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Figure 4. Showing the relationship between Y1, Y2, Y3 and 
Y4 the values of the samples. Most of the samples come un-
der beach and fluvial environment.  
 
the bottom sample of unit A.  

4.4. GPR Data Analysis 

Based on the high frequency GPR reflections, two radar 
facies have been recognized. In Figure 6 the 45 m long 
profile is starting from the berm line to the backshore 
field. Low amplitude uniform reflections (layer 1) can be 
seen up to a minimum depth of about 1.2 m and a maxi-
mum depth of about 1.8 m. The parallel and tangential 
layer (layer 2) below the fine grained sands is occupied 
by approximately 1 m thick very fine grained silt, which 
is characterized by high amplitude reflections. Layer 2 is 
characterized by 3 distinct cross beds which may be de-
posited over a long period of time. Low frequency reflec-
tions dipping in different directions in different angles, in 
the layer 3 may be attributed to attenuation by the layer 2 
sediments. Between 25 to 35 m horizontal distance, very 
gently sloping, seaward dipping, concave downward with 
relatively higher landward dipping reflections are inter-
preted as beach ridge reflections [19,20]. This is ground 
soothed by the field investigations. An erosional surface 
is visible between the fine sand and silt layer which is 
well marked in Figure 7 and is characterized by the low 
amplitude reflectors with tangential oblique configura-
tions.  

4.5. OSL Dating Results 

Optically-stimulated luminescence (OSL) dating of quartz 
mineral separated from sediments provided depositional 
ages of fine grained sand and coarse silt layers (layer 1 
and layer 2 of Figure 6). The age of sediments of layer 1 
in Unit A being calculated by OSL dating as ~20 ± 1 
years before present and that of unit B as ~31 ± 4 years 
before present. This indicates an increase in age of sedi-

ments towards the land. The optical ages of sands, im-
mediately overlying the silt layer, being calculated as 
~30 ± 1 and ~76 ± 4 years before present for unit A and 
unit B respectively. The former is at a depth of 1.2 m and 
the latter is at depth of 2.2 m. Even if both the samples 
lay on the top layer of coarse silt, the age of sediment in 
unit A is very less as compared to that of unit B. The 
ages of sediments of top and bottom layers of coarse silt 
in unit A are ~30 ± 1 and ~90 ± 4 respectively and are 
suggesting the recurrence interval of silt deposition.  

5. Discussion and Conclusions 

5.1. Grain Size Analysis 

Textural attributes of sediments such as mean, standard 
deviation, skewness and kurtosis are far and wide used to 
reconstruct the depositional environments of sediments 
[21]. Many of the sedimentologists have correlated the 
grain size parameters and the trasportational-depositional 
mechanisms by different useful studies [22-26]. 

Mean size of sediments are influenced by the source of 
supply, transporting medium and the energy conditions 
of depositing environment [27]. Mean size indicates that 
the sediments were deposited in a moderately low energy 
environment. The ridges in the area shows decrease in 
grain size across the intertidal zone and are moderately 
sorted [12]. Standard deviation measures the sorting of 
sediments and indicates the fluctuations in kinetic energy 
or velocity conditions of depositing agent [18]. Variation 
in sorting reflects the continuous addition of fine and 
course materials in various proportions. Top samples of 
both units are finely skewed with negative skewness in-
dicating excessive riverine input. The middle and bottom 
samples of unit A and bottom sample of unit B are of 
positive skewness adverting unidirectional transport or 
deposition of sediments in a low energy sheltered envi-
ronment [27]. Negative skewness generally indicates 
proximity to a river mouth, where winnowing may have 
dominated over deposition whereas the positive skew-
ness indicates sands of lagoonal area, dominated by 
deposition [25]. Variation in Kurtosis is a reflection of 
flow characteristics of depositing medium [28,29]. The 
extreme kurtosis values of sediments signify that a part 
of the sediments were underwent sorting in high energy 
environment [30]. The kurtosis values of the bottom lay-
ers of unit A and Unit B is less as compared to that of the 
middle and top samples, reflecting the maturity of bottom 
sediments. The textural group assigned for the bottom 
and top samples are muddy sand and sandy mud respec-
tively. The basinal muds of gypsiferous shale followed 
upwards by silts and finally by fine grained sands of 
Dhosa sandstone member at the top of Chari formation in 
the kuchchh mainland was studied by Fursich and 
Wurzburg [31]. 
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Figure 5. X-ray diffractograms of sediment samples from pits. (a), (b) and (c) represent the diffractograms of samples col-
lected from unit A and (d), (e) and (f) represent those of samples collected from unit B. 
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Figure 6. The figure shows processed GPR data collected from the area. The profile shows three distinct stratigraphic layers 
of sediments among which layer 1 and layer 3 are predominated by sand sized particles and layer 3 is predominated by 
coarse silt. The photographs of the pits are also given in which the upper layer boundaries of very fine sand and coarse silt 
are marked. 
 

