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ABSTRACT

Complex noises that arise due to the nonlinear interaction of unwanted seismic signals (coherent and random
noises), alter the primary reflections and create severe problems than the simple random noise in recognizing
geological structures from seismic stack sections. We present here Time Slice Singular Spectrum Analysis
(TSSSA) for the suppression of such noises from seismic records in time domain. The TSSSA involves
organizing the spatial data (corrected for NMO) which corresponds to constant time into trajectory matrix
for the reduction of noises that do not show large spatial coherency. The singular value decomposition based
rank reduction of the trajectory matrix formulated from constant time slice helps to identify the noise in
TSSSA with low Eigen values. We test the method on synthetic data contaminated with complex noises to
demonstrate its ‘robustness’ for the identification of faults and then apply to high-resolution seismic reflection
observations from Singareni coalfield, India. We find a good correlation between de-noised and pure synthetic
data, which indicates the suppression of complex noise without any loss of seismic features. The application of
TSSSA to pre and post stack seismic field data suggests significant improvement in signal to noise ratio. The
reflections resembling the coal beds in the pre and post stack TSSSA processed depth sections clearly match
with the reflectors in the synthetic trace generated from well log data. Finally, improvement in SNR and clear
matching of fault structures and coal beds identified in the TSSSA processed data with regional fault structures
and available geological information suggest the TSSSA as a robust method for seismic data conditioning.

Keywords: Complex noise suppression, Rank reduction, Singular Spectrum Analysis (SSA), Seismic reflection

data, Singareni coalfield.

INTRODUCTION

High-resolution seismic records are useful for locating the
geological structures like faults, folds, caved pillars, mined-
out areas, and coal seam etc (Greenhalgh et al., 1986;
Tselentis and Paraskevopoulos, 2002). However, seismic
reflection data from the coal field suffer from interference
of seismic waves that produce composite reflection pattern
(Lawrence, 1991, 1992). Regardless of constructive or
destructive interference, the primary reflections from
the coal bed of interest undergo significant alterations.
Consequently, the interference of seismic waves reflected
from different coal beds lead to the complex reflection
patterns, which deter the identification of individual beds
(Lawrence, 1991, 1992). For example, interference of
seismic waves with the same phase may produce pseudo
high amplitudes in the recorded data. In addition to the
complex reflection pattern, diffraction of seismic waves
at sharp discontinuities also produces pseudo reflection
amplitudes. The presence of such pseudo amplitudes
due to the combined effect of aforementioned processes
significantly alters the primary reflection amplitudes.
Furthermore, there are always certain amounts of other
(random and coherent) noises present in the seismic
records. Thus, the seismic data obtained from the field

represent the amalgamated response of earth’s layered
structure and complex noise.

The complex noise, for brevity, we refer here as a
combination of various noises e.g. random, coherent, and
erratic etc., which might have arisen from the human
activities, source footprints, structural discontinuities or
sharp geological boundaries etc. Unlike the random noise,
which produces the “flat spectrum” in frequency domain,
it is often difficult to predict complex noise easily due
to their deceptive nature. Hence, it is imperative to look
for alternate robust schemes to recognize the reflector
patterns and discontinuities more precisely in the seismic
records. The accurate processing and interpretation of field
seismic data require only primary reflections. Researchers
have employed several techniques involving the domain
conversions to suppress the random and coherent noises
and to recover the missing amplitudes from the seismic
data acquired at regular and irregular intervals.

Ulrych (1988) and Trickett (2003) have presented
Eigen Image processing approaches in time and frequency
domains respectively for noises suppression and missing
data reconstruction. The singular spectrum of the data
helps to identify the noise in Eigen Image processing
as the additive noise and data gaps increase the rank of
the matrix. De-noised signal reconstruction from Eigen
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triplets (row and column eigenvectors and Eigen value)
with high variance is a kind of rank reduction procedure
in the above methods. Another singular spectrum based
efficient algorithm, which utilizes the data trajectory
matrices for separating signal and noise is the Singular
Spectrum Analysis (SSA) (Broomhead and King, 1986a,
1986Db; Fraedrich, 1986; Golyandina and Zhigljavsky,
2013; Rekapalli and Tiwari., 2015). The SSA designed for
the analysis of non-linear geophysical data, successfully
removes the noise along with simultaneous reconstruction
of missing or scattered signal amplitudes (Vautard et al.,
1992; Ghil et al., 2002). The decomposition of the data
using data-adaptive basis functions in SSA helps accurate
reconstruction of signal compared to the methods which
are using fixed basis functions. Recently, Sacchi (2009) and
Oropeza and Sacchi (2011) have developed and employed
SSA based FXSSA and Multichannel SSA for simultaneous
de-noising and data gap filling of seismic signals in
frequency domain. However, these methods have been
applied to data in frequency domain. The domain (time
domain to frequency domain) conversion of non-stationary
seismic data with discontinuities and abrupt changes
generates artifacts. The SSA and MSSA of the frequency
domain data further enhance the artifacts in the processed
output (Rekapalli et al., 2014; Rekapalli and Tiwari, 2016).
It is difficult to provide physical interpretation of seismic
data assorted with such artifacts, especially for recognizing
thin coal beds and their discontinuities. Therefore, we
present here Time Slice Singular Spectrum Analysis
(TSSSA) in time domain, to suppress the complex noise
from seismic reflection data. The signal decomposition and
reconstruction in the TSSSA is based on SSA and involves
the data adaptive basis functions of the spatial seismic data
(i.e., the data of all channels correspond to a fixed time).
We illustrate the methodology of TSSSA for complex
noise suppression and also for scattered amplitude
reconstruction of seismic reflection data. First we provide
testing of the method on synthetic data assorted with
complex noise and then its application to pre and post stack
seismic datasets from Singareni coalfield, Telangana, India
to indentify the fault structures and coal beds. Finally, we
verify the validity of identified faults and coal beds using
available geology of the study region and well data.

METHODOLOGY

Although there are wide varieties of frequency domain
techniques for data de-noising and missing amplitude
recovery, the data adaptive decomposition in SSA based
time domain techniques are robust for accurate signal
recovery. We apply the SSA to spatial series (i.e., data of
all channels) corresponding to fixed time. The crustal
layers show high lateral quasi-homogeneity on regional
scales compared to chaotic variations in depth direction.

460

Since the correlation among the primary amplitudes from
a constant time/depth slice is always stronger than the
noise correlation, it is possible to extract the correlated
lateral signal to distinguish the primary signals from
complex noise background. In this way, the analyses of
seismic data of all channels at a fixed time as spatial series,
allow us to suppress the noise in the TSSSA method. The
reconstruction in this method is also a singular or Eigen
spectrum based rank reduction (Trickett, 2003; Tiwari and
Rajesh, 2014). Hence, we can use the Eigen spectra to
identify the signal with significant Eigen values and noise
with relatively low Eigen values. Using basic mathematical
description of SSA (Golyandina et al., 2013), the TSSSA
methodology is explained as follows:

Embedding the trajectory matrix: The TSSSA processing
begins with embedding the trajectory matrix from the
spatial data series represented by Y(x) ={y(x;), y(x,)...y
(xn)} using a window length L (2>L<=N/2).Here N is
number of traces in the data and K (=N-L+1) represents
the number of lagged vectors of Y(x) that form the trajectory
matrix (T) of size Lx K.

TLXK: [XIXI XK] (].)
Where X represents a vector of length L given by X;=
{y(xi), v(xiz1),-.., V(X iz1.1)} and x; (for i=1 to N) represent

the spatial position of geophones/ receivers.

Singular Value Decomposition of trajectory matrix: In
the second step, the trajectory matrix was decomposed
into eigenvector(Left and Right) and a diagonal eigen value
matrix using Singular Value Decomposition (SVD).The
decomposition of T given by

d
T = Z\/}.juiv{f 2)
i=1

Where, 2; is the i eigenvalue corresponding to the
ith eigenvector U; of TTT and d is the no of nonzero
eigenvalues. The triple denoted by (V2;, Ui, V;) is called
the i Eigen triple. As discussed above, the seismic data
is a combination of amplitudes from different processes
(reflection, interference, diffraction etc.). The SVD allows
us to estimate the signal amplitudes of different Eigen
processes using respective Eigen value. Thus it is possible
to identify the Eigen processes of noise with low eigenvalues
and randomly fluctuating eigenvectors.

Eigen triplet grouping and reconstruction of trajectory
matrix: In the next step, the Eigen triplets with significant
variance and periodicity are grouped to reconstruct the
trajectory matrix using the following equation

Xan 7 Xak)
Tr = Zx/:q UV = R (3)
G XLy 7 XwK)
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Here G represents the group of Eigen triples satisfying
the criteria of variance and eigenvector periodicity. The
Eigenvector periodicity is useful to eliminate the very low
frequency carrier and high frequency noise components.

Diagonal averaging of reconstructed trajectory matrix:
Finally, we average the reconstructed trajectory matrix (Tr)
along its anti-diagonals to obtain de-noised data series. Let
us denote the reconstructed series by X,.={g;, € ...8k -++--...
gnt. The averaging procedure can be written as follows

ol e
M=

8k = X mk-m+1 for 0<k<L (43)
m=1
1 L
Bk = = ) Xuemes for L=1<k<K+1 (4b)
m=1
1 L
Bk = m X mk-m+1 for K <k=N (4C)
m=k—K +1

The TSSSA pseudo code used for the seismic data de-
noising is shown below.

Pseudo Code
for i=1:N: (Ni=+Number of sampling times/ time slices)

1) Take the i th time slice of the data

2) Formulate the trajectory matrix
Using an optimal window length (L)

3) Decompose the trajectory matrix into Eigentriplets
i.e., (Vii, Ui, Vi) Eigenvalues and Eigenvectors

4) Group the eigentriplets
Using Eiegnvector periodicity and Eigenvalue

5) Reconstruct the trajectory matrix (Tr) from selected triplets
6) Diagonally average T to obtain denoised data

end

Window length and Triplet group selection

The window length selection is crucial in the singular
spectrum analysis (Patterson et al, 2011; Hassani et
al, 2011). Accordingly, the window length equal to the
classical limit N/2 would resolve the principal components
completely. But, for large data sets, the decomposition of
signal at window length N/2 is computationally expansive
and more over the number of signal component present in
the data would be much smaller than N/2. In such cases,
it is appropriate to choose an optimal window length much
smaller than N/2 that serve to resolve the independent
signals from different processes. Based on theoretical
verification, Hassani et al, (2011) have suggested that
median of (1.....N) would be an appropriate choice of L
for most of the real world data. However, the selection of
appropriate window length should be made on the apriori
knowledge of the curvature of the reflectors in the TSSSA,

such that the primary reflections must be linear within a
window. Hence, one should be careful while dealing the
seismic data with curved events/ reflectors, which would
require smaller window lengths than usually adopted in
other analyses. It would be appropriate to applying the
TSSSA method to normal move out (NMO)] corrected
data to circumvent hyperbolic curvature of the reflections
to avoid conflicts arising in the window length selection.

The second important parameter needed to be
discussed here is the appropriate selection Eigen triple
group for de-noised signal reconstruction. The improper
grouping would generate artifacts in the reconstructed
data. There are several recent approaches (Hassani et al,
2012) for estimating the separation between individual
Eigen components. In general, de-noising scheme adopts
the variance/ eigenvalue based grouping (Trickett, 2003;
Golyandina et al., 2013; Rekapalli and Tiwari, 2015).
The paired Eigen triplets with nearly same Eigen value
share the same physical process. Hence in dealing such
paired Eigen triplets, either both the triplets are to be
considered for reconstruction or both should be dropped
to avoid the artifact generation. Following the above
procedure, we have grouped the Eigen triples on the basis
of variance of eigenvalue and periodicity of the eigenvectors,
which is appropriate for the objectives of de-noising and
reconstruction.

ANALYSIS AND RESULTS

Testing the TSSSA on synthetic data of fault
model with Complex noise

Initially, we test the efficacy of TSSSA on synthetic data.
The synthetic reflection data (Figure 1a) of a normal fault
model was generated using the finite difference method.
The complex noise is generated using the following
equation
s = pa.(1=a) (5

Here p can take the values between 0 and 4. We have
selected n=3.9 and a;=0.1 to generate the synthetic noise.
Diffracted and scattered energies are assumed to give rise
to chaotic/ complex noise in the composite seismic signal.
The effect of such complex noise is more severe at far offset.
We use mixture of the noise generated using the equation
5 and random noise to contaminate the data.

We applied the TSSSA algorithm at various complex
noise levels ranging from 10% to 40%. In each of the
cases, 10% random noise was added as the background to
simulate more realistic field situation. The noisy synthetic
data with 20% noise (10% random +10% complex noise)
and its de-noised output reconstructed using TSSSA are
respectively shown in Figure 1b and Figure 1c. The results
suggest that the signal reconstruction is fairly good and the
scattered energy has been recovered in TSSSA output even
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Figure 1. (a) Synthetic data of normal fault model with diffraction energy (b) Synthetic data contaminated with 20% complex
noise (10% random +10% chaotic) (c)TSSSA output of Synthetic data shown in Figure 1b (d) Synthetic data contaminated with
30% complex noise (10% random +20% chaotic) (e) TSSSA output of Synthetic data shown in Figure 1d (f) Synthetic data
contaminated with 50% complex noise (10% random noise +40% chaotic noise) (g) TSSSA output of Synthetic data shown in

Figure 1f.

in the presence of diffraction energy. We have successfully
removed the diffraction energy in addition to the added
noise from the synthetic data. The synthetic data with 30%
noise (10% random +20% complex noise) and 50% noise
(10% random + 40% complex noises) and their TSSSA
de-noised outputs are shown in Figure 1d to Figure 1g.
The synthetic example demonstrates that the TSSSA is
efficient up to 30% complex noise level (Figure le). Above
this threshold, the method fails to suppress the noise. The
noise in the TSSSA de-noise output shown in Figure 1g is
an example that demonstrated the effect of above stated
noise threshold.
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Application to the field data

The study area Singareni coalfields (Telangana, India) as
shown in Figure 2, is located near Ramagundam, in the
Pranhita-Godavari (PG) Gondwana graben that formed in
between the boundaries of Bastar and Dharwar cratons
(Murthy and Rao, 1994). The Lower Gondwana rock
formations in this region are affected by a complex system
of faulting, which lead to the general eastern tilting,
followed by erosion. The Overall strike is ~ NNW-SSE
with ENE and WSW dipping. The NW-SE faults parallel to
the PG basin boundary faults and NE-SW oriented faults
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Figure 2. a) Geological map of the study area along with b) Location of the seismic profile.

are the two kinds of geologically probable faults which
are could be observed in the study region. These faults
are largely dip-slip faults (normal-sense) and appear to cut
across all the Lower Gondwana formations, although there
is a minor left-lateral strike-slip component (Murthy and
Rao, 1994). According to the researchers, the fault systems
observed are related to the Permian or Mesozoic fault
systems (Biswas, 2003). The borehole litho-logs (<500 m
deep) in the study area reveal that the coal seams are found
in the lower segments of the boreholes, and are associated
with carbonaceous shale, clay and sandstones in the depth
range of ~200 to 500m. There are 7 coal seams, of which
4 are prominent with thickness varying in range 1 m to
~ 10 m. The above rock formations have been deformed,
giving rise to dipping sedimentary bedding surfaces. The
overall strike is ~ NNW-SSE and dips gently towards ENE.
The amount of dipping varies from 6° to 9°. Borehole
litho-logs also suggest the existence of two sets of wrench
NW-SE to NNW-SSE and NNE-SSW oriented faulting in
the study area. It appears that the fault interactions lead to
the formation of complex graben and/or rifts in the study
area. The vertical displacement of the faults in this region
is nearly less than or equal to 5m. It is interesting to note
that these small faults have kinematics history similar to
the large-scale faults of the PG basin.

The high resolution seismic reflection data used
in the present study was acquired from the study area

shown in Figure 2 using 0.25mS sampling interval along
the profile shown in Figure 2b. The 60 channels Geode
system manufactured by geometrics was used in the data
acquisition. Emulsion based explosive was used to generate
high frequency energy to incorporate high resolution data.
The common midpoint technique with end on shooting
geometry, was used for data acquisition with 15m average
shot depth and 5m geophone interval. The near and far
offsets are chosen as 120 m and 415 m respectively and
the recoding geometry ensures a nominal CMP fold of
15. After preliminary processing (e.g. reversal correction,
muting, surgical mute etc.), the data was converted into
CMP gather and velocity analysis was performed for NMO
correction. The NMO corrected CMP gathers converted
to shot gathers. We have applied the TSSSA to the NMO
corrected field data for suppression of complex noise and
scattered amplitude recovery.

Figure 3 depict the shot gathers before (top panel)
and after (bottom panel) the application of TSSSA. Here,
spatial data series corresponds to 60 channels in each shot
gather which was processed using TSSSA with window
length 21. The data of total 100 shots was processed.
The reflection amplitudes in the raw data as shown in the
top panel of Figure 3 are scattered due to the presence of
complex noise. Thus it looks somewhat fuzzy to identify
the primary reflections and their continuity from raw data.
The TSSSA output reconstructed from the first 10 Eigen
triplets is shown in the bottom panel of Figure 3. It can be

463



0.1

0.01

Frequency (kHz)

R.K. Tiwari, R. Rajesh, K. Dhanam and T. Seshunarayana

5
7
=
°
g
— w
?.....nﬁ.;dn_ i _,___._,..1 e lm &
; #Mv_mm_‘ﬂh._:u _“_q__&.“{ ‘ Lnutnw ............
G5 g £l .
_ ._‘%&Eﬂmﬁ. s |
i M7 g
LELLEL .-_u-_w_z.zhmtu.. i i -!—v.———_- Im..h\ -]
= m. U ﬂ _=
I, g_w_s i i | 2 r
{ <4, - v . w“\......__ T ___ \d) W
_ A .\. Y A ) g _
TN . uux\_r..-. it m €
........ R S LT ¢ o " L LIiE r.m
Y i ,%E__, :
o1 [ L | oL _.ﬁ 8 :
& Il ., ? __ __:_: ! u_..:,._ﬂ_. um m
; g AT s f o 'y B
ol NE S ds i i1 b :
___ﬂ____._-t_.{ ﬁ _.__.:x_._ Mo -
¥ q_: ' 2 2
Y 4 L Lm e} ]
s ¢ & 8 ¢ § 8| pf = 5 & § § & ; | [ ¢
S E & B Ogl = 2 B & ; Ll
S =
(Sus)oug g (sw)awy S B 2% W.u-ﬂm 4 ¥ 8
z
)
g
B
=

Frequency (kHz)

denotes the signal portion excluding DC and harmonic component.

Figure 4. Spectral content of signal and noise portions compted for NMO correlcted gathers before (Left panel) and after (Right
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panel) the application TSSSA. Red color line indicate the component of fundamental mode, green color is the Noise and brown
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Depth (m)

Figure 5. a) Stack section without TSSSA application (using convetional processing). (b) Stack section obtained from TSSSA
processed shot gather data from singareni coal basin. (c) Bore hole litholog from the study region.

Prodile [Mstance {m)

Figure 6. TSSSA output of stacked data shown in Figure 5b. (a) Reconstructed using window length 230. (b) Reconstructed using
window length 30 along with Well tie (in rectangular box). (c) Zomed display of well tie.

observed that there is significant improvement in signal to
noise ratio of the data after the TSSSA processing. Figure
4 shows the signal and noise spectral content present in
the original NMO corrected data and its TSSSA processed
output. One can notice that the SNR has increased
from 3.10dB to 10.09dB in the TSSSA processing. The
underlying method also facilitated the recovery of scattered
reflection amplitudes for the clear identification of primary
reflector patterns. Comparison of shot gathers before
and after the TSSSA processing and respective signal to
noise ratio demonstrate the robustness of the proposed
method for noise suppression and signal reconstruction.
We applied the deconvolution on TSSSA filtered data to

sharpen the wavelet then band pass filtering to limit the
frequency content of the data between 30 to 140 Hz. The
shot gather data was converted into CMP gathers. Then
preformed second pass velocity analysis on NMO removed
CMP gathers to get best stacking velocity. The data was
stacked to produce final stack section using best aligned
NMO corrected CMP gathers.

Figure 5a and 5b respectively show the depth converted
stack section of length 1010 m obtained from original
(without TSSSA processing) and TSSSA processed shot
gathers as explained above. The noise was significantly
suppressed in the TSSSA processed data (Figure 5b) and
the pseudo amplitudes in the stack section of original data
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(Figure 5a) are also appropriately corrected in the TSSSA
processed stack section (Figure 5b). The reflections below the
depth 300m were smeared due to the non-linear interaction
of scattered and diffracted signals from faults in the original
stack data shown in Figure 5a. Whereas, such reflections are
recovered for clear visualization in the TSSSA processing,
as can be seen in Figure 5b. Although it is well known that
the stacking procedure removes the effect of random noise,
there are still certain amounts of deceptive complex colored
noises in the data, possibly arising due to the various other
sources as discussed earlier. Hence, we applied the TSSSA
de-noising on post stack data shown in Figure 5b to alleviate
the complex colored noises. The TSSSA output of the stack
section data (Figure 5b) corresponding to the window lengths
230 and 30 are respectively shown in Figures 6a and Figure
6b. The TSSSA suppressed the low frequency (complex and
colored) noise in the output at window length 30 (Figure 6b)
comparative to the output at window length 230. There are
strong reflections between the depth range of 200 m to 450
m in the TSSSA processed stack section corresponding to
coal beds (Figure 6b), which agrees well with the available
geological data in the study area (Murthy and Rao, 1994;
Biswas, 2003).