 

Figure 7. The figure shows processed GPR profile in which erosional dipping layers can be seen, immediately above the 
boundary between layer 1 and layer 2, indicating a wash over facies. 
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5.2. XRD Analysis 

Despite of the existence of turbid water in the entire Gulf, 
the deficit of clay minerals in the sediment samples col-
lected from the study area is intriguing. Even if most of 
the sediments deposited in the Gulf region are trans-
ported from the Indus delta, the current study area is 
dominated by sediments from the hinterland which is 
evidenced by the prevalence of other minerals out of clay 
minerals. Sediments might have been drawn by the ero-
sion older beach ridge complex near the mouth of the 
river. The sandstone packages nearby the study area, 
suggesting periods of increased rainfall reflect the in-
creased terrigenous input by rivers and heavily rooted 
nonmarine sediments. Smectite illite, chlorite and Kao-
linite are the major constituents of Indus delta, where the 
sediments are derived from the glacial Himalayas and 
semi arid to arid soils [32]. The historical Rukmavati 
River is draining into the sea through Mandvi and brings 
sediments from arid soil. The deficiency of clay minerals 
in the sediment samples indicates that the water in the 
study area is not as turbid as compared to the nearby ar-
eas. The absence of clay minerals in Unit B and the up-
per and middle layers of Unit A indicate that the deposi-
tion has mainly done by beach activity, whereas the 
presence of montmorillonite in the bottom layer of Unit 
A reveals the deposition by tidal events as the clay min-
erals are potential to be carried in suspension for consid-
erable distance in open Ocean. Less distribution of clay 
minerals in the study area as compared to that at the 
northern Gulf may be attributed to the high velocity tidal 
stream at the Gulf mouth acting as a dynamic barrier 
inhibiting the sediment transport across the mouth [9]. 
Rukmavati River drains the sediments derived from the 
Tertiary rocks of coastal plain and debouches to the 
beaches; the eastward littoral drift and onshore monsoon 
winds redistribute these sediments [33]. Each individual 
clay mineral being produced from specific geology and 
climate of any given region is considered to be source 
specific [34,35]. The source rock of montmorillonite in 
the present study area is basalt in humid tropical climates 
[36,37] and is the predominant clay mineral in the sedi-
ments of continental shelf, south of Gulf of Kuchchh [38]. 
Feldspars might have derived either from the basalts and 
dolerites or from granophyre felsites of the hinterland; 
potash might be introduced hydrothermally. Trace 
amounts of dolomite and vaterite, which might have 
eroded from the Quaternary sediments of the catchment 
area, are found in the bottom sediments below 3 m depth 
indicating the deposition of carbonate muds. 

5.3. GPR Data Interpretation 

GPR surveys on the study area reveal the landward ac-
cretion of two different sedimentary units. Layers 1 and 3 

are characterized by very fine sands and layer 3 in Fig-
ure 6 is characterized by coarse silt sands. The distribu-
tion of these fine grained sediments on continental shelf 
is controlled by the depositional processes, especially the 
current circulation patterns and their settling in response 
to the salinity and energy conditions [32]. A beach ridge 
is identified by the low amplitude, concave downward 
reflections in between 25 to 35 m horizontal distances 
(Figure 6). Tides, currents, waves and onshore winds 
play an important role in shaping the coastal sediment 
bodies [33]. During exceptional high tides aided by 
storms, more sediment can be eroded from the subtidal 
and intertidal areas and deposited landward in the form 
of wash over fans [39-41]. The high proportion of silt 
content in the area between Mandvi and Modwa spit is 
due to the exposure of palaeo mud in the runnels of inter 
tidal zones [12]. 

A deposition bedding plane is visible between layer 1 
and layer 2 in sediments is a product of changes in sedi-
ment composition and changes in shape, size and orien-
tation of packing grains [20]. Dipping erosional layers 
seen immediately above the layer 2 sediments are inter-
preted as wash over facies. Layer 2 is characterized by 
two distinct cross beds of sediments with high amplitude 
reflections. The cross bed sets have been successfully 
recognized within GPR by Corbeanu et al. [42]. Discon-
tinuous reflections dipping in different directions at dif-
ferent angles in layer 3 (Figure 6) in the radar facies in-
dicate that the deposition was aided by tidal currents. 
These types of deposits were also reported by Van Het-
eran et al. [43], Schink et al. [44], Coastas et al. [45] and 
Neal et al. [46].  

5.4. OSL Dating Analysis 

The applications of luminescence dating for the dating of 
sediments are well-established by several scientists [47, 
48]. Luminescence dating has been applied previously on 
coastal deposits by Nigam and Chaturvedi [14]. By cross 
examination, it can be observed in both units that the age 
of sediments increases from top to bottom, indicating the 
sequential deposition of sediments; fine sand layer is 
younger as compared to the coarse silt layer. The consid-
erable difference in the ages calculated for the samples 
taken from the coarse silt layer in unit A and unit B indi-
cate the time interval between depositions of sediments 
towards landward direction. The alternating humid and 
semiarid conditions in the study area were studied by 
Fursich et al. [49] on behalf of the increased terrigenous 
input by rivers from the sandstone packages during 
heavy rainy season and the widespread brackish water 
faunas during the phase of increased fresh water in the 
near shore areas; semi arid conditions are indicated by 
red beds and calishe hoizons [50]. The argillaceous and 
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silty substrates of Middle and Bathonian ages were stud-
ied previously by Fursich et al. 2005. In the present study, 
GPR reflections along with grain size studies, XRD 
analysis and field observations portend the dominant tidal 
deposition in the region. The radar profile and OSL dates 
manifest the prograding nature of mandvi beach with its 
aggradation mainly due to tidal currents.  
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