To validate the field data, we use synthetic seismic
traces generated from the borehole information within
the study region that lies approximately around 200m
distance perpendicular to the seismic line. The observed
reflections from the stack section substantiated well with
the synthetic data shown in Figure 6¢c. The geological
information (Murthy and Rao, 1994; Biswas, 2003) of the
study region also corroborate well with the minor as well as
major faults as mapped on the post stack TSSSA processed
section. Also the reflections observed in the stack section
match well with the geologically inferred coal seam in the
study area. A disturbance in the amplitude and continuity
of seismic reflectors (inferences for faulting) is also observed
at two places in the stack section. These disturbances are
noticed as the signatures of a normal faulting detected at
a distance of ~150 m from the WSW end and another
fault at a distance of ~720 m from WSW direction. These
faults locations are with geologically known faults. Our
results show the presence of near normal faults with low
vertical displacement in the stack section. In addition, few
minor normal and near vertical faults present in the stack
section are intrinsic to coal basin. The faults in the seismic
sections show NE-SW direction across the half PG graben
structure in the study area.

CONCLUSION
We have developed a robust Eigen analysis based Time
Slice Singular Spectrum Analysis for time domain

seismic reflection data de-noising. The method was
tested on noisy synthetic seismic reflection data for its
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efficacy and then applied to the field data for complex
noise suppression. Experiments on noisy synthetic data
generated over the normal fault model with diffraction
energy suggest that the underlying method is robust to
suppress complex noise up to 30%. The application of the
method to high resolution seismic reflection shot gather
data from Singareni coal fields reveals that the method
has significantly improved the signal to noise ratio paving
the way to recognize geological structures more accurately.
Finally, the applicability of the method for coherent noise
suppression is demonstrated on post stack data. The
results from post stack TSSSA application suggest that the
underlying algorithm successfully suppressed the complex
colored noise. The fault structures and coal beds mapped
on the de-noised stack section correlated well with the
geological information. High correlation (>75%) between
the synthetic trace computed from the log data and the
TSSSA processed stack section suggests the robustness of
the method. Hence, we conclude that the TSSSA method
is robust for complex noise suppression from seismic
reflection data for the identification of geological structures.
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ABSTRACT

Carbonaceous shale is an organic rich sedimentary rock that forms the main source for all conventional
and nonconventional hydrocarbons. Though, formation of oil and gas takes place in shale but due to very
low porosity, it cannot be reservoir rock for hydrocarbons in case of conventional hydrocarbons. Shale is an
excellent source rock for nonconventional natural gas and in the last one and half decade, the development
of hydrofracturing and horizontal drilling has made it possible to exploit the carbonaceous shale as
nonconventional gas source. The exploration and exploitation of shale gas changed the global economics of
hydrocarbons and the oil prices came down from 110$ per barrel to 30$ per barrel. With the exploitation of
shale gas, USA stopped importing oil and gas. It has now more than 2 million barrel of shale oil as surplus
and thus exports it to various countries, including India.

In India, the Cambay basin, which is a oil producing basin, contains thick deposits of carbonaceous shale.
These Tertiary shales are fine grained and organic-rich and thus considered a good source for shale gas. For
shale gas exploration, the thickness of shale in subsurface and the type of organic matter it contains, are
important parameters for the generation of nonconventional shale gas. Rock Eval pyrolysis of the shale, is
one of the most important basic organic geochemistry to understand such parameters. As an initial study,
interbedded shale samples from Middle Eocene lignite sequence of Cambay formation (Nagori et al., 2013)
of Tadkeshwar in Surat and Rajpardi in Bharuch, were sampled and analysed using Rock Eval Pyrolysis
system. Total organic carbon in these shales varies from 0.2% to 47%, which are indicative of good source
of shale gas deposits. The T, varies between 342°C to 450°C, and the hydrogen index (HI) ranges between
32 to 754 mg HC/ g TOC. The variation of HI vs. T,,,, suggests an immature to mature stage for the
hydrocarbons. The organic matter in shales suggest Type II or Type III kerogen, which  are responsible for
the generation of these hydrocarbons.

Key Words: Shale, Shale gas, Total Organic Carbon, Rock-Eval pyrolysis, Cambay Basin

INTRODUCTION

Since the last one and half decades, the exploitation of shale
gas has become very promising as unconventional source of
energy. Carbonaceous shale is very fine grained sedimentary
rock and has good potential for nonconventional source of
energy. Being more environment friendly, it is considered
one of the alternative source of energy for the future.
With fast development in USA, shale gas is being further
explored at many other places also, like Arizona (USA),
China, UK, Australia etc. Carbonaceous shale, which is a
fine grained clastic sedimentary rock, has good potential
as source-cum-reservoir rock for natural gas, depending on
richness and thermal maturity of organic matter (Curtis,
2002; Boyer et al., 2006; Horsfield and Schulz, 2012). The
light hydrocarbon gases generated in the organic rich shales,
remain trapped in the micro-pores and micro-fractures or
in the thin layers of these rocks (Ross and Bustin, 2008;
Milliken et al., 2013). With geological time and under
pressure and temperature, the organic matter is converted
into kerogen to produce hydrocarbons. Further, in marine
conditions, biological activities produce large quantity of
organic matter. In general, for any shale-gas system, the
marine conditions support biologic activities, and thus
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produce large quantities of organic matter. The depositional
conditions concentrate the organic matter, while post-
depositional conditions allows their preservation and
maturation to gaseous hydrocarbon (McCarthy et al., 2011).
The storage conditions are governed by the micropores/
micro-fractures and the sorption surfaces of kerogen and
clay minerals of the shales (Curtis, 2002; Ross and Bustin,
2008). Low permeable shales require extensive fractures to
produce commercial quantities of gas. With advancement
in techniques, such as hydro-fracturing, in conjunction
with horizontal drilling, massive production of shale gas
is being carried out in the United States since past decade
(EIA, 2013, USGS, 2012). In comparision, the Shale gas
exploration in India is at an early stage. Major oil company
has identified the potential basins and plan to explored
these basins with available data, as well as new data using
geochemical, geological and petrophysics studies, which will
allow them to initialize the exploration program in most
promising zones to find the sweet spots, where it would be
most beneficial to drill. Cambay basin is one such basin
in their priority list, which is already a producing basin
for conventional hydrocarbons. The Cambay Shale is the
main source rock sequence in the basin, with contribution
of oil from Kalol and Tarapur Formations and their
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Figure 1. Geological map of South Cambay basin, showing the locations of sampled lignite mines (after Singh et al., 2012a).

equivalents in the Broach-Jambusar block (Chowdhary,
2004). Earlier, this basin has been explored extensively for
conventional hydrocarbons. The available explored data
suggests that about 20 trillion cubic feet (tcf) of shale gas
can be produced from this basin (DGH, 2012; USGS,
2012). These estimates are based on already available
exploration data but for shale gas exploration, there are
certain other characteristics which are necessary for the
exploitation. Like geochemical, petrophysical, petrological
and mineralogy studies on these shales. Geochemistry
of these shales for their organic richness, kerogen types
and thermal maturity are basic requirement for shale gas
exploration as these parameters control the gas generation
in shales (Jarvie et al., 2007). Rock Eval Pyrolysis is one
of the most important and basic technique to evaluate the
hydrocarbon generating capacity of the source rocks.

In the present study, preliminary investigation on
the geochemical properties of organic matter of the shales
from the Cambay basin has been carried out using the
above technique. The shale samples were collected from
the open cast mines, namely Tadkeshwar and Rajpardi in
Surat, Bharuch districts, respectively (Figure 1). The fossil

data recovered from the sedimentary sequences in these
mines suggest an analogy of Cambay shales for these
shale horizons (Singh et al., 2012a, 2012b; Sahni et al.,
2006; Nagori et al., 2013). As mentioned earlier, Cambay
shales are well established hydrocarbon source rock in the
basin. In the preset work, the shales associated with lignite
mines, have been characterized for the organic matter
present in the shales in terms of its TOC content, thermal
maturity and kerogen type using Rock-Eval pyrolysis.
The geochemical parameters studied here, provide basic
information on the qualitative and quantitative aspects of
the organic matter in shales, which are interpreted in the
light of basin geology to assess the gas generation potential
of these shales.

GEOLOGIC SETTING AND STRATIGRAPHY

The Cambay basin is a narrow elongated (NNW-SSE)
intracratonic rift basin situated in the northern part of
western India. It extends northward from the Gulf of
Cambay in the south Gujarat to Jaisalmer-Mari ridge in
the central Rajasthan (Kundu et al., 1997; Mathur et al.,
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Table 1. Stratigraphic succession of the Cambay basin (after Agarwal, 1986)

Age

Formation and Thickness

Lithology

Quaternary Holeocene

Miocene

Tertiary

Cretaceous

Narmada Fm.
..Unconformity......

Jhagadia Fm.(200m)

...Unconformity....

Kand Fm.
(200-400m)

Babaguru Fm.
(200-300m)
...Unconformity...

Tadkeshwar Fm.
(125 -346m)

..Unconformity....

Ankleshwar Fm. (603m)

' Cambay shale
(+1500m)

..Unconformity...

Vagadkhol Fm
(+50m)

..Unconformity........

Deccan Trap

Sandstone, silt,clay and gravels

Sandstone, gritstone, conglomerate, breccia,
clay, silt

Conglomerate, fossil,limestone,calcareous
sandstone and gravelly clay

Conglomerate, sandstone,clays
cherry red and highly
ferruginous

...Unconformity.....................
Grey to dark grey thinly
bedded shales.

Conglomerate, grit, sandstone,
variegated clays and siltstone

Basalt, trachyte etc.

1968; Biswas, 1982). The Saurashtra craton lies to its
West, Aravalli to the north east and Deccan Traps to the
south east. Cenozoic sediment outcrops are rare and occur
only on the fringes of the basin. The basin is covered by
Gujarat alluvium in the south and sands of Rajasthan
desert in the north. The Narmada and Barmer depression
are, respectively, the southern and northernmost part of the
basin (Kundu et al., 1997; Mathur et al., 1968).

This basin  evolved during Late Mesozoic era with
the development of major tensional faults, following
widespread extrusion of Deccan Trap basalts (Biswas,
1982, 1987), which form the basement for the Tertiary
and Quaternary sediments in the Cambay basin. The
sediments have a thickness of over 5,000 m in the deepest
part (Jambusar-Broach area) of this basin. The sequence
comprises greywackes, dark grey to black grey shales,
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coal seams, silts, fine to medium grained sands and grey
reddish-brown clays (Biswas, 1987). The whole basin can
be dissected into five major tectonic blocks demarcated by
transverse basement faults within the traps, which continue
to some extent into the overlying sediments also. These
blocks are Sanchor-Patan, Mehsana-Ahmedabad, Tarapur-
Cambay, Broach-Jambusar and Narmada-Tapti from north
to south (Biswas, 1982, 1987). They are characterized by
different types of folds, faults and basement depths. The
manifestations of the major tectonic trends is evident
from their parallelism to the Satpura trend between the
Narmada and Tapti rivers and to the Dharwar trends in the
northern and central part of the basin (Raju et al., 1971).
The Cambay basin shows two major tectonic lineaments,
NNW-SSE, probably related to the Dharwar orogenic belt
and ENE-WSW, probably related to the Satpura orogenic



belt, which are evident and extend into the Cambay basin.
These two major trends are manifested both on the surface
and in the subsurface as well (Raju et al., 1971).

Stratigraphically, the basin can be divided into eleven
Formations with Deccan Trap as the basement (Table 1).
The depositional floor is characterized by narrow linear
horst and graben (Bhandari and Chowdhary, 1975). The
older Olpad Formation overlies the Deccan Trap with an
erosional unconformity. The sedimentation in these areas
took place in fluviatile to shallow water environment
under oxidizing conditions (Chandra and Chowdhary,
1969). The Olpad Formation is overlain unconformably
by Cambay Shale Formation, which was deposited under
deep marine and highly reducing condition. The Kadi
Formation, which is present only in Ahmedabad-Mehsana
Block, is an intervening non-marine clastic wedge, with
a thickness of almost 300 m within the Cambay shale
(Bhandari and Chowdhary, 1975). The sedimentation
in the region took place in a deltaic environment. The
Cambay Shale is conformably overlain by Kalol Formation
of Middle Eocene age, which got deposited in alternating
regressive and transgressive marine settings. The marine
Tarapur Shale Formation conformably overlies the Kalol
Formation. The former is unconformably overlain by
Babaguru Formation of Upper Miocene age, which is
further overlain by Kand Formation (Middle Miocene) and
Broach Formation (Pliocene age), deposited under shallow
marine oxidizing environment. The Jambusar Formation
conformably overlies the Jhagadia Formation (Bhandari and
Chowdhary, 1975).

In addition, Cambay basin contains four sedimentary
source rocks. These are the Tarapur Shale and its coeval
units of upper Eocene-Oligocene; Kalol Formation and its
coeval units of middle Eocene; Cambay Shale of lower
Eocene; and Olpad Formation of volcanic conglomerate,
shale and claystone of Paleocene (Yalcin et al., 1987;
Chowdhary, 2004). Some localized sandstone reservoirs
(Unawa, Linch, Mandhali, Mehsana, Sobhasan fields), are
also present within the Cambay Shale of this region. The
lithological heterogeneity and associated unconformity in
Olpad Formation, appear to have helped in the entrapment
of such hydrocarbons. Besides, transgressive shales within
deltaic sequences provided a good cap rock. The peak of
oil generation and migration is understood to have taken
place during Early to Middle Miocene (DGH, 2012).

The studied region of Tadkeshwar lignite mine in
Surat and Rajpardi lignite mines at Bharuch districts,
are situated in the southern part of the Cambay basin.
Subsurface lignite bearing sequences are exposed in
these open cast mines. The Rajpardi lignite deposits are
associated with two major litho units: Babaguru Formation
which is underlain by Tadkeshwar Formation, followed by
Nummulitic Formation. The Tadkeshwar Formation begins
with grey clay-bed which is overlain by the carbonaceous

Potential of shale gas in Cambay basin, Gujarat, India

clay-bed, which in turn, is conformably overlain by a five-
meter-thick lignite seam which is a marker bed (Singh,
2012). Based on relative stratigraphic position, depositional
environment and occurrence of paleo-fauna of the lignite
sequences, it has been considered analogous to the Cambay
Formation (Singh et al., 2012a; 2012 b; Sahni et al., 2006;
Nagori et al., 2013; Rust et al., 2010). The predominance
of mud rich sediments, together with lignites and siderites
in the Tadkeshwar and Rajpardi mines, suggest deposition
in shallow marine condition (Rust et al., 2010). Well
preserved, consolidated shales samples were collected after
removing the weathered part in the exposed horizons.

METHODOLOGY

Rock Eval pyrolysis was carried out on shale rock samples
collected from open cast lignite mines of Tadkeshwar
in Surat district and Rajpardi in Bharuch district. The
instrument was calibrated in standard mode using the
French Institute of Petroleum standard, (IFP 160000), (T
= 416°C; S2= 12.43). The shale samples were powdered
homogenously (<63u) and weighed in pre-oxidized
crucibles depending upon the organic matter content (~50-
70 mg of the shale; and 8-15 mg of coaly shale).

Rock Eval pyrolysis is used to estimate the petroleum
potential of rock samples by cracking of organic matter
according to a programmed temperature pattern in the Rock
Eval pyrolyzer. Released hydrocarbons are monitored by
a Flame Ionization Detector (FID), forming the peaks S1,
the thermo-vaporized free hydrocarbons and peak S2, the
hydrocarbons from cracking of organic matter. The CO
and CO, released during pyrolysis have been monitored by
an infrared cell. This data allows the determination of total
organic carbon and mineral carbon content of the samples.

The basic cycle of Rock Eval analysis consists of two
steps. Firstly, the pyrolysis is carried in pyrolysis oven,
with an initial temperature of 300°C, which increases to
650°C at the rate of 25°C per minute. The samples are
pyrolysed in an inert atmosphere of nitrogen. The free
hydrocarbons evolved at lower temperature of 300°C, are
detected by the FID, resulting in formation of S1 peak.
This is followed by the hydrocarbon evolution through
cracking of kerogen, which results in S2 peak. Thus, S1
and S2 represent milligrams of free and kerogen cracked
hydrocarbons in one gram of rock sample (mgHC/gRock].
The S3 peak corresponds to CO, formed from thermal
cracking of kerogen during pyrolysis and is expressed in
milligrams per gram of rock.

Following pyrolysis, residual organic carbon is oxidized
in an oxidation oven. The oxidation oven is programmed
with an initial temperature of 300°C, which increases to
850°C at the rate of 20°C per minute. The resulting S4
peak comprises of carbon dioxide and carbon monoxide
components defined by S4CO, and S4CO peaks during

471



Anurodh Mohan Dayal

Table 2. Rock Eval pyrolysis data of shales from the Cambay basin.

Sample S1 S2 Tmax 53 TOC HI ol MINC
(mgHC gRock) °c mgCO2fgRock (%) mgHCETOC mgCO2fTOC (%)
Tadkeshwar
TG-01 3.58 58.42 420 8 24.27 241 33 0.7
TG-02 0.12 1.75 434 2.04 3.19 55 64 0.41
TG-03 0.13 1.2 428 1.5 2.34 51 64 0.23
TG-04 0.09 1.57 425 2.43 4,69 33 52 0.22
TG-05 0.05 0.08 394 0.55 0.18 44 306 0.46
TG-06 0.18 4.35 432 3.07 7.21 60 43 0.3
TG-07 0.07 0.14 378 0.57 0.32 44 178 0.08
TG-08 0.04 0.17 342 0.83 0.19 89 437 0.93
TG-09 0.06 1.28 431 0.35 0.59 217 59 0.07
TG-10 0.07 0.18 450 1.62 0.21 86 771 0.79
TG-11 3.12 78.84 414 16.03 47.39 166 34 1.22
TG-12 2.82 68.42 415 14.34 42.28 162 34 1.13
Rajpardi
RJ-01 7.12 190.11 435 3.69 25.21 754 15 0.35
RJ-02 6.62 184.6 429 3.79 26.03 709 15 0.36
RJ-03 3.29 60.6 432 1.51 9.35 648 16 0.19
R1-04 4.04 102.61 432 2.08 14.42 712 14 0.25
RJ-05 4.94 106.76 430 2.15 14.73 725 15 0.26

'CO oxidation graphic

oxidation graphic

CO-CO2 oxidation araphic

Figure 2. RE pyrolysis and oxidation curves for the shale sample (TG-07) from the Tadkeshwar lignite mines, Cambay basin.

oxidation. A separate CO, peak designated as S5 reflects
decomposed carbon dioxide from carbonate minerals in
the sample. T,,,,, which is the thermal maturity indicator,
corresponds to the highest yield of S2 hydrocarbons, is
recorded during the pyrolysis. Total Organic Carbon (TOC)
is calculated by Rock Eval through the addition of the
obtained values of pyrolised carbon and residual carbon.
The relationship between these components forms the
basis for various indices used for interpretation of rock
characteristics. The hydrogen index, (HI) is defined here
by 100 x S2/TOC, while the oxygen index, (OI) is defined
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as 100 x S3/TOC. These indices help in tracking kerogen
types and maturation (User’s guide, Rock Eval 6; McCarthy
et al., 2011).

RESULTS

The important parameters obtained by the pyrolysis of
shales from Cambay basin using Rock Eval, are given in
Table 2 and representative pyrolysis and oxidation curves
for the samples, are shown in Figure 2. In general, the
shales from Rajpardi area show a high TOC content along
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Figure 3. Correlation of S1 and S2 hydrocarbons released from the pyrolysis of shales from the (a) Tadkeshwar lignite mine,
Surat, and (b) Rajpardi lignite mine, Bharuch, respectively, Cambay basin.

with other Rock Eval parameters, compared to that of
Tadkeshwar (Table 2). The TOC content from Rajapardi
shales ranges between 9.35 and 26.03%. The Slvalues
range between 3.29 and 7.12 mgHC/gRock and are
characteristic of the entire sample (Table 2). The S2 values
show an elevated range from 60.6 - 190.11 mgHC/gRock.
The T,,.x ranges from 429-435°C. The HI is high between
648 and 754 mgHC/gTOC, whereas OI for all the samples
is near 15. The mineral carbon content is <0.5 %. For the
Tadkeshwar shales, the TOC varies from 0.19 to 47.39 %.
The S1 values are between 0.05 and 3.58 mgHC/gRock
and the S2 values range from 0.14 to 78.84 mgHC/gRock.
Similarly, the T,,,, varies from 342 to 450°C, whereas the
HI values vary from 33 to 241 mgHC/gTOC.

DISCUSSIONS

In a shale gas play, high gas content is controlled by the
amount and maturity of the organic matter. The total
organic carbon content and pyrolysis parameters help in
the evaluation of the sedimentary organic matter. A TOC
content in wt % of sample < 0.50 is considered poor; 0.50
- 1.0 as fair; 1.0 - 2.0 as good and that > 2.0 as excellent
for the source rocks (Hunt, 1996). The shales from Rajpardi
show a TOC >9 %, whereas those from Tadkeshwar vary
widely (Table 2). Three shale samples from Tadkeshewar
area have very high TOC content (>58%). These shales

are coaly in texture and can possibly have the contribution
from adjacent lignite sequences. Rest of the shales from
the area have relatively lower TOC (0.18 - 3.19%). The
correlation analysis in coaly shales is constrained by
less number of observations (n=3). Similarly, P-test and
correlation analysis performed on S1 and S2 values of
Rajpardi shales indicate similar source for the generation
of the hydrocarbons (Figure 3). These values also vary
linearly with the TOC content of the organic matter
(Figure 4). With an increase of organic matter, the produced
hydrocarbons are also increasing. These characteristics
are observed in the organic matter derived from good/
potential source rocks. These observations also indicate
that there is minimal surficial contamination of the organic
matter in shales, which if happened, would have resulted
in scattered and poorly correlated hydrocarbon variables
and TOC contents. The quality and maturation state of
kerogen is based on the hydrogen and oxygen indices (HI/
OI values) generated by the RE pyrolysis. HI is a measure
of the hydrogen richness of the source rock, and is used to
estimate the thermal maturity and petroleum generative
potential of the rock (Tissot and Welte, 1978). OI measures
the oxygen richness of a source rock and can be used in
conjunction with the hydrogen index to estimate the quality
and thermal maturity of source rocks. Organic rich shales
deposited in reducing anoxic marine environments have
high HI and quite low OI values (Tissot and Welte, 1978).
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Figure 4. Correlation of S1 and S2 hydrocarbons with the TOC (%) of the shales from (a) Tadkeshwar lignite mine, Surat, and
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(b) Rajpardi lignite Mine, Bharuch, respectively, Cambay basin.

The shales from Rajpardi area show high HI values and low
OI values, where as those from Tadkeshwar show moderate
HI and a low OI values. An inverse correlation is observed
between the hydrogen and oxygen indices with each other
and that with the TOC content (Figure 5). The hydrogen
and oxygen indices are characteristics type of kerogen and
generally bear inverse correlation with each other. The
HI value < 50 mg HC/ g TOC, suggests no oil and gas
generation from the kerogen, whereas HI >600 mg HC/ g
TOC suggests oil prone kerogen (Peters and Cassa, 1994).
These indices indicate the source organic input and the
environment of deposition, which is essentially reducing,
characterized by low oxygenation conditions resulting in
preservation of organic matter in shales. The high HI and
low OI values represent a favourable depositional condition
of Cambay shales in a reducing, hydrogen rich and low
oxygenation environment.

Based on Carbon (CJ, hydrogen (H) and oxygen (O)
contents, kerogens have been divided as Type I, II, III, and
IV (Van Krevelen, 1961; Hunt, 1996; Tissot and Welte,
1978). Type I and II generate oil. Type I is generated in
marine environments and is derived from algal lipids that
are enriched in lipids by microbial activity. It contains
several aliphatic chains and the H/C ratio is originally
high (H/C >1.5) (Tissot and Welte, 1978; Peters et al.,
2005). Type-II kerogen also contains aliphatic chains, but
have more aromatic and naphthenic rings. The oil and gas
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potential in Type-II kerogen are lower (H/C= 1.2 to 1.5)
than observed for type-I kerogen. Type-III kerogen with
low H/C range (H/C= 0.7 to 1.0) generates primarily gas,
condensates and some waxes. The organic matter is mostly
derived from terrestrial higher plants. Type-IV kerogen
generates only small amount of methane and CO,.

The HI value < 50 mg HC/ g TOC suggests Type-IV
kerogen (No oil and gas), those ranging between 50-200
mg HC/ g TOC suggests Type-III kerogen (Gas), 200-300
mg HC/ g TOC suggests Type- II/III kerogen ( Mixed
oil and gas), 300-600 mg HC/ g TOC suggests Type- II
kerogen ( Oil) and >600 mg HC/ g TOC suggests Type-I
kerogen (Qil) (Peters and Cassa, 1994). The HI vs OI
plot of the shales associated with the lignite mines from
Tadkeshwar shows that the organic matter is characterized
by Type III kerogen (Figure 6). The HI vs T, values
also indicate the presence of Type III kerogen, (Figure 7).
These shales show an immature phase for the generation
of hydrocarbons. With a high TOC characterized by Type
IIT kerogen, these shales can be a potential source for the
generation of gas at greater depths and burial. Couple of
shales from Tadkeshwar, (TG-05, 07, 08, 09, 10) show
high oxygen index (>100 mgHC/gTOC). These samples
are also characterized by low TOC values and are possibly
contaminated by weathering and oxidation. The shale from
the Rajpardi area show very high HI values (>600 mg HC/
gTOC). The HI vs. T, suggests that the organic matter is
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Figure 5. Correlation of HI and OI with the TOC (%) of the shales from the (a)Tadkeshwar lignite mine,Surat, and (b) Rajpardi
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Figure 6. The HI vs OI plot for the shales from the Tadkeshwar and Rajpardi lignite mines, Cambay basin.

characterized by Type II kerogen, which has the potentially composition, origin, maturation and mineral matter
of oil and gas. The samples show an immature to mature contents of the organic deposits, through petrological
stage for the hydrocarbon generation. investigations, show that these lignites are rich in huminite

The Tadkeshwar lignites of Cambay basin belong macerals, followed by liptinite and inertinite with moderate
to Early Eocene age. The data generated on nature, to high proportions of associated mineral matter (Singh
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Cambay basin.

et al.,, 2012a; 2012b). Petrographical studies on Rajpardi
lignites suggest that these are enriched in huminite and are
low in liptinite and inertinite (Singh, 2012). Their elevated
hydrogen content, in relation to carbon, has probably made
them per-hydrous in nature and oil prone (Singh, 2012).
This is also corroborated by the Rock Eval pyrolysis of
the interbedded shale horizons, where the organic matter
is characterized by the presence of type II/III kerogen,
suggesting the oil/gas prone nature of these shales.

In the Cambay basin, each of the five blocks has
multiple source rocks of different lithologic compositions
at various maturity levels (Chowdhary, 2004). A direct
correlation has been observed between the organic matter
richness, its quality and the thickness of the source
sequences. Central and axial parts of the depositional
centers have best quality and greatest quantity of source
rock (Yalcin et al., 1987, Chowdhary, 2004) The Cambay
shale and its stratigraphic equivalents are the predominant
source rock for the entire Cambay basin.

CONCLUSION

The pyrolysis results of the interbedded shales from
Tadkeshwar Formation, exposed in the open cast mines of
Rajpardi and Tadkeshwar in Surat and Bharuch districts of
Gujarat, are encouraging. The TOC content is quite high
and an immature to mature stage is inferred from the HI vs
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T max data of the shales. The organic matter is characterized
by Type II and III kerogen, which is suitable for the
generation of gas. The lateral and vertical extents of these
shale horizons and the petrological and petrophysical details
in integration with the organic geochemical attributes of
the shales on subsurface core samples, shall help further
in precise delineation of horizons for the shale gas plays.
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ABSTRACT

This article highlights the significance of regional gravity survey in parts of Sidhi and Shahdol districts of
Madhya Pradesh. Gravity values vary from a minimum of -84mGal to maximum of -16mGal, with an overall
variation of 68mGal. The general trend of Bouguer gravity anomaly contour pattern is E-W and NE-SW
direction. The high gravity along with swelling and pinching is recorded near Chauphal, Nibuha, Harbaro,
and Dol over Mahakoshal Group. The inferred structural features (Inferred fault/ Lineament/ Contact) are
reflected in Bouguer gravity anomaly map, which is corroborated with geological map of the study area. The
prominent shallow nature anomalies, recorded in the vertical derivative and residual gravity maps, correlate
with the Bouguer gravity anomaly map. The Euler depth solutions provided depths less than 0.5km, 0.5
to 1.5km, 1.5 to 2.5km and beyond 2.5km. The majority of solutions are falling at the contact between
two litho-units faults/ contacts, with varying depths from 0.5 to 2.5km. All these depth solutions nearly
corroborate with the inferred structural features.

Keywords: Regional gravity studies, Mahakoshal Group, Chotanagapur, Sidhi, Shahdol,

INTRODUCTION

Regional gravity field can be employed effectively to
delineate the subsurface structural features, such as
faults/ fractures/ shear zones/ altered zones, which are
significant loci for the occurrences of mineral resources
and emplacement of intrusivesuite of rocks (Dahanayake
and Subasinghe 1988; Gorle et al. 2016; Subasinghe 1998).
Gravity and Differential Global Positioning System (DGPS)
data are collected by employing the Autograv gravimeter
CG-5 and DGPS 1200 over the area covered by Latitude
24° 00’00” N to 24° 30’ 00” N and Longitude 81° 45’
00” E to 82° 45’ 00” E, which falls in the Survey of
India Toposheet Nos. 63H/15, 16 and 63L/04, 08, 12,
corresponding parts of Sidhi and Shahdol districts, M.P.
(Figure 1). The area exhibits the mixed topography of both
plains and rugged hills. The rugged topography consists
of a series of roughly parallel to sub-parallel, ENE-WSW
trending ridges and intervening narrow valleys. Structure
and lithology mainly control the drainage pattern, which
varies from sub-dendritic to dendritic and sub-parallel. The
study area is mainly drained by Son river and its tributaries
Gopad river, Ghiganal Nala and Deonar Nadi, Sehra Nadi,
Barchar Nala, Mohan Nadi, Kansad Nadi, Karaundia Nala
and Dhunnai Nala (JTha et al., 1980; Jha and Devarajan
2002a; Subramanvam et al., 1972, 1975).

GEOLOGY
Geologically, the area is represented by Vindhyan

Supergroup, Sidhi gneisses, Chotanagapur gneissic
complex, Mahakoshal Group, Gondwana Supergroup and
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Deccan Traps. The Vindhyan Supergroup is represented
by Semri and Kaimur group of rocks. The Semri Group
lies unconformably over the older granite gneiss and
Mahakoshal Group of rocks. The Mahakoshal Group of
rocks is affected by tectonic disturbances forming the
weaker planes, which area later occupied by quartz veins.
The granite belonging to Barambaba granite formation of
Palaeoproterozoic age, occurs as isolated outcrops. The
Chhotanagpur gneissic complex group is represented by
quartzite, biotite schist, and granite gneiss. Similarly, the
Gondwana Supergroup includes the Talchir, Barakar, Barren
Measure and Pali Frmations of Lower Gondwana group and
mainly consists of ferruginous sandstone and sandstone.
The rocks of Chhotanagpur gneissic complex group and
Lower Gondwana group have been further intruded by
basic and ultra-basic intrusives, syenite, quartz veins and
pegmatites (Jha et al., 1980; Jha and Devarajan, 2002b;
Majumdar, 1980; Pandhare, 1972; Subramanvam et al.,
1972, 1975).

GRAVITY INVESTIGATION

Regional gravity survey is carried out with a station
density of 1 GM station per 2.5Sq Km along the available
roads, forest tracks, cart tracks and foot tracks and covered
3500Sq Km. Elevations of each gravity stations were
connected to the available bench mark and triangulation
point by DGPS. The gravity observations are taken
with reference to gravity bases established. Gravity data
is corrected for instrument drift, and entire data were
subjected to free air and Bouguer slab corrections. The
gravity data have been reduced to mean sea level (MSL)
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Figure 1. Gravity stations overlaid on Digital Elevation Model of the study area.

after applying elevation correction. Bouguer gravity anomaly
over the study area was computed forcrustal density of 2.67
g/cm3. For latitude correction, international gravity formula
1980 was used (Bharati et al., 2016; Gorle et al., 2016).

RESULTS AND DISCUSSION
Bouguer gravity anomaly map

Bouguer gravity anomaly map has been prepared
with a contour interval of 1 mGal as shown in Figure
2. The general trend of Bouguer gravity anomaly is E-W
and NE-SW directions in southern and northwestern
part of the area, respectively. Gravity values vary from
-84 mGal to -16 mGal, with an overall variation of
68 mGal. Bouguer gravity anomaly is characterized by
broad gravity ‘low’ in northwestern of Merki, around Parsi,
Lmidah and northeastern of Shaktinagar villages and the
gravity anomaly ‘high’ near Chaupal, Nibuha and Karda,
south of Larvani and Southwestern of Adhiyariga villages.

The first major gravity gradient (F1-F1’) aligned in
NW-SE direction, is observed from Pali to Singrauli in the
northeastern part, which is inferred fault in boundary/
tectonic contact between Mahakoshal Group and Lower
Gondwana group. The second major gravity gradient (F3-
F3’) trend in SW-NE direction is recorded from Marwas

to Joba villages and its continued up to Bargawan in
approximate E-W direction, which is a inferred fault in
boundary tectonic contact between the Chhotanagpur
gneissic complex group (Granite gneiss) and Lower
Gondwana group. The gravity ‘high’ (H1)with moderate
gradient is recorded near Karda which is basically reflected
the contact between the Mahakoshal group (Phyllite) and
Chhotanagpur gneissic complex group (Granite gneiss)
(F4-F4’). The high gravity (H2) along with negative contour
pattern is observed swelling and pinching around Chauphal,
Nibuha, Harbaro and Dol over Mahakoshal group which
is due to the grading in metamorphism of Mahakoshal
Group Formation. Due to the grading of metamorphism,
the density variation frequently occurs in Mahakoshal
Formation. The first moderate gravity gradient (F2-F2’)
aligning approximate NW-SE direction, is observed from
Waghadih to Khutar, which may be inferred fault/ contact
in between two low gravity anomaly zones (L1 and L2)
over coal mines area. The high gravity anomaly is recorded
in between these two low gravity anomaly zones (L1 and
L2) which may be due to the upliftment of basement.
The second moderate gradient (F5-F5’) is observed in
NE-SW direction from Chauphal to Shivpurwa, which is
inferred fault as the boundary between Sidhi gneiss group
(Granite Gneiss) and Mahakoshal group. This fault is also
discovered earlier and called Amsi-Jiawan fault. The third
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Bouguer gravity anomaly contour map, in parts of
Sidhi and Shahdol districts, MP
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Figure 2. Bouguer gravity anomaly contour map.

major gravity gradient (F6-F6’) aligning in NE-SW direction,
is recorded in northwestern part from Kubari to Ghugha,
which may be inferred as a fault in the boundary between
Semri Group (Sandstone), Vindhyan formation and Sidhi
gneiss group (Granite gneiss). This fault is also discovered
earlier and called Jamui-Markundi fault.

Regional gravity and residual gravity anomaly map

Regional and residual separations were carried out for
better understanding of the sub-surface responses from
deeper and shallower causative sources. Various techniques
are available to carry out regional-residual separation viz.
visual analysis, trend analysis, upward continuation and
wave number analysis (Lowrie, 2007; Mallick et al., 2012;
Telford et al., 1976, 1988, 1990). Regional gravity anomaly
map is prepared by low pass filter using a cutoff wavelength
of 12 km and presented in Figure 3. Gravity high, in the
northwestern part of the area still exists in the regional map,
indicating that causative sources of these anomalies are
from a deeper level. The regional gravity map demarcated
boundary of Chhotanagapur gneissic complex group (Granite
gneiss) and Lower Gondwana group by high gradients.
Residual gravity anomaly map is prepared by regional-
residual separation technique, which recorded various
residual gravity ‘high’ (RH) and ‘low’ (RL) anomaly zones
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(Figure 4). The residual gravity high near Chauphal to
Nibuha (RH-8), in the northwestern part, is due to the
presence of meta-basalt which may be reflected from
shallow depth. Residual gravity high near Gijwar (RH-9),
Joba (RH-6) and Deosar (RH-5) over Granite gneiss is
sharpened and clearly demarcated. The residual gravity high
(RH-1) is also recorded in northeastern part, near Singrauli
over Biotite schist. The residual gravity low near Singrauli
(RL-1), in the eastern part is recorded over sandstone,
which may be reflected from shallow depth. Residual gravity
low near Khutar (RL-2) and Barka (RL-3) may be due to
altered sandstone/ low dense material.

Vertical derivative of Bouguer gravity anomaly map

The Derivative maps have been used for many years to
delineate edges in gravity and magnetic field data (Evjen,
1936; Hood and Teskey, 1989; Thurston and Smit, 1997).
The vertical derivative technique is one of several methods
of removing the regional trend. Some gravity anomalies
may be distinct on examination of the Bouguer map, while
other weak anomalies arising from sources that are shallow
and limited in depth and lateral extent, may be obscured
by the presence of stronger gravity effects associated with
deeper features of larger dimensions. The primary function
of the vertical derivative map is to accentuate shallow
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Figure 5. Vertical derivative (Z1) map of Bouguer gravity anomaly.

features at the expense of buried features. The application
of the vertical derivative in gravity interpretation to
enhance localized small and weak near-surface features
(i.e., improving the resolving power of the gravity map) has
long been established (Baranov, 1975; Gupta and Ramani,
1982). The prominent shallow nature anomalies, aligned
approximately NE-SW direction (Figure 5), are observed
near Singrauli, Teldah, Chitarbair, Waghadih, Deosar,
Bambhani, Putidol, Karda, Gijwar, Kubari, and Nibuha.

Analytical signal map of Bouguer gravity anomaly

The analytical signal map is shown in Figure 6 which
has sharpened the boundaries of the geological features
more clearly in northeastern, southwestern, northwestern
and central parts of the survey area. Hence, the analytical
signal map was utilized in delineating sources and with
high intensity gravity gradients observed in the western
part near Marwas-Meraraich-Deosar trending in SW-NE
and approximate E-W direction, respectively, that has
been inferred as a fault in boundary tectonic contact
zone between the Chhotanagpur gneissic complex group
(Granite gneiss) and Lower Gondwana group which is also
corroborated with Bouguer gravity anomaly map. Linear
bodies in analytic signal map are recorded over north of
Singrauli, north of Waghadih and Bargawan, south of
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Khutar, south of Merki, east of Chauphal, North-east of
Nibuha, east of Dol, north of Chilari, Patpara and Ghugha
and also north of Kubari, Sidhi and Shivpurwa.

Euler 3D depth solutions of gravity anomaly

The standard Euler 3D deconvolution method is based on
Euler’s homogeneity equation that relates to estimate the
depth of causative sources obtained from Bouguer gravity
anomaly and its first order gradient components in three
directions to the location of the sources of the data and
gridded data with the degree of homogeneity, which may be
interpreted as a structural index (SI). The structural index
(SI) is based on the geometry of the gravity anomaly and
is a measure of the rate of change of the anomaly with
distance from the source (Thompson, 1982).

The Euler 3D depth solutions are obtained by using the
Euler 3D module of Geosoft software version 9.1 shown in
Figure 7. The window length of 5km and Structural Index
= 0, were used to estimate depths of various sub-surface
structures. The Euler depth solutions provided depths less
than 0.5 km, 0.5 to 1.5 km, 1.5 to 2.5 km and beyond
2.5 km. The majority of solutions are falling at the contact
between two litho-units faults/ contacts, with varying
depth from 0.5 to 2.5km. All these depth solutions nearly
corroborate with the inferred structural features.
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CONCLUSIONS

The significant gravity gradient (F2-F2’), aligning
approximately NW-SE direction and observed from
Waghadih to Khutar, may be inferred as fault/ contact,
which lies in between two low gravity anomaly zones (L1
and L2) over coal mines area. The high gravity (H2) along
with swelling and pinching is recorded near Chauphal,
Nibuha, Harbaro, and Dol that lie over Mahakoshal
formation. The swelling and pinching of Bouguer
gravity anomaly can be considered as characteristic of
Mahakoshal group, due to the density contrast caused by
metamorphism. The gravity gradient (F5-F5’) is observed in
the NE-SW direction from Chauphal to Shivpurwa, which
is again inferred as fault/ contact between Sidhi gneiss
group (Granite gneiss) and Mahakoshal Group. This fault
is called Amsi-Jiawan fault. Another prominent gravity
gradient (F6-F6’) is recorded in northwestern part that
aligns in NE-SW direction from Kubari to Ghugha, which
can be inferred as fault between Semri group (Sandstone),
Vindhyan formation and Sidhi gneiss group (Granite
gneiss). This fault is known as Jamui-Markundi fault.
The majority of Euler solutions are falling at the contact
between two litho-units faults/ contacts with varying depth
from 0.5 to 2.5km. All these depth solutions are nearly
corroborating with the inferred structural features.
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ABSTRACT

Chandigarh, the first ever planned city in India, currently having an urban agglomeration of 1.2 million, is
situated in the proximity of the Himalayan Frontal Thrust (HFT) zone. It falls under the seismic zone IV
as per IS 1893 Part-1 (2016). It is ranked as second most seismically vulnerable city in India, based on
expected peak ground acceleration (PGA) as per National Disaster Management Authority (NDMA). In the
present study, the results of seismic hazard analysis for Chandigarh city, carried out adopting probabilistic
approach are reported. The PGA values are estimated for rock sites, and a seismic hazard map for the city
is prepared. Based on the observed PGA values, one-dimensional nonlinear wave amplification analysis and
liquefaction potential assessment are also made. For this purpose, geotechnical data are collected for 41
boreholes from various government and private organizations, to have an assessment of soil properties and
ground water conditions. For the sites under consideration, it is observed that ground motions get amplified
at 5 sites due to local site effects and 18 sites in the city are prone to liquefaction. Therefore, a site-specific
design approach should be adopted in the city for the design of important structures at vulnerable sites.

Keywords: Probabilistic seismic hazard, wave amplification, liquefaction potential, Himalayan thrust system.

INTRODUCTION

Earthquake is an event which can inflict severe damage
to the infrastructure of a city and take it back to a few
decades. The recent example is the Canterbury earthquakes
of 2010 and 2011 that caused heavy damages in the
Christchurch city of New Zealand. The estimated cost to
rebuild is around 20% of total GDP of New Zealand, i.e.
about NZ$40 billion approximately (Potter et al., 2015).
Similarly, in 2001 Bhuj earthquake, total property damage
was estimated at about $7.5 billion. The multi-storey
structures in Ahmedabad city, being located on younger
alluvial deposits, experienced heavy damage, inspite of
greater distance of the city (more than 300 km) from the
earthquake epicenter (Ranjan, 2005). Hence, it is necessary
for areas located in the vicinity of tectonically active sources
to be ready with proper mitigation measures and rescue
arrangements, for example cities close to Himalayan range,
which were formed due to the collision between Indian
plate and Asian plate that are still converging at a rate of
55 mm/year (Peltzer and Saucier, 1996). The earthquakes
occurring in this region are due to the formation and uplift
of the mountains.

The Himalayan thrust system, consisting (from north
to south) the Main Central Thrust (MCT), the Main
Boundary Thrust (MBT) and the Himalayan Frontal Thrust
(HFT), are considered one of the most seismically active
tectonic zones in the world (Malik et al., 2010). This
has been demonstrated by the occurrence of several large
magnitude earthquakes in the area (Table 1). It is believed
that since the 1897 Shillong earthquake of M,, 8.0, the

Himalayan region seems to have ruptured ranging from 15
to 20% to as much as 45%, and the risk of an imminent
great earthquake is thus high (e.g. Molnar and Pandey,
1989). Moreover, the central Himalaya, which is considered
as a prominent ‘seismic gap’ (Khattri et al., 1984), is
believed to be the most vulnerable segment and is due for
a great plate boundary earthquake of greater than M,, 8.0
(Rajendran and Rajendran, 2005). A large area adjacent to
the Himalayan thrust system may be subjected to severe
damage during an earthquake.

The geographical location of the Chandigarh city,
which is located in the Himalayan foothills to the south
of HFT, makes it susceptible to huge damage due to
earthquakes in the Himalayan thrust system (MCT, MBT
and HFT). Moreover, the alluvial land cover also makes
it prone to hazards due to wave amplification and soil
liquefaction. The gradual increase in population density
has also increased vulnerability of the city. This calls for
an immediate site-specific seismic hazard analysis (SHA)
and estimation of other earthquake induced hazards.
Besides, the damage inflicted by the large earthquakes in
this region which occurred earlier (Table 1), also calls for
taking appropriate mitigation measures.

In the present study, possible seismic hazards in
the city of Chandigarh have been evaluated. It includes
estimation of seismic hazard by probabilistic seismic hazard
analysis, wave amplification analysis and determination
of liquefaction potential. Results have been formulated in
terms of seismic hazard maps for various return periods,
response spectra, peak ground acceleration amplification
factors and a liquefaction hazard map.
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Table 1. Major earthquake events in the Himalayan thrust system (source: en.wikipedia.org).

Earthquake Date

Magnitude

Damage report

1905 Kangra earthquake 4 April 1905

1934 Bihar-Nepal earthquake 15 January 1934

1950 Assam earthquake 15 August 1950

2005 Kashmir earthquake 8 October 2005

2015 Gorkha earthquake 25 April 2015

7.8 My Death toll: 20,000

Massive destruction of structures

8.0 M,, Death toll: 12,000

Massive damage to structures, roads and
telephone lines

8.6 M, Death toll: 4,800

Massive landslides, 70 villages destroyed

7.6 M, Death toll: 87,000

Massive damage to structures, 75,000
injured and 2.8 million displaced

7.8 My, Death toll: 9,000

Massive damage to structures,
24,000 injured and 3.5 million homeless

REVIEW OF LITERATURE

Seismic hazard analysis is the first step towards mitigation
of earthquake hazards. It is carried out for quantitative
evaluation of expected earthquake hazard at a site. Two
approaches, probabilistic (PSHA) and deterministic (DSHA),
are commonly adopted for seismic hazard assessment. In
DSHA, a particular earthquake scenario is assumed, based
on past data and tectonic set up of the study area, and
hazard is estimated based on attenuation characteristics
of the region. The DSHA provides the worst-case scenario
earthquake that can occur in the region and the strong-
motion parameters are estimated for the maximum credible
earthquake assumed to occur at the closest possible
distance from the site of interest. This is done without
considering the likelihood of its occurrence for a specified
exposure period during the design life of the structure. It
is used widely for nuclear power plants, large dams, large
bridges, hazardous waste containment facilities and as a
‘cap’ for PSHA (e.g. Puri and Jain, 2016). Several studies
have been carried out in India based on this approach; for
example, Chennai city (Boominathan et al., 2008), Gujrat
region (Chopra et al.,, 2012), Kolkata city (Shiuly and
Narayan, 2012), India (Kolathayar et al., 2012a), major
cities of Gujrat (Shukla and Choudhury, 2012), Andaman
and Nicobar Islands (Kataria et al., 2013), Goa (Naik and
Choudhury, 2015) and Haryana (Puri and Jain, 2016).
On the contrary, PSHA rectifies several problems
inherent in its deterministic analysis, viz. lack of
quantification of uncertainties in size, location of
an earthquake and probability of its occurrence. It
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quantitatively represents the relationship between potential
seismic sources, associated ground motion parameters and
respective probabilities of occurrence. It also computes the
probability of exceeding of specified level of ground motion
at a particular site, which is represented as function of
return period and fault displacement. Due to its capability
to accommodate uncertainties, more and more seismic
hazard analyses are being carried out using probabilistic
approach (e.g. for Delhi by Sharma et al., 2003; Tripura
and Mizoram states by Sitharam and Sil, 2014; Surat city
by Thaker et al., 2012; Patna by Anbazhagan et al., 2015a).
However, the present DSHA and PSHA methodologies
account for the earthquake hazard for rock sites only and
the effect of wave amplification is rarely considered in
ground motion models. Therefore, identification of soil
layers susceptible to ground motion amplification is an
important task for accurate assessment of seismic hazard
in earthquake prone areas. The development of site specific
ground motions involves the study of both seismic hazard
and wave amplification.

It is known that the wave amplification, soil
liquefaction, landslides and tsunami are the most
devastating after-effects of an earthquake. However,
landslides and tsunami can only be observed in hilly and
coastal areas respectively, thereby making the first two,
i.e. seismic wave amplification and soil liquefaction as
the crucial parameters observed in plain areas, where
the earthquake manifests itself as shaking of ground and
sometimes its displacement. Earthquake engineers are
primarily interested in the strong ground motions which
are sufficiently strong to be felt during an earthquake.
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Table 2. Magnitude conversion equations.

Source

Conversion Equations

Scordilis (2006)

Scordilis (2006)
Kolathayar, Sitharam and Vipin (2012b)
Yenier, Erdogan and Akkar (2008)

M, = 0.67 M, + 2.07, for (3.0 < Mg < 6.1)
M, = 0.99 M, + 0.08, for (6.2 < Mg < 8.2

M,, = 0.85 my, + 1.03, for (3.5 < my, < 6.2)
M,, = 0.815 M + 0.767, for (3.3 = My =< 7.0)
M,, = 0.764 M4 + 1.379, for (3.7 < M4 < 6.0)

M,-surface wave magnitude, my-body wave magnitude, M;-local magnitude, My-duration magnitude

Characteristics of seismic waves get modified as they
travel through different soil conditions. This phenomenon
is referred to as ‘local site effects’. Local site conditions
have profound influence on all the important seismic
characteristics, i.e. amplitude, frequency content and
duration of strong ground motions. The extent of influence
depends upon thickness and properties of the soil cover, site
topography, and on the characteristics of the input motion
itself. The phenomenon of wave amplification due to local
site effects has been well demonstrated, in case of many
earthquakes , like 1985 Michoacidn, Mexico earthquake
M,, 8.0, the 1989 Loma Prieta, San Francisco earthquake
M,, 6.9, the 2000 Totoriken-seibu, Japan earthquake M,,
6.7 (Kramer, 2013), the 1999 Chamoli earthquake M,, 6.8
(Nath et al., 2002) and the 2001 Bhuj earthquake M,, 7.6
(Ranjan, 2005).

Similarly, the phenomenon of loss of strength of
loose saturated cohesionless soils subjected to dynamic
loading due to increase in pore water pressure is termed
as soil liquefaction. It is manifested in the form of sand
boils and mud spouts at the ground surface formed by
seepage of water, or in some cases by the development of
quick sand condition. In such cases, buildings may sink
substantially into the ground or tilt excessively; lightweight
structures and foundations may get displaced laterally
causing structural failures. Such phenomenon was well
demonstrated for several earthquakes around the world,
for example, the 1934 Bihar-Nepal earthquake M,, 8.2,
the 1964 Niigata, Japan earthquake M,, 7.6, the 2001
Bhuj, western India earthquake M,, 7.6 and the 2011
Christchurch, New Zealand earthquake M,, 6.3. Hence,
it is important to assess liquefaction potential of the
susceptible soils that plays a major role for seismic hazards.
An initial screening of whether the site would undergo
liquefaction can be done on the basis of various factors such
as geology of the area, depth of ground water table, grain
size distribution etc. (Puri and Jain, 2014). For example,
loose, fine, saturated and poorly graded sands are more
susceptible to liquefaction in comparison to dense and well-
graded soils. However, a detailed assessment of liquefaction
susceptibility requires analysis of stresses induced by the
earthquake and resistance offered by the soil deposit.
Various semi-empirical methods have been reported based
on SPT N-value, shear wave velocity (V,), cone penetration

resistance etc. (e.g. Tokimatsu and Uchida, 1990; Youd et
al., 2001; Cetin et al., 2004; Idriss and Boulanger, 2006).

SEISMOTECTONICS OF THE STUDY AREA

Chandigarh city is located at the foothills of Himalayas,
occupying an area of 120 km?. It is a Union Territory and
common capital of the states of Haryana and Punjab. The
city falls under Seismic Zone IV as per IS 1893 Part-1
(2016). It is located along Himalayan Thrust System and
is considered to be highly prone to earthquakes. Paleo-
seismic investigations across the Chandigarh fault in the
frontal Himalayan region reveal that two major earthquakes
occurred during the 15" - 16" century (Malik et al., 2008).

Development of earthquake catalogue and
tectonic map

An area covering 300 km around Chandigarh (30.73°
N, 76.77° E) has been considered as the study area. A
comprehensive earthquake catalogue for a period from
January 1291 to September 2016 (~725years) has been
compiled, using data collected from various national and
international seismological agencies, like National Disaster
Management Authority (NDMA), India Meteorological
Department (IMD), International Seismological Center
(ISC-UK) and United States Geological Survey (USGS).
The catalogue comprises of 2160 earthquake events of
magnitude M,, = 4 in the region (Lat 28°-33°.5 N and Long
73°.5-80°E). The catalogue has been carefully homogenized
to a common scale of moment magnitude (M,,) and de-
clustered to remove dependent events like foreshocks and
aftershocks. Homogenization has been carried out using
equations as reported in Table 2.

Declustering is carried out considering space and time
windows proposed by Gardner and Knopoff (1974) which
are: Distance=¢ 1024+080M gnd Time=¢e28+123M, Some 142
dependent events are removed and an epicenter map for
the study area is prepared (Figure 1).

The catalogue is examined for completeness. For this
purpose, catalogue is divided into several magnitude classes,
and completeness periods are calculated using Cumulative
Visual Inspection (CUVI) method of Tinti and Mulargia
(1985), and Stepp (1972) method as shown in Figure 2 and
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Figure 1. Epicenter map of the studied region situated around Chandigarh city.

Table 3. Completeness analysis of catalogue.

CUVI method

Magnitude Class (M,,)

Stepp method

Period Interval (Years) Period Interval (Years)
4.0-4.9 1962-2015 53 1963-2015 52
5.0-5.9 1926-2015 89 1925-2015 90
6.0-6.9 1901-1975 74 1900-1970 70
7.0-7.9 1905-1999 94 1904-1999 95

3 respectively. The completeness periods as obtained by both
the methods are quite comparable (Table 3). The catalogue
is found to be complete for a sufficient period of time.

A tectonic map of the study area is prepared using
Seismotectonic Atlas of India and its Environs (SEISAT)
(Dasgupta et al., 2000) (Figure 4). SEISAT lists all the
linear tectonic features which may or may not be active.
Twenty tectonic features are identified which are likely
to produce substantial ground motions. This has been
done by overlaying epicenters of recorded events on the
tectonic map.

Gutenberg-Richter seismicity parameters (a and b)

The seismicity parameters ‘a’ and ‘b’ are the key input
parameters for PSHA. For simplicity, the study region
has been divided into three sub-regions considering each

488

sub-region as an area source of earthquakes. Considering
the complete part of the catalogue for all the magnitude
ranges, the seismicity parameters have been calculated for
each area source through linear least squares regression
method following an exponential distribution of magnitude
as shown in Figures 5 to 7. The exponential distribution
is given in equation (1) below:

Am = 10°7"Mu = axp (o — BM,,) (1)
where A, = mean annual rate of exceedance, a = coefficient
such that a® power of 10 gives the mean yearly number
of earthquakes of magnitude greater than or equal to zero,
o = 2.303a, b = coefficient which describes the relative
likelihood of large and small earthquakes and B = 2.303b.
The reciprocal of the annual rate of exceedance (A,,) for a
particular magnitude is commonly referred to as the return
period (Ty) of an earthquake exceeding that magnitude
and is very important for earthquake resistant design. The
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Figure 5. Scismicity parameters for Himalayan Thrust System.

seismicity parameters estimated along with the typical for different area sources demonstrates the capability of
return periods for M, for all the area sources have been tectonic sources in Himalayan Thrust System to generate
reported in Table 4. The value of return period calculated frequent large earthquakes.
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Figure 6. Seismicity parameters for Aravalli-Delhi Fold Belt.
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Figure 7. Seismicity parameters for Sargodha-Lahore-Delhi Ridge.

Table 4. Seismicity parameters for different area sources.

Area source b a Range of R? Mops Return Period
magnitude (TR) for Mgy,
(M,,) class (in years)
Himalayan Thrust System 0.75 3.8 4.0-8.0 0.989 8.0 159
Aravalli-Delhi Fold Belt 0.69 2.61 4.0-7.0 0.981 7.1 195
Sargodha-Lahore-Delhi Ridge 0.85  3.27 4.0-6.5 0.959 6.5 180

Estimation of maximum credible earthquake
magnitude (M,,,,)

Maximum credible earthquake magnitude (My,,y)
earthquakes for different seismogenic sources are estimated
using appropriate empirical relations (Table 5). Total fault
length (TFL) for various seismogenic sources are estimated.
The sub-surface rupture length (RL) is considered as 1/3
of the TFL (Mark, 1977).

To estimate maximum credible earthquake magnitude
(Mphay), an increment of 0.5 is added to the maximum
observed magnitude, wherever the available methods
are not applicable (Gupta, 2002). Maximum observed
magnitudes (Mg,,) for various seismogenic sources are
shown in Table 6. The maximum credible earthquake
magnitudes (M,,,,) estimated for various seismogenic
sources in the seismic study area are found to range from
5.1 to 8.5 (Table 7).
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Table 5. Methods for estimating M,

Source Empirical Relation Magnitude Range Total Fault Length (km)
Wells and Coppersmith (1994) Mw=4.38+1.49 log(RL) M, 4.8 to 8.1 0-350
Bonilla et al., (1984) Ms=6.04+0.708 log(RL) M, > 6.0 0-444
Vakov (1996) Ms=4.422+1.448 log(RL) M, 4.5 to 8.5 0-470

Table 6. Earthquakes with maximum observed magnitude (Mg, at the active seismogenic sources.

S.No. Seismogenic Source Myps
1. Main Boundary Thrust (MBT) 8.0
2. Lineament System of Delhi Sargodha Ridge (LSDSR) 6.1
3. Ropar Fault (RF) 5.0
4. Fault Near Chandigarh (FNC) 4.6
5. Jwala Mukhi Thrust (JMT) 5.5
6. Main Frontal Thrust (MFT) 5.5
7. Mahendragarh Dehradun Sub Surface Fault (MDSSF) 5.4
8. Rohtak Dehradun Lineament (RDL) 5.0
9. Main Central Thrust (MCT) 7.9
10. Sardar Shahar Fault (SSF) 7.1
11. Kaurik Fault (KF) 6.9
12. Ramgarh Thrust (RT) 6.0
13. Moradabad Fault (MF) 5.8
14. Great Boundary Fault (GBF) 4.9
15. North Almora Thrust (NAT) 5.7
16. South Almora Thrust (SAT) 4.4
17. Delhi Fold Belt (DFB) 6.7
18. Aravalli Delhi Fold Belt (ADFB) 4.5
19. Sundar Nagar Fault (SNF) 7.0

20. Sargoda Lahore Delhi Ridge (SLDR) 6.5

Table 7. M,,,,, for potential seismogenic sources.

Seismogenic Source TFL RL Bonilla et al. CX‘I])epli:sr:rﬁ?th Vakov  Gupta M
(km) (km) (1984) (1994) (1996) (2002) max

MBT 825 275 - - - 8.5 8.5
LSDSR 97 32.33 - - - 6.6 6.6
RF 38 12.66 6.9 6.1 6.1 5.5 6.9
FNC 36 12 - - - 5.1 5.1
JMT 387 129 7.6 - 7.5 6.0 7.6
MFT 46 15.33 6.9 6.2 6.2 6.0 6.9
MDSSF 297 99 7.5 7.4 7.4 5.9 7.5
RDL 202 67.33 - - - 5.5 5.5
MCT 769 256.33 - - - 8.4 8.4
SSF 271 90.33 7.5 7.3 7.3 7.6 7.6
KF 120 40 7.2 6.8 6.8 7.4 7.4
RT 37 12.33 6.9 6.1 6.1 6.5 6.9
MF 162 54 7.3 7 7 6.3 7.3
GBF 316 105.33 7.5 7.4 7.4 5.4 7.4
NAT 280 93.33 7.5 7.4 7.3 6.2 7.5
SAT 130 43.33 7.3 - 6.9 4.9 7.3
ADFB Area Source - - - - 7.2 7.2
SNF 101 33.67 7.2 6.7 6.7 7.5 7.5
SLDR Area Source - - - - 7.0 7.0
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Figure 8. The map shows 549 grid points covering the entire area of Chandigarh city.

SEISMIC HAZARD ANALYSIS

A complete seismic hazard analysis involves various
steps including preparation of comprehensive earthquake
catalogue, identification of potential seismogenic sources,
calculation of seismicity parameters a and b, estimation of
M. Of the tectonic features, selection of suitable Ground
Motion Prediction Equation (GMPE) and development of
hazard map. Seismic hazard is estimated using probabilistic
approach. The PSHA is considered to be more reliable as
it provides a framework to accommodate uncertainties in
size, location and rate of occurrence of earthquakes using
total probability theorem. The detailed procedure for PSHA
was first given by Cornell (1968) and explained in detail
recently by Baker (2008).

The ground motion model is generally developed
on the basis of strong motion characteristics of the
region (plate boundary, subduction and intraplate) and
accelerogram records at different epicentral distances for
different magnitude of earthquakes. A regression analysis is
then carried out based on different PGA values considering
the distances and magnitudes to get the mean value of
acceleration with minimum variance and subsequently,
site coefficients are calculated for different periods. Due to
scarcity of strong motion data, only a few region-specific
attenuation relations are developed. Globally available
GMPEs (Douglas, 2014) are reviewed to select equations
suitable for the study region.

The following GMPE developed by Abrahamson
and Silva (1997) for regions prone to shallow crustal
earthquakes is adopted for the study area.

InSa(g) = f;(M, 1y, ) + Fi (M) + HWE, (M, rpy, ) + S (PGA 0 ) (2)
where Sa(g) is spectral acceleration in g, M is moment
magnitude, ry,, is closest distance to rupture plane in km,
F is fault type (1 for reverse, 0.5 for reverse/oblique and 0
otherwise), HW is dummy variable for hanging wall sites
(1 for sites over the hanging wall, 0 otherwise), and S is
dummy variable for site class (0 for rock or shallow soil,
1 for deep soil).

for M < ¢

(M, ) = a5 +a,(M = ) +2;2(8.5 = M)" + [az +a;3(M —¢;)]InR

for M > ¢, (3)
f(Mry) =a; +a,(M—c¢;) +a,(85—M)" + [a +a;3(M—¢;)]InR

where 1%, + ¢ avas e cocs, a5-213, Cp, C4 C5 and n are site
coefficients.

A grid of 0.005° x 0.005° (0.555 km x 0.555 km) is
used for the entire area of the Chandigarh city (Figure 8).
The PSHA is carried out considering three sub-regions, viz.
Himalayan Thrust System, Sargodha-Lahore-Delhi Ridge
and Aravalli-Delhi Fold Belt as area sources of earthquakes
and based on the developed catalogue, average focal depths
are taken as 15 km, 17 km and 10 km for the selected
three sub-regions, respectively.

The hazard has been calculated for 1%, 2% and 10%
probability of exceedance in a time frame of 50 years as per
the recommendations of Eurocode 8 (2005). For ordinary
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Figure 9. Seismic hazard map of Chandigarh city for 10% probability of exceedance in 50 years (return period of 475 years).
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Figure 10. Seismic hazard map of Chandigarh city for 2% probability of exceedance in 50 years (return period of 2475 years).

structures, the seismic hazard map corresponding to 10%
probability of exceedance in 50 years is recommended.
However, for important structures like Nuclear Power
Plants and other megastructures, the seismic hazard maps
corresponding to 2% and 1% probability of exceedance in
50 years are recommended. The PSHA software R-CRISIS
v. 18.2 (Ordaz and Salgado-Galvez, 2017) is used for the
purpose. R-CRISIS is a Windows based software with
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the capability of performing probabilistic seismic hazard
analysis (PSHA), using a fully probabilistic approach
allowing the calculation of results in terms of outputs with
different characteristics (i.e., exceedance probability plots,
set of stochastic events). In the computational scheme of
the program, parameters such as a, b, My, Mpay Ay and
attenuation models are the input parameters, and PGA
and PSA are the outputs.
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Figure 11. Seismic hazard map of Chandigarh city for 1% probability of exceedance in 50 years (return period of 4975 years).
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The estimated PGA values range from 0.14g to
0.21g, 0.24g to 0.40g and 0.3g to 0.5g at 10%, 2% and
1% probability of exceedance respectively in 50 years. The
hazard maps are prepared for 10%, 2% and 1% probability
of exceedance at return periods of 475 years, 2475 years
and 4975 years, respectively, in a time frame of 50 years
(Figures 9 to 11). Response spectra is evaluated for various
return periods corresponding to maximum observed PGA
(Figure 12). It is observed that for a return period of 475
years, PSHA based hazard parameters are quite comparable
with IS 1893 Part-1 (2016). For return periods of 2475
and 4975 years, PSHA based hazard parameters are much
higher than the parameters specified in IS 1893 Part-1
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Figure 12. Response spectra for different return periods on rock outcrop corresponding to maximum PGA observed for Chandigarh.

(2016). For important structures, a site-specific approach is
recommended due to possibility of amplification of ground
motions for soil sites.

ONE-DIMENSIONAL NONLINEAR WAVE
AMPLIFICATION

There are a number of analyses available to estimate the
degree of wave amplification, e.g. linear, equivalent linear
and non-linear analysis offering varying dimensionality
(1-D, 2-D and 3-D) based on the problem. Over the
years, nonlinear method is evolved to give a precise
characterization of the nonlinear behaviour of soil (Stewart
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and Kwok, 2008). Generally, amplification of seismic waves
is evaluated using one-dimensional model, which assumes
that horizontal shear waves originating from the bedrock
propagate in vertical direction through several layers of the
soil profile. In line with various wave amplification studies
carried out in India (e.g. Desai and Choudhury, 2015;
Dammala et al., 2017), one dimensional nonlinear model
is adopted to estimate wave amplification at soil sites of
Chandigarh city using DEEPSOIL software (Hashash et al.,
2016). This software is a one-dimensional site response
analysis program that can perform: (a) 1-D nonlinear time
domain analyses with and without pore water pressure
generation, and (b) 1-D equivalent linear frequency domain
analyses including convolution and deconvolution. The
calculation of response is described below.

The nonlinear analysis of the wave propagation
equation in soils allows the soil properties to change with
the time with variation in strain. All the sites are assumed
to have horizontal layers which extend infinitely. The soil
profiles have been modelled as a series of lumped masses
connected by springs and dashpots making a multiple
degree freedom system. The nonlinear dynamic analysis
of the soil column is performed by solving the incremental
dynamic equation of motion as follows:

MAii + CA + KAu = —MAii, (4)
where the coefficients M, C and K represent mass,
viscous damping and stiffness respectively and ii, u, 1,
li, represent acceleration, velocity, displacement and
exciting acceleration at the base respectively.

The soil response is obtained from a constitutive
model that describes the cyclic behaviour of soil. The most
widely used softwares use variation of hyperbolic model to
represent the backbone curve of the soil with the extended
unload-reload Masing rules (Masing, 1926) to model
hysteretic behaviour. The loading and unloading equations
of modified Konder-Zelasko (MKZ) model (Matasovic,
1993), further modified by Hashash and Park (2001) used

in DEEPSOIL software are as follows:
_ YGITIR‘(

C14B(Y) 15

20imax (L524)
- 1+ B(Y_ZYrev)s  Trev {6)
Yr
where © = shear strength, G, = low strain shear
modulus, y = shear strain, reference shear strain, 1., =
shear stress at reversal, y,., = shear strain at reversal, §, S
= model fitting parameters.

The modification in MKZ model allows the effect
of confining pressure on secant shear modulus of soil.
In addition, there is no coupling between the confining
pressure and shear stress. Coupling is introduced by making
reference shear strain (y,) effective stress dependent using
the following equation:
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r v b
o,
v=a(22) 7

where a and b are curve fitting parameters, t’, = vertical
effective stress, 1, = reference shear stress of 0.18 MPa.

However, the modified model is almost linear at low
strains and hence provides zero hysteretic damping at
lower strains. Low strain damping (§) is added separately
to simulate actual soil behavior which exhibits damping

even at very small strains and is defined as
c

8= (8]

where ¢ and d are curve fitting parameters. The parameter
‘d’ can be set to zero in case a pressure independent small
strain damping is desired.

It is observed that overestimation of damping at large
strain can result when the hysteretic damping is calculated
using unload-reload cycles as per Masing rules based on
the modulus reduction curves. This overestimation can be
avoided by multiplying &using With a damping reduction
factor F(y,,) as follows:

G".r P3
F(ym) = p1 — P2 (1 G = ) (9)
max

where Gy, = shear modulus at maximum strain and p;,
Do, D3 are fitting parameters. This factor provides the best
fit for both modulus reduction and damping ratio curves.

The reduction factor modifies the reloading cycle and
the expression is as follows:

2Gmax Y fe i - i -
,[:F(Ym)l : (_2_)_(@( (v vm)l+(mx & = ¥rew)

=) G | ey 1

2y,

where v, = maximum shear strain. The Newmark B
method is then used to solve the system of equations and
to obtain response of the soil column.

Such analysis has been carried out for 8 sites in
Chandigarh, which includes 4 sites with boreholes drilled
up to refusal and others drilled down to depth of 20 m or
greater (Figure 13).

Based on geotechnical data collected, sites are classified
as class D sites by calculating average SPT N-value of the
profile as per the recommendations of NEHRP (FEMA
368, 2000). The stiffness and damping of soil layer
play fundamental role in estimating wave amplification
parameters in seismic microzonation studies. The analysis
requires characterization of the stiffness of an element of
soil considering low strain shear modulus (G,,,,), variation
of modulus ratio (G/Gy,,) with cyclic strain amplitude
(y) and other parameters. For this, several correlations
between shear modulus (G) and SPT N-value for different
soil types are considered. In the present study, the following
equations developed by Ohba and Toriumi (1970) and
Ohsaki and Iwasaki (1973) are used for clays and sands
respectively, as per recommendations of Anbazhagan et al.,
(2012, 2015b, 2016):
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Figure 12. Response spectra for different return periods on rock outcrop corresponding to maximum PGA observed for Chandigarh.

Table 8. Input parameters for soil column at Sector 33.

Depth IS Plasticity =~ Bulk SPT N  Angle of Coefficient of G, (MPa)
Symbol  Index Density  Value internal earth pressure
friction (p) at rest (K,)

2.5 ML 2 15.47 8 28.63 0.52 43.43

3.5 ML-CL 7 17.43 7 28.31 0.53 39.98

5 ML 2 17.58 9 28.94 0.52 46.72

7 ML-CL 7 18.05 15 30.81 0.49 64.13

8 CL 9 18.68 23 33.31 0.45 83.59

9 CL 9 18.21 17 31.44 0.48 69.30

10 SM NP 17.54 30 35.50 0.42 155.93

12.5 SM NP 16.03 14 30.50 0.49 76.17

14 SM NP 16.41 18 31.75 0.47 96.47

15 CL 9 18.99 27 34.56 0.43 92.33

15.8 CL 9 20.25 43 39.56 0.36 123.21

17 SM NP 20.11 48 41.13 0.34 242.55

19 SM NP 17.54 30 35.50 0.42 155.93

21.5 SM NP 20.38 50 41.75 0.33 252.04
Gax=1220N0%62 (11) The thickness of the layers is so adjusted that the
G nax=650N0* (12) maximum frequency that a layer can propagate is always

where G,,,x = low strain shear modulus in t/m? and N =
SPT-N value.

In the absence of site specific modulus reduction
and damping ratio curves, standard curves proposed by
Darendeli (2001) are used for sands, and curves proposed by
Vucetic and Dobry (1991) are used for clays. Typical input
parameters for the site in Sector 33 are given in Table 8.

above 25 Hz. Bedrock has been assumed at refusal, i.e.
for N>50 for 15 cm penetration and N>100 for 30 cm
penetration of SPT split-spoon sampler. Conventionally,
the engineering bedrock is assumed to be the uppermost
layer of the soil column having a shear wave velocity (V)
> 760 m/s in accordance with NEHRP provisions (Nath
and Thingbaijam, 2011). In general, the shear wave velocity
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Figure 14. Input acceleration time history of the 1991 Uttarkashi earthquake 6.8 M,, (source: http://www.strongmotioncenter.org).

Table 9. Results of nonlinear wave amplification analysis.

Sites PGA  Depth Site Natural Amplification PGA Ground Maximum Strain
Rock (g (m)  Class Frequency Factor Soil (g) Displacement z1ye Depth
of Site (Hz) m) (%) (m)
Manimajra 0.191 9 D 7.04 1.583 0.302 0.010 0.46 5.5
Sector 09 0.188 15 D 3.42 1.186 0.223 0.020 1.12 5.5
Sector 15 0.183 20 D 2.16 1.165 0.213 0.030 1.75 16.5
Sector 18 0.183 9 D 5.82 1.736 0.318 0.011 0.35 4.5
Sector 33 0.173 21.5 D 2.49 0.963 0.167 0.025 0.54 11.5
Sector 37 0.172 7.4 D 6.81 1.963 0.338 0.012 0.64 2.5
Sector 48 0.164 25 D 2.06 0.748 0.123 0.036 1.52 19.5
Sector 52 0.165 20 D 2.54 0.777 0.128 0.031 0.63 13.5

of the bedrock is greater than that of the overlying soil
profile. It should be noted that regardless of the value
specified, the bedrock damping ratio has no effect in time
domain analyses and only a negligible effect in frequency
domain analyses (Hashash et al., 2016). For the present
study, bedrock is modelled as an elastic half space with
2% damping, 2.5 gm/cm? density and 760 m/s shear wave
velocity (V).

The final step in wave amplification analysis involves
generating or getting an acceleration time history, which is
compatible with the maximum dynamic loading expected at
the site of interest. Suitable acceleration time histories can
be selected based on PGA value, magnitude of controlling
earthquake, source to site distance and site class. PGA
values for rock sites obtained from PSHA are used for the
selection of input motions at each site. Acceleration time
history of the 1991 Uttarkashi earthquake M,, 6.8 (focal
depth = 10 km) recorded at the Uttarkashi station with
PGA = 0.242g is used for the analysis (Figure 14).
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The results of the wave amplification analysis have
been reported in Table 9. Due to limited borehole data
(eight boreholes), interpretation cannot be made for the
amplification trend across the city. However, on the basis
of significant amplification observed at five sites, it can
be concluded that the city may experience high ground
accelerations. Moreover, high strains are observed for all
the eight sites and there is a possibility of substantial
settlements during an earthquake.

The amplification factors for the analysed sites range
from 0.748 to 1.963 with an average value of 1.3. The
maximum PGA of 0.338g and minimum PGA of 0.123g
are observed for Sector 37 and Sector 48 sites, respectively.
The seismic hazard map at return period of 475 years is
updated using average observed amplification factor for
PGA (Figure 15). The response spectrum corresponding
to a return period of 475 year is modified using average
observed amplification factors for Sa (Figure 16). It is
observed that the response spectrum developed for soil sites
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Figure 15. Seismic hazard map of Chandigarh city for 10% probability of exceedance in 50 years (return period of 475 years).

Spectral Acceleralion, Sa (g)

=+ |[Rock oulcrop, 0.21g
1 —-- Soilouterop, 0.27g
—Tonw IV a5 per 15 1893-Part 1:2016 (Medium 56l Sod Sites), 0.24g
= = Zone IV a3 per IS 1893-Part 1:2016 (Soft Sod Sites), 0.249

00

L
0.0 0.5

- -
15 20 25

Period (sec)

Figure 16. Comparison of response spectrum for rock and soil outcrop with soil response spectra specified in IS 1893 Part-1 (2016).

of Chandigarh is comparable with the spectrum specified
in IS 1893 Part-1 (2016) for medium stiff soil sites. It
is observed that the estimated seismic scenario for the
Chandigarh city is worse than that proposed by the Indian
Seismic Code (IS 1893 Part-1, 2016).

LIQUEFACTION HAZARD MAPPING

Liquefaction hazard assessment for Chandigarh city is
carried out using semi-empirical procedure developed by

Idriss and Boulanger (2006). The location of 41 boreholes
are shown in Figure 17 and the profiles in Appendix A. For
all the sites, water table has been assumed to be present
at ground surface (NDMA, 2011; Vipin et al., 2013) and
PGA and magnitude of earthquake (M,,) are taken as
0.28g and 8.22.8 respectively as per PSHA. Assessment of
liquefaction susceptibility of soils requires calculation of
cyclic stress ratio (CSR) which is the cyclic stress induced
by an earthquake, and cyclic resistance ratio (CRR) which
is the resistance offered by the soil against liquefaction.
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Figure 17. Map showing location of 41 boreholes.

Cyclic stress ratio (CSR)

It can be given by following equation:
(CSRu=r50m1 = 065 (32) G )0) (5557) () 1139
where (CSR) y-75 6=1 is the adjusted value of CSR for
equivalent uniform shear stress induced by earthquake
ground motions having moment magnitude of 7.5 and
equivalent overburden pressure of 1 atmosphere, o, =
total overburden stress, ¢’y, = effective overburden stress,
am.x = peak ground acceleration, ry = stress reduction
coefficient, MSF = magnitude scaling factor, K; =
overburden correction factor, a,,, = PGA corresponding
to 475-year return period.

Stress reduction coefficient (rq) accounts for the
flexibility and dynamic response of the soil and represents
the variation of shear stress amplitude with depth which
can be given as:

ry = explo+ M)

(14)
s =
hore, &= 1012~ 1126sin (Fm+5133) 5
B = 0106 + 0.118sin (== + 5.142)
11.28 (16)
and z is depth and M is moment magnitude.
These equations are applicable for z < 34m.
For z > 34m, the following expression is used:
14=0.12 exp(0.22M) (17)

Magnitude scaling factor (MSF) is used to adjust the
CSR induced by an earthquake magnitude (M) to account
for the duration effect of seismic ground motions, which is
not reflected in PGA. The MSF is limited to a maximum
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value of 1.8 for small magnitude earthquakes of M, < 5.4
and is expressed as:

-M
MSF = 6.9 exp (T) —-0.058< 1.8 (18]

Overburden correction factor is used to adjust
CSR values to an equivalent overburden pressure of 1
atmosphere. Overburden correction factor (Kg) is evaluated
by the following expression:

K, =1-C,In(o,,/P,) < 1.0

(19)
_ 1
® 189 —2.55vV(Ny)eo (20)
where P, is the reference pressure.
Cyclic resistance ratio (CRR)
CRR can be represented by the following equation:
CRR = (CRRy=1 4=0)KoKq (21)

where K, = overburden correction factor and K, = static
shear stress correction factor.

The SPT N-values need to be normalized to an
equivalent effective vertical overburden pressure o'y, of
about 101 kPa to obtain blow count values that are more
uniquely dependent on relative density (Dg), rather than on
the overburden pressure coming from the above soil layers.

The corrected blow count can be expressed as:
(N1)go = Cn(NDso (22)

o

P,
Cy =( ,") <17
GVO

(23)
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Figure 18. Liquefaction hazard map of Chandigarh city.

a = 0.784 — 0.0768/(N))eo (24)

Where N;= Cy(Np,), Ny, is the SPT value at field,
Cn = overburden correction factor to normalize SPT value,
Ngo = SPT value after correction to an equivalent 60%
hammer efficiency. The value of (N;)4 is limited to 46.
The calculation of Cy; is iterative as both Cy and (Nj)g
depend on each other. The expression for Ny is as follows:

Ngo = N CrCsCgEm/0.60 (25)
Where Cy = rod length correction, Cg = sampling method
correction, Cy = borehole diameter correction and E,, =
hammer efficiency. The value of correction factors for N
is adopted from Youd et al., (2001).

Presence of fine content (FC) in the soil plays a role
in liquefaction; higher the FC percentage in the sediment
more resistive it would be towards liquefaction. Therefore,
FC correction has to be applied to (N;)eo if FC > 5% to
convert it into equivalent clean sand value. The description
of correction factor is as follows:

(N1)gocs = (N1ga + A(Nygo (26)
where
_ 9.7 157 \?
AMNo = e"p{”’g +eeror (reron) } (27)

for FC = 35. These (Nj)gpes values are further used to
compute CRR by using the following formulation:

CRRFl_u:o:exP{[Nmm +((N1)60cs]2_((Nl)Gﬂcs)3+((Nl)ﬁﬂrs)d_z.gl 28]

141 126 236 254

However, the layers with FC > 35% are considered
non-liquefiable.

Factor of Safety and Liquefaction Potential Index
(LPT)

The factor of safety (FOS) against liquefaction is determined
as follows:

FOS = @ (29)

The FOS shows the potential of a given layer of soil
against liquefaction. Generally, if the FOS value is less
than 1, the site is considered to be liquefiable and if it is
greater than 1, the site is considered to be non-liquefiable.
However, soil that has a FOS slightly greater than 1.0 may
still liquefy during an earthquake. For example, if a lower
layer liquefies, then the upward flow of water could induce
liquefaction of the layer that has a factor of safety slightly
greater than 1.0.

On the other hand, liquefaction potential index (LPI)
quantifies the severity of liquefaction at a given location
for down to a depth of 20m (Iwasaki et al., 1978; Luna
and Frost, 1998). It is computed by taking integration of
one minus the factors of safety (FOS) against liquefaction
for liquefiable layers along the entire depth of soil column
below the ground surface at a specific location. The
LPI value is considered zero for a layer with FOS =1.
A weighting function has also been added to give more
weight to the layers closer to the ground surface. The LPI
is calculated using the following expression:

n

i=1
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Table 10. Liquefaction severity.

LPI Severity of Liquefaction
LPI=0 Little to None
0<LPI<5 Minor
5<LPI< 15 Moderate

LPI > 15 Major

Table 11. Liquefaction potential index (LPI) for various sites in Chandigarh city.

Sites Borehole Depth (m) PGA Soil (g) LPI Severity
Village Sarangpur 9 0.242 5.00 Moderate
Village Mauli Jagram 6 0.241 20.16 Major
Village Manimajra 9 0.248 25.48 Major
Village Maloya 10 0.218 5.58 Moderate
Village Kaimbwala 9 0.235 35.45 Major
Sector 9 15 0.244 20.61 Major
Sector 10 12 0.246 0 None
Sector 11 9 0.247 18.78 Major
Sector 15 20 0.238 22.52 Major
Sector 17 12 0.238 4.52 Minor
Sectorl8 9 0.238 17.19 Major
Sector 24 9 0.230 39.94 Major
Sector 28 9 0.237 26.09 Major
Sector 31 15 0.225 6.26 Moderate
Sector 32 9 0.228 2.78 Minor
Sector 33 21.5 0.225 46.83 Major
Sector 35 13 0.225 5.33 Moderate
Sector 37 7.4 0.224 9.2 Moderate
Sector 38 16 0.226 10.5 Moderate
Sector 39 9 0.221 34.17 Major
Sector 42D 9 0.221 47.26 Major
Sector 43 9 0.222 23.64 Major
Sector 45 9 0.220 38.25 Major
Sector 46 9 0.222 4.02 Minor
Sector 47 9 0.218 3.92 Minor
Sector 48 25 0.213 14.45 Moderate
Sector 50B 9 0.216 27.15 Major
Sector 52 20 0.215 27.21 Major
Sector 54A 9 0.215 20.28 Major
Sector 56 13.4 0.215 7.7 Moderate
Village Dhanas 15 0.235 27.17 Major
and factor = 10 - 0.5z; and z; is the depth of i layer (m). The
Fi=1-FO0S (31) level of liquefaction severity with respect to LPI (Luna and

where H; is thickness of the discretized soil layer, n is
number of layers; F; is liquefaction severity for i layer;
FOS; is the factor of safety for i layer; w; is the weighting
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Frost, 1998) is given in Table 10.
The LPI values calculated for various boreholes across
the city are shown in Table 11. Based on the results, a
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liquefaction hazard map is prepared for the city (Figure
18). The liquefaction hazard map shows that the villages
Mauli Jagram, Manimajra, Kaimbwala, Dhanas, Sectors 9,
11, 15, 18, 24, 28, 33, 39, 42, 43, 45, 50B, 52 and 54A
are highly prone to liquefaction during earthquakes if water
table is assumed to be present at ground level. The village
Sarangpur, Maloya, Sectors 31, 35, 37, 38, 48 and 56 have
moderate susceptibility towards liquefaction. However,
areas like Sector 10, 17, 32, 46 and 47 have none to low
susceptibility towards liquefaction.

CONCLUSION

Chandigarh is one of the important cities in India and is
famous for its infrastructure, industries and tourism. The
city is always under the threat from earthquakes due to
its proximity to Himalayan frontal fault. Possible seismic
hazards in the city is evaluated by probabilistic seismic
hazard analysis (PSHA), wave amplification analysis and
liquefaction potential assessment. The results are presented
in terms of seismic hazard maps for various return periods,
response spectra, peak ground acceleration, amplification
factors and liquefaction hazards. The results show that
the city can experience strong ground motions due to
earthquakes in Himalayan thrust system. The expected
PGA with 10% probability of exceedance is 0.28g. The
average wave amplification factor for the analysed sites has
been observed as 1.3. It has been observed that many areas
in the city are prone to earthquake induced liquefaction.
The results of the study can be useful for upcoming design
and construction works in the city.
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Appendix-A: Borehole logs showing depth (m) and IS Classification of soil at various locations
in Chandigarh city
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ABSTRACT

This paper elucidates the petrographic, geochemical and petrogenetic aspects of the quartz syenites from
the Purimetla and other quartz syenite bearing plutons of the Prakasam Alkaline Province (PAP), which
are towards the east of the Cuddapah basin within the Cuddapah Intrusive Province (CIP), Southern India.
A comparative study of the REE contents of these quartz syenite bodies is presented with emphasis on
their LREE abundance. Petrographically these quartz syenites are composed of K-feldspar perthite, quartz
and plagioclase, while hornblende and biotite are the mafic minerals. These metaluminous rocks are
enriched in total alkalies especially K,O, moderate in FeO* and impoverished in MnO, MgO, and CaO.
The normative hypersthene indicates that these rocks can be designated under sub alkaline category. The
chondrite normalized REE patterns indicate the LREE enrichment over HREE with a significant negative
Eu anomaly. Allanite, apatite, zircon and monazite are the accessory phases that host significant LREE
in these syenites. Based on the geological settings of the syenite plutons, which has quartz syenites as an
integral part and considering their proximity to gabbros has led to a new petrogenetic model. The thermal
trigger caused by the induction of gabbroic magma into the continental crust initiated the partial melting
of LREE enriched amphibolite crust, yielding a melt with the composition corresponding to melasyenite.
This melasyenite upon fractional crystallization produced the quartz syenites within the various syenite

plutons emplaced into the PAP.

Key words: Cuddapah intrusive province, Quartz syenites, LREE enrichment, negative Eu anomaly.

INTRODUCTION

Alkaline igneous rocks however are sparse in volumetric
abundance in geological record. Significant syenitic
magmatism corresponding to the Proterozoic eon has
been found in various continental platforms around the
world. This Proterozoic eon is characterized by an unusual
abundance of ferroan feldspathic rocks that range in
composition from granite to quartz syenites to feldspathoid-
bearing syenites (Frost and Frost, 2013). Parental magmas
for the Alkaline rocks are generally thought to be derived
from the partial melting of metasomatised (LILE, LREE
enriched lithospheric mantle) source (Fitton and Upton
1987), or asthenosphere mantle (Menzies, 1987) or mixed
of these two. Some others opined that the alkaline rich
syenitic magmas could generate by partial melting of
lower crust with variable upper crustal contamination
(Smithies and Champion 1999). Several syenite plutons
— for reference, Superior Province (Sutcliffe et al., 1990),
Yilgarn Craton (Smithies and Champion 1999) and Karelia
(Mikkola et al., 2011, Heilimo et al., 2016) — known
to contain alkali-rich quartz syenites, syenites and less
abundant quartz monzonite.

Mesoproterozoic rifting between 1.35 and 1.5 Ga,
resulted in the emplacement of alkaline complexes within

the Great Proterozoic Fold Belt (GIPFB) of India (Vijaya
Kumar et al., 2011). The emplacement of syenites in
the Prakasam Alkaline Province (PAP) and Eastern Ghat
Granulite Belt (EGGB) along with the granitic rocks in
Nellore-Khammam schist belt (NKSB) between 1.3 to 1.5
Ga indicates rift related magmatism in East Gondwana
(Babu, 2008; Sesha Sai, 2013). Alkaline (feldspathoidal
and non feldspathoidal) and subalkaline rocks with varied
mineralogical and geochemical characteristics are found
in spatial and temporal association with each other and
confined to the east of the cuddapah basin within rift and
subduction settings respectively (Upadhyay et al., 2006;
Upadhyay, 2008; Vijaya Kumar et al., 2015; Subramanyam
et al., 2016).

In the PAP the association of undersaturated,
saturated and oversaturated rocks in major alkaline
plutons i.e. Elchuru (Leelanandam, 1980, 1981, 1989;
Madhavan and Leelanandam, 1988; Nag et al., 1984;
Czygan and Goldenberg, 1989; Upadhyay et al., 2006);
Purimetla (Leelanandam and Ratnakar,1983; Ratnakar
and Leelanandam, 1986; Subramanyam et al., 2016);
Uppalapadu (Leelanandam, 1981; Krishna Reddy et
al., 1998; Vijaya Kumar et al., 2007) offer interesting
association to understand their interrelation. Such an
association is witnessed in the above stated plutons
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confined to the rift zones in the eastern part of the
cuddapah basin. This association along with gabbros and
granitoids constitute the cuddapah intrusive province
(CIP) (Madhavan et al., 1995a, 1999; Madhavan, 2002).
The petrology, geochemistry, geochronology and genesis
of diverse alkaline and subalkaline rock types in this
province have been subjected to investigations during the
last few decades (Leelanandam et al., 1989, Leelanandan,
1989; Madhavan et al., 1995a). Quartz syenite together
with other syenite variants (saturated and undersaturated)
constitutes either large plutons or minor intrusives in the
PAP, which have spatial and temporal association with
gabbros and granitoids.

The present study is aimed to decipher the geological,
mineralogical and geochemical characteristics along with
the REE concentrations of quartz syenites from Purimetla
and to compare with those from other quartz syenites of the
PAP (figure 1A) i.e. Vikurthi (Srinivas, 1992, Madhavan,
et al., 1995b), Kotappakonda (Madhavan, et al., 1995Db),
Elchuru (Ratnakar and Vijaya Kumar, 1995), Settupalle
(Srinivasan, 1981, Leelanandam et al.,1989), Purimetla
(Ratnakar and Leelanandam, 1986) and Uppalapadu
(Krishna Reddy et al.,1998; Czygan and Goldenberg,
1989), intrusive quartz syenites of the Proterozoic Podili
granite towards the east of Cuddapah basin (Prasada Rao
and Ahluwalia, 1974; Madhavan and Sugrive Reddy, 1990;
Sesha Sai, 2013) and Chanduluru (Sharma and Ratnakar,
2000). Minor quartz syenite occurrences are also found
at Mundlamuru of Pasupugallu gabbro pluton (Jyothender
Reddy, 1989) and Vemanabanda, which are not covered in
the present study. All the syenites are emplaced within the
suture/rift zone confined to the east of the cuddapah basin
and exactly in between the Dharwar craton and the Eastern
Ghat Mobile Belt (EGMB) (Leelanandam, 1981, 1989,
Leelanandam et al., 1989; Sharma and Ratnakar, 1994,
Subba Rao, 1994; Madhavan, et al., 1999; Upadhyay et al.,
2006). The above mentioned syenite bodies are constituted
by undersaturated saturated and few oversaturated
components. All these alkaline and subalkaline intrusives
form a part of the recently recognized deformed alkaline
rocks and carbonatites (DARC) (Leelanandam et al., 2006).
Elchuru, Purimetla and Uppalapadu syenite complexes are
predominantly composed of feldspathoidal rocks, which
dominate the non feldspathoidal counterparts. Whereas
the Vikurthi, Settupalle, Chanduluru syenite plutons are
mainly constituted by non feldspathoidal syenites.

GEOLOGICAL SETTING

The discrete syenite complexes associated with quartz
syenites show variation in their geology and areal extensions
as they are emplaced within suture/rift zone/subduction
zones close to eastern margin of the cuddapah basin. All
the syenite complexes trend in a row parallel to NE-SW
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direction. The distorted spindle shaped Purimetla alkaline
pluton (Figure 1B) (Prasada Rao et al., 1988; Ratnakar et
al., 1980) has an aerial extension of 7 sq km and is located
midway between the Elchuru and Uppalapadu alkaline
complexes. The Rb-Sr isochron and U-Pb of zircon dating
ages indicate that the Purimetla alkaline complex was
emplaced during 1369+33 Ma (Sarkar et al., 1994) and
1334+15 Ma (Subramanyam et al., 2016) respectively with
an initial Sr; ratio of 0.70409.

Subsolvus and hypersolvus nepheline syenite is
the predominant constituent of the pluton followed by
subordinate hornblende syenite and less abundant quartz
syenite. The mafic rocks are mainly represented by gabbros,
malignite and later formed ocellar lamprophyres. The
alkaline lamprophyres (Comptonite) show an intrusive
relationship. The details of the quartz syenite representing
other syenite plutons are listed in (Table 1).

PETROGRAPHY

The nepheline syenite which is the major rock type of
the pluton is found as minor outcrops as it is mostly
concealed under the soil. A minor quartz syenite exposure
is found at the junction of amphibolites and hornblende
syenite towards the NE part of the Purimetla pluton
(Figure 1B). The quartz syenite of Purimetla which is
grey in colour and medium to coarse grained exhibits
hypidiomorphic texture. Subhedral to euhedral amphibole
shows moderate pleochroism in shades of dark green to
brownish green. Subhedral orthoclase frequently exhibits
perthitic and myrmekitic textures. The discrete plagioclase
conspicuously shows lamellar twinning. Granular quartz
is mainly found interstitial between the feldspar grain
boundaries. Amphibole and biotite are occasionally seen
as clusters along with feldspar and quartz. Opaque phases
are represented by magnetite with hematite lamina.
Allanite, zircon, diamond shaped sphene, garnet along
with prominent apatite and calcite are the accessory phases
(Table 2). Zircon occurs as inclusions within K-feldspar
perthite and mafic clusters.

All the quartz syenites of the PAP are leucocratic to
mesocratic, coarse to medium grained and hypidiomorphic
textured (seldom porphyroclastic). Principally, they are
constituted by microcline or orthoclase perthitic feldspar
(vein or braided, = 60), amphibole (dark green to brownish
green, 15-20%, with very few less than15%) as the major
components along with granular quartz (5-12%), discrete
plagioclase (3-5%) and biotite (brownish yellow to reddish
brown) as the minor components. Calcite, sphene, garnet,
zircon, allanite and apatite are found in trace amounts.
However, allanite, euhedral zircon, elongated apatite and
monazite are more abundant in Purimetla quartz syenites
(Figure 2). Myrmekitic intergrowths are found often in
most of the quartz syenites of the PAP. Invariable presence
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Figure 1. A. Map showing the generalized outline of the Cuddapah basin and its contiguous EDC (Eastern Dharwar Craton)
and EGB (Eastern Ghats Belt) with the quartz syenite locations on the eastern margin. 1.Vikurthi; 2.Kotappakonda; 3.Elchuru;
4.Settupalle; 5.Purimetla; 6.Podili; 7. Uppalapadu; 8. Chanduluru. B. Geological map of Purimetla alkaline pluton (after
Leelanandam and Ratnakar, 1983) showing the quartz syenite location (indicated as star).

Table 1. Major Quartz syenite occurrences in the Prakasam Alkaline Province (PAP).

I\SI;) Location Age exérs:ilon Major rock types Country rock Category
Quartz syenite, fine grained
1 | Vikurthi Mesoproterozoic | 4 Km? quartz syergrtleglggﬁc xenolith Archean Granite SOS
pegmatite, quartz reef
nepheline syenite and quartz Archean Granite
2 | Kotappakonda | NA NA : and Eastern Ghat SuUS, SOS
syenite X
charnokites
Shonkinite, malignite, Khog(iﬁf'iOl<g§Bros
3 | Elchuru Mesoproterozoic | 16 Km? nepheline syenite, mica quartzo fell dgspathic’ SUSs, SOS
lamprophyre, quartz syenite schists, Archean gneiss
Quartz syenite, hornblende Archean eranite enciss
4 | Settupalle Mesoproterozoic | 40 Km? syenite, ferrosyenite and &t - S1ICISS, SUS, SS,S0S
; - . gabbro, amphibolite
minor nepheline syenite
Shonkinite, malignite, Archean gneiss, gabbro
5 | Purimetla Mesoproterozoic | 7 Km? | nepheline syenite, hornblende gNeiss, & 7| SUS,SS,S0S
. . amphibolite
syenite, quartz syenite
Melasyenite, hornblende- Granite, gabbro,
6 | Chanduluru |[NA NA quartz syenite, biotite-quartz | quartzite, biotite schist/ SS,S0OS
syenite, syenite phyllite
Nepheline syenite, Granite gneiss, gabbros,
7 | Uppalapadu | Mesoproterozoic | 30 Km? hornblende syenite, amphibolite, biotite | SUS,SS,SOS
Quartz syenite, ferrosyenite schist
Quartz syenite, nepheline $S SOS
8 | Podili NA 12Km? normative micro syenite, Granite, gabbro !
alkali ferrosyenite

SUS: Silica undersaturated; SS: Silica saturated; SOS: Silica oversaturated. NA-Not available
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of discrete plagioclase denotes that these rocks must have
crystallized under subsolvus conditions (Madhavan, et
al., 1995b). Among all the quartz syenites of the PAP,
those from Vikurthi and Kotappakonda consist of modal
pyroxenes (Table 3). The petrographic characters of the PAP
quartz syenites are listed in Table 2.

GEOCHEMISTRY
Analytical Methods

The major oxide analysis of quartz syenites of both
the Purimetla and Settupalle are carried out in NGRI,
Hyderabad. A Philips MagiX PRO, Model PW 2440,
wavelength dispersive X-ray fluorescence spectrometer,
coupled with an automatic sample changer PW 2540 and
provided with suitable software SUPER Q 3.0, was used
for this study (Philips, Eindhoven, Netherlands). SY-2 is
the standard used for the correlation. The REE data is
obtained from the AMD laboratories, Hyderabad. REE
concentrations are determined by ICPAES (Inductively
coupled plasma atomic emission spectrometer) ULTIMA-2,
JOBINYVON, France made instrument. ICPAES is
calibrated using mixed standard solution. The solution
samples are introduced into plasma for measuring the
emission intensities. Unknown concentrations are
calculated from the calibration curves.

RESULTS AND DISCUSSIONS
Major oxides

For this comparative study, the geochemical data of quartz
syenites of PAP, published by different authors is used. The
Purimetla quartz syenites have higher amounts of SiO,, total
alkalies chiefly K,O over Na,O and are of metaluminous
nature. On the other hand, these are low in FeO,, MnO,
MgO, CaO, TiO, and P,0s. Among all the quartz syenites
of the PAP, the Vikurthi and Kotappakonda quartz syenites
are peculiar in their geochemical characteristics as they are
enriched in alkalies, FeOt, MgO, CaO, TiO,, and P,0s,
moderate in Al,O; and relatively low in silica. All the
remaining quartz syenites from the PAP show enrichment
in total alkalies, with the K,O over Na,O denoting a high
K,0O/Na,O ratios (generally >1.5), along with variable
Al,O; (Table 4). Higher K,O content is however noted to
be a general feature in all other alkaline plutons of PAP
(Krishna Reddy et al., 1998; Madhavan et al., 1999). Except
the Vikurthi and Kotappakonda quartz syenites all the
others are impoverished in MnO, MgQO, CaO, TiO,, P,O4
and enriched in SiO, contents. When the quartz syenites of
PAP are plotted in the DI (Differentiation index (normative
Q+or+ab+ne+lc, Thornton and Tuttle 1960) vs major
oxide diagram they form a perfect fractionated trend from
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the melasyenite (inferred here as the parentage for the
quartz syenites of the PAP) (Figure 3).

All the quartz syenites are hypersthene normative
(Table 4), although some samples do not contain normative
hypersthene, may be because of their alkaline affinity. The
present study (Purimetla and Settupalle) samples show very
low to moderate hypersthene abundance in their norm this
could be due to their alkaline affinity. Thus, normative
hypersthene imparts the subalkaline character to these
quartz syenites. The high differentiation index (DI) (Table
4) of all the quartz syenites of the PAP reflects their most
evolved compositions.

REE concentrations

The chondrite normalized REE patterns (Figure 4) of
Purimetla quartz syenite depict a characteristic anomalous
LREE enrichment over HREE with a steep inclination
towards the HREE from LREE along with a significant
strong negative Eu anomaly. Among all the studied quartz
syenites of the PAP, the Purimetla and Chanduluru quartz
syenites show enrichment in total REE concentration with
special reference to LREE 1484-1826 ppm and 1116-1147
ppm respectively. The total REE concentrations (Table 5)
of the quartz syenites from different suits of the PAP show
a wide range. The PAP quartz syenites depict enrichment
in LREE and depletion in HREE, with a pronounced
negative Eu anomaly. The LREE/HREE ratios of these
rocks are high in Purimetla, Vikurthi and moderate
in Chanduluru and low in Elchuru and Settupalle. A
pronounced negative Eu anomaly is probably produced by
the progressive fractionation of plagioclase from the residual
melts. Absence of considerable negative Eu anomaly in the
melasyenite and presence of it in the quartz syenites imply
that the quartz syenites are evolved from the melasyenite.
Besides the above the Vikurthi and Uppalapadu quartz
syenites also have considerable LREE enrichment. The
remaining suits contain an extremely low to moderate
concentrations of REE especially LREE. The LREE budget
of these quartz syenites is thought to be controlled by
the presence of allanite, apatite, zircon and monazite.
The variability in the HREE patterns of the present study
could have been controlled by garnet, sphene, which were
probably retained with the residuum (Sharma and Ratnakar,
2000).

A similarity is seen in the major oxide and high LREE
concentrations with negative Eu anomaly in quartz syenites
of Purimetla, Chanduluru (Table 4 and 5) and Barrel Spring
pluton, southeastern California, USA (Gleason et al.,
1994). The quartz syenite of Barrel Spring pluton shows
La (488 ppm), Ce (846 ppm) and Nd (292 ppm). Both in
Barrel spring pluton and Purimetla, Chanduluru plutons
the LRRE enrichment is connected to the presence of
allanite, apatite, zircon and monazite.
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Table 2. Details of the petrographic characteristics and mineral assemblages of quartz syenites of PAP, Vikurthi & Kotappakonda
(Madhavan, et al., 1995b); Elchuru (Ratnakar and Vijaya Kumar, 1995); Settupalle (Leelanandam et al.,1989); Purimetla
(Ratnakar and Leelanandam 1986 & Present authors) ; Uppalapadu (Krishna Reddy et al.,1998); Podili (Madhavan and Sugrive

Reddy, 1990); Chanduluru (Sharma and Ratnakar, 2000)

S. . . . Petrography
No Location Crystallinity Texture Essential minerals Accessory minerals
Coarse to Equigranular Perthitic microcline, pyroxene, Sphene, ilmenite,
1 Vikurthi X : qusr . hornblende, biotite, quartz, magnetite, Apatite,
medium grained | hypidiomorphic . .
plagioclase calcite
Coarse to Equieranular Perthitic microcline, pyroxene, Sphene, ilmenite,
2 Kotappakonda : - quisr . | hornblende, biotite, , plagioclase, magnetite, Apatite,
medium grained | hypidiomorphic .
quartz, calcite
Perthitic microcline, albite,
3 Elchuru Medium grained | hypidiomorphic amphibole (ferrohastingsite), Apatite
biotite, quartz
Medium to Equieranular Microcline perthite, microcline,
4 Settupalle qusr . plagioclase, quartz, amphibole, | Calcite, zircon, opaques
coarse hypidiomorphic biotite
. . Hypidiomorphic Orthoclase perthite, amphibole, Magnetite, 11men} te,
5 Purimetla Coarse grained and seldom . P garnet, monazite, zircon,
. quartz, plagioclase, biotite . .
Porphyroclastic allanite, sphene, apatite
Medium to hvpidiomorphic Perthitic orthoclase, amphibole, | Zircon, sphene, garnet,
HQS coarse yP b quartz, plagioclase apatite and fluorite
hypidiomorphic Orthoclase perthite, quartz, apatite, sphene,
6 | Chanduluru| BQS | Coarse grained biotite, amphibole zircon, garnet, fluorite,
magnetite
M.Sye | Fine to medium | hypidiomorphic Plagioclase, hornblende, apatite, sphene, zircon,
K-feldspar perthite, quartz garnet
Medium to - . K-feldspar perthite, quartz, Calcite, zircon,
/ Uppalapadu Coarse grained hypidiomorphic amphibole, biotite, plagioclase magnetite, apatite
- Medium to Equigranular | Microcline meso perthite, quartz, | Magnetite, ilmenite,
8 Podili L . . : A .
coarse hypidiomorphic | plagioclase, amphibole, biotite. apatite
HQS: Hornblende quartz syenite; BQS: Biotite quartz syenite; M.Sye- Mela syenite.
Table 3. Average modal compositions of (Vol %) of quartz syenites of PAP (References are mentioned at table 4)
S.No| 1 2 3 4 5 6 7 8 9 10 11 12 | 13 | 14 | 15|16 | 17 | 18 19
1S42|1S11|QSK11|QSK10(J15/93b| S1 |S20|Stp | P7 | P11 |PT81|PT52|U18 |U66|U11|D26|D49|D30| PO
K-Fl | 53.8|57.4| 47 56.4 93 51 |53.8(53.6(52.4|51.9|39.8|58.4| 61 | 72 |64.9|44.8| 50 [62.9|57.27
Qtz | 11.3]10.9| 4.3 12.3 2 10.9(11.2|11.5/ 9.8 | 10 | 6.8 | 10 9 11 |117.7(10.2|12.6|22.7|15.85
Plag| 0.4 | 1.4 ---- 0.4 3 18 (20.9| 25 |18.9| 19.8 | 28.3|14.3| 5 4 1122187179 3.1 3.92
Pyr | 36|52 75 | 09 | — || ||| o | o | o [ [ [ [ ] -] 08
Amp|10.7|13.8| 22.5 6.9 2 7.6 8.2 (82(19.2|18.722.5|10.7| 16 8 |3.3125.7{18.9| 0.5 |15.97
Bio [18.2]| 9.6 | 11.2 20 Tr 2.813.2(3.52{ 1.2 1 Tr | 1.8 3 2 104(82|68]|7.3]|395
Sph | 0.9 | 0.5 6.2 2.5 ---- 0.5/05(0.7({05( 04|04 |05 ---]--104|Tr|04[06]| 1.2
Mag| 1.2 | 04| 0.6 1.1 ---- 0.810.7]109(0.7| 09 | 0.8 1 ---10.7102|03]| - | 2.63
Cal | ---|104| 04 ---- ---- 04(03|04103)| 02 |04 |04 | - || ||| ]| ----
Apa| ---- 1 04| 0.3 ---- ---- 03|/06|08|15| 16| 16| 15 3 2 1 10.8109]09]| 0.7
Alla | ---- | ---- ---- ---- ---- 04(03|---|23| 2 1.2 | 1.4 | - | woo | omm | oo | oo | e | e
Zir | ---- | ---- -—-- ---- ---- 06|/09]09(13| 1.7 | 1.3 1 Tr 1 108|1.5|/25|08]| 0.6
Mon | ---- | ---- ---- ---- ---- 02(04]---103] 06 | 04 | 03| === | === | === | === | === | === | ----
Gar | - | | e | e | e || -] 03] 02 0202 o [ | [ ]02] 009
Tr: Trace,

K-Fl: K Feldspar; Qtz: Quartz; Plag: Plagioclase; Pyr: Pyroxene; Amp: Amphibole; Bio: Biotite; Sph: Sphene; Mag:
Magnetite; Cal: Calcite; Apa: Apatite; Alla; Allanite; Zir; Zircon; Mon: Monazite; Gar; Garnet. Abbreviations: IS- Vikurthi;
QSK- Kotappakonda; J15/93b-Elchuru; S-Settupalle (Present study); Stp- Settupalle; P-Purimetla (Present study); PT-Purimetla;
U-Uppalapadu; D-Chanduluru; Po-Podili.
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Figure 2. Photomicrographs of Purimetla quartz syenite. A. shows the hypidiomorphic texture. B. Myrmekitic texture. C.
association of allanite with hornblende embedded in feldspathic ground mass. D. shows the monazite at its center along with
the mafic and felsics. Inset microphotograph in D showing the euhedral zircon. All photomicrographs are taken under crossed
nicols except C (Under polarized light). Q: Quartz; F: Feldspar; H: Hornblende; B: Biotite; M: Magnetite; Mo: Monazite; Z.:

Zircon; A: Allanite.

L]

A

Figure 3. Differentiation index vs major oxides of PAP quartz syenites, exhibits the fractionation trends (Thornton and Tuttle1960).
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Table 4. Major elemental concentrations of CIP quartz syenites. M.Sye - Mela syenite; Q.Sye - Quartz syenite; Q.Sye.G- Quartz
syenite gneiss.

S.No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 | 20
Sp.No D1251| IS42 | IS11 |QSK12| QSK10 |J15/93b| S1 | S20 | Stp | P7 | P11 |PT81|PT52| U18 [ U66 | Ull | D26 | D49 | D30 | PO
Rock M.Sye|Q.Sye | Q.Sye| Q.Sye | Q.Sye | Q.Sye |Q.Sye|Q.Sye|Q.Sye|Q.Sye |Q.Sye|Q.Sye|Q.Sye | Q.Sye | Q.Sye |Q.Sye.G|H.Qsy | H.Qsy | B.Qsy| Qsye
Pluton Cha | Vik | Vik | Ktp Ktp El Stp | Stp | Stp | Pu | Pu | Pu | Pu | Up | Up Up | Cha | Cha | Cha | Po
Si02 60.33157.56|57.13| 59.06 | 58.92 | 68.35 |70.96(72.03|67.78|63.59 |63.62(62.18|68.28|64.44161.95| 63.7 |69.72|69.41|73.04|65.6
TiO2 14 1071|087 | 086 | 093 0.0l |0.08{0.06(0.32]| 06 |0.69|091]0.67]|066]|056| 042 | 0.24 | 0.45 | 0.18 |0.67
AI203 15.7 |14.66|14.14| 14.45 | 13.13 | 17.72 |15.07(12.99{15.19]15.03 |13.81| 15.5 | 14.55|15.49|16.22| 16.41 | 15.23 | 14.98 | 13.34|13.44
Fe203 1.76 | 32 | 217 | 1.99 | 2.35 0.54 | 1.03(125({0.88| 2.1 |219(2.03]|194|103]099| 103 | 123|085 | 1.2 |1.99
FeO 54 | 528 | 44 4 4.28 02 |1021]02[197 246|287 | 55 | 2.6 | 493 | 4.6 3.83 | 2.12 | 2.84 | 1.24 | 3.55
MnO 0.04 {0.11] 0.1 | 0.11 0.1 0.03 |0.03{0.03|0.06| 01 |0.09]|0.18]0.08]0.15]0.13| 0.12 | 0.03 | 0.01 | 0.01 |0.09
MgO 3.45 (236|383 | 343 | 3.78 0.22 | 0.05(0.24(0.52] 068 |053(093]|0.37]|044|064| 034 | 1.12 | 1.02 | 0.25 | 1.05
CaO 452 | 432 | 456 | 4.56 | 4.92 1.19 | 0.81 [1.03|1.69| 255|223 |266| 1.4 |258]212| 196 | 1.85 | 1.56 | 0.54 |2.77
Na20 3.36 | 3.37 | 3.05| 3.47 | 3.29 6.02 [4.11|446|3.87|327|325|431 (363402487 | 482 | 355 | 374|419 | 4.1
K20 336 (7.12]7.84| 6.19 7.13 512 [ 653|686 | 716|746 | 88 | 538|531 611|627 | 605 | 423 | 465 | 499 |5.14
P205 0.34 [ 0.58 | 0.59 | 0.33 | 0.43 0.05 | 0.02{0.02f 0.1 |0.11|0.070.09]0.090.17 | 0.11 | 0.07 0.2 | 0.25 | 0.16 {0.19
PI 0.89 [ 0.91 | 0.96 | 0.86 1.00 0.87 1092 (1.14{0.93]090 | 108 |0.83]|081|085]|091| 088 | 0.68 | 0.75 | 0.92|0.92
Norm
Quartz 14.56(2.55| 0 2.41 0.12 11 |20.42(22.06|13.66| 10.6 | 7.45 | 7.58 [22.54| 9.79 | 2.56 | 6.26 |26.66|23.98|28.03|15.36
Plagioclase [48.23|32.36(25.61| 34.93 | 27.84 | 56.52 |38.16|28.62|35.68 | 31.97|22.04 |43.53|37.07 | 40.19 [ 45.09 | 46.06 | 37.91|37.75|37.09 (37.78
Orthoclase [19.85(42.08(46.33| 36.58 | 42.14 | 30.26 [38.59|40.54|42.31{44.09| 52 [31.79]|31.38|36.11|37.05| 35.75 25 |27.48129.4930.38
Diopside 0 [11.43|13.81| 12.08 | 17.47 0 0271 1.9 | 406|635 9.09|476| 0 4.82 | 5.12 | 3.49 0 0 0 7.9
Hypersthene| 8.54 | 545 | 0 7.17 5.53 0.55 0 0 [171]051|053|7.12]|314 597|589 | 474 | 533 | 633 | 1.63 |2.58
Ilmenite 0.08 | 1.35 | 1.65 | 1.63 1.77 0.02 |0.15({0.11|0.61 | 1.14 | 131 | 173|127 | 125 L.06 0.8 0.46 | 0.85 | 0.34 | 1.27
Magnetite 0 [464]315] 289 | 341 071 | 054 0 |[128]304|076(294|281 | 149|144 | 149 | 1.78 | 1.23 | 1.74 |2.89
Hematite 1.7 0 0 0 0 005 |0.66| O 0 0 0 0 0 0 0 0 0 0 0 0
Apatite 0.8 [ 1.34]1.37 | 0.76 1 0.12 | 0.05{0.05|0.23]025|0.16(0.21]021|039]025| 016 | 0.46 | 0.58 | 0.37 |0.44
DI 59.27173.15|72.14| 70.40 | 72.18 | 92.21 |93.79(91.38|89.86|83.26 [83.26(79.16|85.65]83.29|83.99| 85.41 | 82.86 | 84.84 | 93.44|82.22
Source: S.No- 2-5 (Madhavan et al., 1995b); 6- (Ratnakar and Vijaya Kumar, 1995); 7&8 (present study); 9- (Leelanandam et al.,

1989); 10&11 (Present study); 12&13-(Ratnakar and Leelanandam, 1986); 14&15- (Krishna Reddy et al., 1998); 16- (Czygan and
Goldenberg, 1989); 1,17,19- (Sharma and Ratnakar, 2000); 20- (Madhavan and Sugrive Reddy, 1990).

Petrogenesis

The quartz syenites of the PAP show spatial and temporal
relationship with the associated alkaline (feldspathoidal or
non feldspathoidal) and subalkaline plutons with varying
degree of silica saturation. Various models were formulated
to explain the genesis of over saturated components of
the PAP, based on the geochemistry of the syenite plutons
intruded at the junction of EDC and EGMB (Ratnakar and
Leelanandam 1986; Krishna Reddy, et al., 1998; Madhavan
and Sugrive Reddy, 1990; Srinivasan, 1982, Leelanandam,
et al., 1989; Madhavan, et al., 1995a,b, 1999; Ratnakar
and Vijaya Kumar, 1995; Sharma and Ratnakar, 2000).
The subalkaline rocks also constitute a closely interrelated
genetic group with a distinct lineage as seen in alkaline
rocks (Madhavan, et al., 1995b).

In the PAP, the mantle derived shoshonitic magma
is inferred as parent for both the feldspathoidal and non-
feldspathoidal alkali syenites, whereas the subalkaline
syenites are formed from the gabbroic magma, which upon
differentiation produce the trachybasaltic liquid followed
by the trachytic fraction (Madhavan et al., 1995b). In PAP
the melasyenite, which has compositional similarity with
the trachy basalt in various syenite plutons is considered
as the primary source for quartz syenites as it has higher
modal abundance of mafic minerals and higher MgO, FeOt,
CaO along with low REE, especially LREE concentrations
(Madhavan et al., 1995b; Sharma and Ratnakar, 2000).
The melasyenite which is presumed as the source for the
quartz syenites is produced by an anhydrous partial melting
of LREE enriched amphibolite crust. The partial melting is
attributed mainly due to the underplating of the gabbroic
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Figure 4. Chondrite normalised REE patterns of PAP Quartz syenites.

Table 5. REE concentrations in ppm of quartz syenites of PAP. S.No, 2,3: Vikurthi; 4: Elchuru; 5,6: Settupalle (authors
unpublished data); 7,8:Purimetla (Present study); 9: Uppalapadu; 1,10,11,12: Chanduluru. The references are given at the

Table no.4.

S. No 1 2 3 4 5 6 7 8 9 10 11 12
Sp.No D1251 | 1S42 IS11 | J15/93b S1 $20 P7 P11 Ull D26 D49 D30
Pluton Cha Vik Vik El Stp Stp Pu Pu Up Cha Cha Cha
Rock M.Sy | Q.Sye | Q.Sye | Q.Sye | Q.Sye | Q.Sye | Q.Sye | Q.Sye [Q.Sye.G| H.Qsy | H.Qsy | B.Qsy
La 32.87 | 104.7 | 328.2 12.42 76 70 482 417 165 228.44 | 284.17 | 232.5
Ce 76.19 | 172.6 | 455.7 13.86 148 132 904 692 275 450.13 | 549.83 | 450.42
Pr 7.28 12.9 33.5 1.03 14 15 82 69 NA 43.99 53 42.07
Nd 29.15 77.9 94.6 2.18 46 50 288 243 91 158.16 | 178.27 | 137.21
Sm 6 12.6 11.4 0.35 9 11 39 39 NA 21.43 24.86 22.74
Eu 1.8 2.5 1.5 0.01 0.5 0.1 2 1.8 NA 1.47 1.38 0.76
Gd 7.39 10.8 13.1 0.58 9 8 29 23 NA 21.5 24.6 23.83
Tb 1.05 1.8 1.4 1.5 2.3 3.3 2.5 NA 2.78 2.73 3.06
Dy 7.52 3.5 6.2 0.56 9 11 14 11 NA 13.17 12.7 17.31
Ho 1.41 1.1 1.2 1.7 2.4 2.3 2.4 NA 2.17 2.32 3.25
Er 4.18 1.9 3.2 0.18 5.2 8 5.9 6 NA 6.6 6.27 9.99
Tm 0.64 0.1 0.6 0.9 0.92 0.8 0.89 NA 0.76 0.89 1.06
Yb 5.24 0.8 2.8 0.72 6.5 8.5 5.4 3.7 NA 5.54 5.75 7.64
Lu 0.68 0.5 0.4 0.1 1.1 1.2 1 0.6 NA 0.92 0.83 1.15
Total 181.4 | 403.7 | 953.8 | 31.99 | 328.4 |1320.42|1858.7(1511.89| 531 957.06 | 1147.6 | 952.99
LREE 151.49 | 394 938 30.43 | 302.5 | 286.1 | 1826 | 1484.8 531 925.12 | 1116.11 | 909.53
HREE 2991 9.7 15.8 1.56 259 | 34.32 | 32.7 | 27.09 NA 31.94 31.49 43.46
LREE/HREE | 5.0649 | 40.62 | 59.37 | 19.506 | 11.68 [8.3362|55.841|54.8099| NA | 28.964 | 35.4433 | 20.928
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magma that produced melasyenite, which upon fractional
crystallization has given rise to the quartz syenites in the
PAP (Figure 3). A cause and consequence modal (originally
envisaged by (Huppert and Sparks, 1988) was adopted for
Chanduluru complex to explain the genesis of the sequence
which consists of gabbro-diorite-syenite-granite (Sharma
and Ratnakar, 2000). In this present study the similar
model is considered as the driving mechanism for the
formation of quartz syenites in various syenite plutons of
the PAP including Purimetla.

Tectonic setting

The emplacement tectonics of various igneous suits are
demonstrated by different bivariant and triangular diagrams
with the help of major oxides and trace elements (eg. Floyd
and Winchester, 1975; Pearce and Cann 1973; Pearce et
al., 1977, 1984; Pearce, 2008; Wood et al., 1979). In the
global context the syenitic magmatism corresponding to
Archean age is quite rare compared to Proterozoic whereas
the later is commonly associated with the continental rift/
extensional tectonic settings (eg. Gardar Province, (Upton et
al., 2003); Klokken intrusion, (Parsons, 1979, 1981); Ntem
Complex, (Tchameni et al., 2001). In PAP the tectonic
setting for the Proterozoic magmatism corresponding
to alkaline syenitic composition is often found in rift/
extensional settings (e.g. Upadhyay et al., 2006; Upadhyay,
2008; Chalapathi Rao et al., 2012; Hari et al., 2014; Vijaya
Kumar et al., 2015). Whereas the tholeitic magmatism is
mainly confined to the subduction settings (e.g. Vijaya
Kumar et al., 2015; Subramanyam et al., 2016). This
Proterozoic bimodal magmatic association confined to PAP
tholeitic (IAB type) and alkaline (OIB type) show difference
in their geochemical signatures, which imply that they were
derived from divergent magmatic sources that contributed
to the growth of Eastern Ghats continental crust. The
emplacement of quartz syenites along with the other
syenites within the various syenite plutons of the PAP are
mainly confined to the within plate or extensional rift
settings (e.g. see Sharma and Ratnakar, 2000).

CONCLUSION

The suture between the EDC and EGB paved way to
the emplacement of several alkaline and subalkaline
complexes, which have the quartz syenite as an integral
part. Geochemical signatures of the present study indicate
their evolved compositions. Presence of normative quartz
and hypersthene in the quartz syenites indicates their sub
alkaline nature, however few quartz syenites show alkaline
affinity. Among the quartz syenites taken up for this study
Purimetla and Chanduluru are high in their LREE contents,
whereas Uppalapadu and Vikurthi are moderate and
Settupalle and Elchuru are low. The high LREE contents

are mainly attributed to the presence of zircon, apatite,
allanite and monazite. Significant negative Eu anomalies
in the quartz syenites portray the removal of plagioclase by
the fractional crystalisation from the melasyenite, which is
devoid of negative Eu anomaly. Quartz syenites of the PAP
are evolved from a melasyenite, which is formed by the
partial melting of LREE enriched amphibole crust, triggered
by the heat generated during the induction of the gabbroic
magma in to the continental crust.
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ABSTRACT

In conventionally processed seismic image, there is always a possibility of the presence of noise and scope
for further improvement. Dealing and suppressing the residual noise, after application of several kinds of
filters in conventional data processing, is challenging. Improving seismic image by reducing such noise,
strengthens further analysis and interpretations. The Eigen Double Derivative Technique (EDDT) enhances
the image by restoring the seismic amplitudes of conventionally processed seismic section, with average of
neighbourhood data amplitudes in the low contrast direction. The low contrast orientation is indicated by
Eigenvectors of double derivative image. Estimation of derivative images intoduces checkeredboard artefact,
which is avoided by up-sampling of seismic amplitudes. In the present study, the efficiency of EDDT for
improving seismic image is evaluated, by measuring contrast to noise ratio (CNR). Application of EDDT on
seismic section of 3D seismic data from Balol oil field, Cambay basin, India has resulted into improvement
of its CNR by 16%. Thus, the EDDT can be used to further improve the conventionally generated seismic
image, by reducing inherent residual noise and improving contrast.

Keywords: Seismic image enhancement, Eigen values and vectors, Double derivative image, Up-sampling,

Contrast to noise ratio.

INTRODUCTION

An image consists of numerous features. The visualisation
of such features, plays an important role in their analysis
and interpretation. In that sense, the seismic image can
be considered a record of seismic waves, reflected from
subsurface geological interfaces underneath. An energy
source (dynamite or vibrator) generates a seismic wave,
which travel through the subsurface and returns to
the receivers on the surface. The receiver converts the
variations in the earth’s motion to an electrical signal,
which is digitally recorded. The recorded seismic waves
are then assigned source and receiver coordinates to form
a seismic record (Zhou, 2014), which becomes an integral
part of various geophysical studies. The recorded seismic
data contains several types of noise due to anthropogenic
activity at acquisition site, experimental errors (Bahavar
et al. 2002) and complex subsurface geological conditions.
Several efficient processing techniques (Yilmaz, 2001) exist
to improve the signal to noise ratio. The conventional
processing attenuates several types of noise, viz. ground roll,
airwaves, multiples etc., mostly by using frequency domain
filters. Frequency domain filters introduces artefacts, if their
parameters are not set properly. A frequently used median
filter improves the image quality, however contributes to
blurring, thereby limiting interpretation capabilities (Guo
et al. 2010). The histogram equalisation to improve the
image converts image histogram into a uniform distribution
by manipulating seismic amplitudes. It does improve the
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contrast, however few details invariably disappears (Liu
et al. 2010). Similarly, conventional processing improves
the signal to noise ratio (SNR) of the traces, but there is
always a possibility of residual noise presence and scope
to improve it. Any level of seismic image improvement
adds strength in successive analysis and interpretation.
Such noise suppression in an image results in improved
contrast to noise ratio (CNR) and represents the image in
a more visibly palatable way by bringing out more visual
content which is otherwise not visible for perception and
interpretation (Kumar et al. 2009). In medical science, the
computed tomography (CT) scan images are improved using
double derivative techniques to efficiently monitor dental
implants in human (Mendrik et al. 2009). Derivatives do
optimise the quality of CT images (Karla et al. 2004) by
decreasing noise while maintaining the image contrast.
Present Eigenimage double derivative technique
(EDDT), suppresses the noise in low contrast direction by
manipulating the seismic amplitudes to improve image
visibility. The Eigenvectors computed on double derivative
image is used to identify the low contrast direction. In this
study, EDDT has been applied on conventionally processed
and post-stack migrated seismic section along an inline
of seismic data from Balol oil field, Cambay basin, India.

METHODOLOGY

Eigen double derivative technique (EDDT) involves
computations of Eigen-values and Eigen-vectors of double
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(a)

(b)

Figure 1. Noisy chess board enhancement through derivatives with resulted checkerboard artefact.

derivative image, to identify data amplitudes corresponding
to lower contrast. The data amplitudes corresponding to
low contrast in the conventionally processed input image
are replaced by average of neighbouring amplitudes. The
derivative of an image is computed both in horizontal
(X-direction) and vertical (Y-direction) using data
amplitudes. The derivative in the x-direction at data point
P1 is estimated by computing the difference between Po and
P2, which are the data values to the left and right of P1
and similar procedure is adopted in vertical direction also.
The image, thus formed, is called first-order derivative
image. Repetition of same computational process on the
first order derivative image, produces a double derivative
image. Image noise results in data amplitudes that look
very different from their neighbours. The larger the noise,
the more difference among neighbour data amplitudes.
Computation of image derivative is nothing but application
of difference filters, which smoothens the image and
suppresses the noise.

In EDDT, input image is convolved with Gaussian
function g(x,y) = 9—)#, where x, y represents the position
of seismic data “f)'z)ints. This procedure acts as low pass
Gaussian filtering. The width of Gaussian filter is adjusted
with variance parameter. Increased variance parameter
involves more data amplitudes in the computations and
more effectively suppresses the noise. The Gaussian
function is nonzero everywhere, but approaches to zero
at about three standard deviations from the mean. Thus,
the width of Gaussian filter is optimized to 3o, accounting
to about 99.7% of Gaussian curve. Derivative based noise
removal techniques, always contribute to checkerboard
artefact, which deteriorates image quality at the micro
visual level. The standard procedure to avoid checkerboard
artefact is up-sampling data amplitudes before the
computation of image derivatives. The derivative scheme

applied on noisy chess board image, without up-sampling,
has resulted in checkerboard artefact as illustrated in
Figure 1 (Shapiro and Stockman, 2000).

Checkerboard artefact is a break in picture elements
leading to poor visible quality, especially in frequent
zooming applications, such as seismic images. Up-
sampling is done before calculating derivative images to
avoid checker board artefact. In EDDT, the seismic data
amplitudes are up-sampled at a rate of T10 and T4, i.e.,
after every ten data amplitudes, average of preceding ten
seismic data amplitudes is inserted and after every four
seismic data amplitudes, average of preceding four data
values is inserted in Xand Y-direction respectively. It is a
trial and error procedure, however the rate of up-sampling
is decided based on computational overload and required
visible quality.

DERIVATIVE SCHEME FOR SEISMIC IMAGE
IMPROVEMENT

The EDDT is applied on digital seismic section from Balol
oil field, Cambay basin, India and reproduced in Figure 2.
The double derivative image uniformly distributes seismic
amplitudes concentration as a function of virtual time (t).
The successive smoothing of the seismic image at different
virtual times is calculated by using following mathematical
expressions.

2 =7.(D.VD) Y

Where I- represent seismic amplitude, Divergence Operator
VI - seismic image gradient, D — square matrix known
as diffusion tensor, and % - is rate of change in seismic
amplitude with virtual time (t).

The diffusion matrix, which gives local orientation of
data values is computed using structure tensor J:
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"PART 2

Figure 2. Conventionally processed seismic section along an inline of 3D seismic data from Balol oil field, Cambay basin, India

(Data Source: ONGC India).

12 Ll
J(v) =VlI. WT=[ ’ --(2)
LI, I
al al
o

Where I, y =, — first order derivative images in x and

y directions respectively
2 2 . . . .
= :x—; 2= jy—gf second order derivative images in x and
y direction respectively
a2 . S . . .
v = 3y~ Second order derivative image in xy direction

The diffusion matrix is redefined in terms of Eigen-
values and Eigen-vectors of double derivative image as

0
JWD = W¥a). ["3 | AV - (3]

Where, V;, V, — Orthogonal Eigenvectors corresponding to

Eigen values - p;, .

Eigen-values indicate average contrast and
corresponding Eigen-vector points towards low contrast.
The EDDT comprises following computational steps,

I.  The input seismic image is convolved with Gaussian
function for minimal noise removal.

II. The seismic data amplitudes are up-sampled.

II. The first order derivative image is calculated using
central difference at each input image data points and
similarly using first derivative double derivative image
is calculated.

IV. Eigenvalues and orthogonal Eigenvectors are estimated
on each data matrix of sizes 5x5, 7x7 and 9x9. The
data matrix is shifted towards low contrast as indicated
by Eigen-vectors.

V. In low contrast direction,the data amplitudes of
input seismic image are replaced with average of
neighbourhood data matrices. This procedure is
repeated on entireinput image.
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VI. Compute Contrast to Noise Ratio (CNR) of the seismic
image generated by EDDT.

VII. Stop the computational process, if estimated CNR
of the output seismic image is less than 0.05% of
previous two successive estimations,without distorting
the visible quality.

VIIL.If the condition in step IV is not satisfied repeat the
steps IV to VII with set increased data matrix sizes.

The flow chart for application of EDDT is illustrated in
Figure 3.

IMAGE ENHANCEMENT METRICS

The qualitative and quantitative assessment is performed
to check improvement in the output seismic image.
Qualitative evaluation is looking for visual quality
improvement of the seismic image generated by EDDT,
against the seismic image generated by conventional
data processing. Quantitative evaluation is carried out by
estimation of performance metrics, CNR (Bechar et al.,
2012). The mathematical formulations for estimation of
CNR are as follows

CNR = % - - (4)
Where

Hy, = ;—N DY Y (%)) -~ (5)
pp == T 0 () 16l
n(i,j) = I(i,j) — E(i,)) --(7)
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Figure 3. Flowchart of Eigen double derivative Technique.

O = \/ﬁ 2Ly E?Ll(n(i’j) ~ Hg)*

I(i,j) - seismic image generated by conventional data
processing, E(i,j) - seismic image generated by Eigen double
derivative technique and n(i,j) — residual of seismic image is
estimated by calculating difference image between images
by conventional processing and Eigen double derivative
technique.

--(8)

RESULTS AND DISCUSSIONS

The seismic image enhanced by the application of EDDT
is shown in Figure 4, whereas Figure 2 is the input

seismic image generated by conventional data processing.
On both the Figures, some portions of the seismic image
are highlighted by rectangle and circles, to illustrate the
efficiency of EDDT for image improvement. The CNR of
conventionally processed seismic image and the seismic
image enhanced by EDDT is tabulated in Table 1. The
CNR of conventionally processed seismic image is 70.235,
where as the CNR of output seismic image enhanced by
EDDT is 81.335. An increase in CNR by 16% indicates
that the image noise has been significantly reduced.
Increase in contrast in terms of visual inspection is
indicated by enhanced layer and reflector edges/boundaries,
as well as smoothing of the layer and fault transition as
illustrated in Figure 4.

521



R. Thandan Babu Naik, Uma Vadapalli, Kalachand Sain and K. Satya Prasad

PART 1

Figure 4. The seismic image enhanced by application of EDDT.

PART 1

PART 1

Figure 5. The zoomed version of rectangles highlighted in Figure 2 and Figure 4, (a) Balol seismic image, generated by conventional

data processing and (b) The seismic image enhanced by EDDT.

Table 1. Estimated Performance metrics, contrast to noise
ratio.

S.No Description CNR
1 | Seismic Image generated by
conventional data processing (Input) 70.235

2 | Seismic image enhanced by Eigen
double derivative technique (output) 81.335

Seismic images, as shown in Figure 5, are divided into
part 1 and part 2. In part 1, both A and B of Figure 5(b)
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shows enhanced reflector boundaries/edges and smoothened
layers. Similarly, in part 2, both A and B of Figure 5(b) shows
strong reflector edges, smoothed reflectors and enhanced
fault transition (redline). By very close visual inspection of
subsections, the enhancement of the output seismic image
(Figure 5b) is perceived due to the 16% improvement of
CNR over the conventionally well processed seismic image
(Figure 5a). This improvement in CNR strengthens the
analysis and interpretation. The EDDT generates improved
seismic image as a trade-off between CNR and observable
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visual quality. It appears in Figure 5(b) that fault edges are
slightly disturbed, which indicates onset of marginal edge
distortion, where tradeoff was made between CNR and
visual quality. Even though edges appear to be disturbed,
the difference in data concentration around the fault in
the residual seismic image is 0.15% which is reasonable
for further processing and interpretation of the seismic
image. The residual image is generated by calculating the
difference between the conventional input image and image
produced by EDDT. However, the technique manipulates
the seismic amplitudes; thus, the seismic images enhanced
by EDDT may limit the application of seismic amplitude
analysis techniques.

CONCLUSIONS

The analysis and application Eigen double derivative
technique (EDDT) further improves the image quality
by reducing the noise of the seismic image, generated by
conventional seismic data processing. The use of EDDT
has improved the Contrast to Noise Ratio (CNR) to ~81
from ~70, which is approximately ~ 16% image quality
improvement. The technique significantly improves
contrast of conventionally processed seismic image and
thus has the potential to push further interpretation, as the
horizons of interest will appear more prominent.
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ABSTRACT

Thirteen years (2004-2016) of solar radiation data of the surface albedo over eight stations in the central
north region of India was estimated and annual, seasonal, and geographical variations were also investigated.
The selected sites of the central north region of India encounter a wide range of atmospheric conditions.
The average annual surface albedo varies from ~ 0.144 to 0.34, and show high synoptic variability between
different places and even at individual sites. The differences between the maximum and minimum surface
albedo range from 0.02 to 0.44. The lowest mean was occurred in Nainital (~0.152) whereas, highest was
recorded in Jaipur (~0.236). In examining the variations of the estimated albedo values with the altitude,
sites were divided into three groups: low (<500 m), middle (500-1000 m), and high altitude (mountain sites)
(> 1000 m); the mean albedo values for each category are ~ 0.198, ~ 0.167, and ~ 0.177 respectively. In
studying the effects of latitude on albedo values, the sites were also further divided into three groups: low
(<25 degree), middle (25-30 degree), and high latitudes (>30 degree), for which the mean monthly albedo
values are 0.168, 0.222, and 0.183, respectively.

Key words: Surface and solar albedo, aerosol, solar radiation, solar energy, vegetation.

INTRODUCTION

The radiant solar energy of the sun initiates the various
processes and mechanisms of the Earth’s system (Siingh et
al., 2011; Ban-Weiss et al., 2015; Kumar et al., 2018). The
solar radiation data has achieved great importance in the
recent past years (Hocaoglu et al., 2017; He et al., 2018). In
the last decade, the demand of power in India has increased
manifold due to large industrial growth (Hoeve et al., 2012).
Hence, it becomes significantly important to know the
ground reality of large-scale solar energy based resources
(Jaidevi et al., 2011). Many researchers have done extensive
research on solar radiation relevant to their country in
diversified areas such as computing the coefficients of the
correlation connecting global solar radiation to sunshine
duration, neural network approach for modeling global
solar radiation, techniques for the precise estimation of
hourly values of global, diffuse and direct solar radiation
etc. (Kumar, 2011; Bakirici, 2017). Although a number of
global and regional broadband surface albedo products have
been generated from satellite observations, most of them
contain albedo over land-surfaces only (Lee and Penner,
2011; Sergio et al., 2016). Scientific investigations through
satellite remote sensing data provide an effective means
to understand and characterize the effect of atmospheric
aerosols on solar radiation temporally and globally
(Pandithurai et al., 2008; Kumar, 2013; Qin, 2015). It is
to be noted that satellite sensors view the entire Earth and
produce global images, thus resolving the spatial patterns
resulting from the spatial inhomogeneities (Pant et al.,
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2008). In the present paper, we have attempted to provide
some useful solar radiation information to the agricultural
scientists and to the designers of solar energy utilization
systems, under the climatic conditions of Central North
(CN) region of India, which may also serve as a useful
reference for system designers and users in other regions,
with similar climatic conditions. An extensive analysis were
conducted previously in regard to atmospheric radiative
properties through the interaction of atmospheric aerosol
particles with solar radiation data, which further affects the
Earth’s energy balance budget (Siingh et al., 2012).

In the present work, a thorough investigations of solar
radiation data on the long term (2004-2016) basis has been
attempted over the eight selected most populated places
of Central North region of India. The present work was
focused on to study the monthly, seasonal, and annual
variations of surface albedo, over various major cities in
Central North India on a long-term basis of thirteen years
(2004-2016). Further, the study on solar radiation was made
by dividing the long term into the three different groups of
four years. Latitudinal and altitude effects have also been
considered on the collected solar radiation data over the
eight selected sites of Central North region of India.

As far as we understand, no systematic study of surface
albedo has been carried in India till now on a long term
basis, specially over the central north region of India.
The present work is likely to be helpful to the solar power
developers in achieving their target for further growth of
solar power utilization, apart from its intrinsic benefits to
the agriculture sector.



Spatial and temporal variability of atmospheric surface albedo over

the central north region of India for the period of 2004-2016
Table 1. Monthly mean atmospheric surface albedo values of all the stations.
Station Lat, °N |Long, °E |Alt, m| Jan Feb| Mar| April| May| June |July |Aug |[Sep Oct| Nov| Dec
Delhi 28.56 77.01 233 (0.197(0.193|0.185|0.189|0.194| 0.2 |0.194 |0.187 [0.188| 0.19| 0.192 0.2
Shimla 31.01 77.16 2202 | 0.2410.265|0.234|0.204]0.188|0.191 {0.189 |0.187 |0.185|0.181| 0.186 0.2
Raipur 21.25 |81.68 298 0.1710.167(0.165(0.163| 0.17{0.172(0.17 [0.164 | 0.17 {0.173] 0.172]0.171
Bhopal 23.28 |77.35 523 (0.182| 0.18]0.174|0.164|0.158|0.162 |0.161 |0.16 |0.161| 0.16] 0.16|0.168
Chandigarh |30.75 |76.88 347 10.19210.188|0.173|0.174]0.163|0.174 {0.184 |0.189 [0.193|0.188| 0.186| 0.196
Jaipur 26.81 |75.8 390 ]0.243]|0.243]0.24210.242]0.243| 0.241 [0.227 |0.216 |{0.216|0.223] 0.235| 0.24
Kanpur 26.4 80.4 127 10.208{0.203|0.194|0.208| 0.22]0.223{0.212 |0.198 {0.195/0.198| 0.203| 0.211
Nainital 29.25 179.26 2084 (0.153| 0.15|0.147]0.148{0.149|0.153 |0.155 |0.156 {0.155/0.148| 0.148| 0.152
Table 2. Annual Maximum, Minimum and Mean surface albedo values of all the stations.

Station Maximum Minimum Mean Range

Delhi 0.204 0.181 0.192 0.023

Shimla 0.341 0.178 0.201 0.163

Raipur 0.176 0.161 0.169 0.015

Bhopal 0.187 0.15 0.167 0.037

Chandigarh 0.2 0.165 0.187 0.035

Jaipur 0.247 0.211 0.236 0.036

Kanpur 0.218 0.193 0.208 0.025

Nainital 0.155 0.144 0.152 0.011

METHODOLOGY AND DATA ANALYSIS

The selected sites of central north region of India, are
located between latitudes (20°-30° N, 74°-84° E) and
elevation ranging between 100 - 2500 m above sea level.
Albedometer is an instrument that measures global and
reflected solar radiation and the solar albedo (Bakirici,
2017). The albedometer is composed of two pyranometers,
the up facing one, measuring the global solar radiation,
while the down facing measuring the reflected solar
radiation (Pant et al., 2008). The irradiance in W/m? in
each direction is calculated by dividing the pyranometer
output, a small voltage, by the sensitivity (Jaidevi et al.,
2011). The albedo is calculated by dividing the reflected
short wave radiation by the global short wave radiation
(Rathore et al., 2017).

The data utilized in the present study was taken from
the standard atlas of solar radiation measurements data
reported by the India Meteorological Department (IMD),
New Delhi which is the principal government agency of
India in matters relating to meteorology. Over forty five
ground stations are currently being maintained by IMD
in its solar radiation network (Kumar, 2013). Climatically,
central north region of India lies mainly in the north
temperate zone of the Earth (Qu et al., 2016). In the winter

season, the lowest temperature on the plains dips to below
~3 °C, whereas during the summer, the temperature often
rises as high as ~52°C in the Thar deserts of Rajasthan
(Vincendon et al., 2015). The data collected for the present
work include mean monthly values of global solar radiation
on the horizontal surface in different seasons for the past
thirteen years period of 2004 - 2016. Further, an attempt
has also been made to study the impact of a location’s
altitude and latitude on the estimated albedo values over
the central north region of India.

RESULTS AND DISCUSSION

The monthly mean clear-sky surface albedo values for
the eight different stations of India, calculated using the
method was described in Table 1, whereas the annual
maximum, minimum, and mean along with their range
values of the surface albedo are presented in Table 2.

Annual variations of surface albedo
The annual mean values were obtained by averaging the
monthly values of each station. The lowest mean was

occurred in Nainital (~ 0.152), while the highest was
recorded in Jaipur (~0.236). Although Jaipur and Nainital
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Figure 1(a-h). Monthly mean variation of atmospheric surface albedo over eight selected places of the central north region of
India for the four year period of 2005-2008.
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Figure 2(a-h). Monthly mean variation of atmospheric surface albedo over eight selected places of the central north region of
India for the four year period of 2009-12.
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are not far from the capital Delhi, yet their average albedo
values differ from Delhi region by ~0.040 and ~0.042,
respectively. These differences may be due to the effects
of vegetation in Nainital and low altitude of Jaipur. The
mean surface albedo of eight stations of central north
region of India falls within the range of ~ 0.011-0.037,
while three stations (Kanpur, Jaipur and Shimla) show
values ~ 0.201-0.236, and the five stations (Delhi, Raipur,
Bhopal, Chandigarh and Nainital) have values ranging from
~0.152 to 0.192. The overall averaged surface albedo (mean
average for all stations) in central north regions of India
was found to be ~0.152-0.236, which is comparable to
the international albedo data values used in energy budget
calculations (Bakirici, 2017).

The maximum values range from ~ 0.155 at Nainital
to ~ 0.341 at Shimla, while the minimum values also range
between Nainital (~ 0.144) and Jaipur (~ 0.211). However,
the differences between maximum and minimum albedo
values at individual sites were also found to be noteworthy.
The lowest difference was 0.011 at the Nainital site, while
the highest difference of 0.163 was recorded at Shimla. The
average difference between the maximum and the minimum
albedo values is ~0.285 for the rest of the stations. The
existence of such differences between the highest and
lowest albedo values at individual stations may be due to
extreme changes in the weather conditions from one season
to another. This includes behavior of climate change due to
temperature variations and aerosol concentrations in the air
(Siingh et al., 2013; Sun et al., 2015; Jahani et al., 2017).
However, such broad ranges of values were also reported
over Southern Great Plains previously (Yin et al., 2015).
Figure (1-3) compares the annual results of different sites
of central north region of India by taking years in three
groups namely 2005-2008, 2009-2012, and 2013-2016. In
the 2005-2008, the maximum and minimum albedo value
was found over Shimla (~ 0.34) and Nainital (~ 0.144).
These were attributed due to less vegetation effects over
these two mountainous locations. The same trend was
also found over Shimla (~0.261) and Nainital (~0.144) in
2009-12 and 2013-16 (Figures 4-6).

Seasonal variations of surface albedo

The mean monthly surface albedo values of all the central
north stations in India were shown in Figure 4, whereas
Figure 5 demonstrates the characteristic seasonal variations
of albedo data values, with high values in winter DJF
(December, January and February) and low data values
in the monsoon months of JJAS (June, July, August and
September). The surface albedo values decrease during
March and reaches a minimum in July. In August, the
albedo starts to increase again, until it reaches its highest
value in February. Such a pattern was earlier investigated
in the neighboring places of India (Srivastava et al., 2011;
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Souhail et al., 2015). However, a degree of deviation from
this trend is evident at some stations (see Table 1). It was
found that some stations show higher albedo values in the
month of July than in May. In response to this observed
trend, we divided the surface albedo data values into four
seasonal groups: DJF (December, January, and February)
winter, MAM (March, April, and May) summer, JJAS (June,
July, August and September) Monsoon, ON (October and
November) Post Monsoon. The average surface albedo
values for winter, summer, monsoon and post monsoon
were found to be ~ 0.30, 0.25, 0.31, and 0.36, respectively.
These values are consistent with the findings of seasonal
variations in albedo values in Saudi Arabia (Maghrabi and
Al-Mostafa, 2009) as well as global averages (He et al.,
2014). An increase of 0.11 in the albedo from summer to
winter is noteworthy.

Altitude and latitudinal geographical variations

We, further investigated the impact of a location’s altitude
and latitude on the estimated albedo values over the central
north region of India. For altitude, the surface albedo data
values were divided into the following three groups: low
altitude, 0-500 m; middle altitude, 500-1000 m; and
upper mountain sites at altitudes greater than 1000 m.
The mean monthly surface albedo values for these three
groups are 0.198, 0.167, and 0.177 respectively. It shows
that surface albedo increases as altitude decreases (Siingh
et al., 2012). It is to be mentioned here that altitude of
Bhopal is 523 m, which is very close low altitude whereas
Shimla and Nainital are low pollution sites as compared to
sites of altitude less than 500 m, which are more polluted
(Singh et al., 2010; Sinnett and Feddersen, 2016). It is to
be mentioned here that out of the five sites (Delhi, Raipur,
Bhopal, Chandigarh and Nainital) with altitude < 500 m,
Delhi is highly polluted. Interestingly, this is opposite to
the study by Lee et al., (2011) carried out on three German
sites having different altitudes.

However, this trend is not uniform for all of the sites
in India (Pant et al., 2008; Pandithurai et al., 2008). The
latitudinal variations of surface albedo in central region of
India were studied by dividing the sites into three groups:
low latitudes (LL), <25° N; middle latitudes (ML), 25-30°
N; and high latitudes (HL), greater than 30° N. The average
monthly albedo values for these three groups were 0.168,
0.222, and 0.183, respectively. In regard to latitude, the
trend is not completely uniform, as some high latitude
stations show lower values of albedo than do those at lower
latitudes (e.g. Nainital with albedo ~ 0.152). One may
note from Figures (3-5) a low surface albedo at Chandigarh
during the months of March to June, which may be due
to increasing high aerosol concentrations and changing
climate pattern at location like Chandigarh which is highly
polluted due to industrial growth and increasing vehicular
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Table 3. Annual Maximum, Minimum and Mean surface albedo values of all the stations.

. 2005-08 2009-12 2013-16
Station Maximum Minimum Mean | Maximum Minimum Mean | Maximum Minimum Mean
Delhi 0.204 0.181 0.192 0.204 0.183 0.193 0.201 0.181 0.193
Shimla 0.34 0.18 0.197 0.261 0.178 0.195 0.34 0.18 0.261
Raipur 0.174 0.163 0.169 0.176 0.162 0.169 0.175 0.161 0.169
Bhopal 0.185 0.156 0.167 0.187 0.15 0.164 0.178 0.151 0.166
Chandigarh 0.2 0.165 0.184 0.197 0.166 0.184 0.197 0.167 0.185
Jaipur 0.25 0.212 0.234 0.247 0.211 0.236 0.246 0.212 0.234
Kanpur 0.224 0.193 0.206 0.225 0.192 0.207 0.224 0.192 0.207
Nainital 0.158 0.144 0.15 0.158 0.144 0.15 0.162 0.145 0.152

traffic (Rathore et al., 2017), whereas at Jaipur, the surface
albedo value was not found to be too low during these
months, but it was comparable with other places (Tables
1-3). Since increased pollution leads to increasing particulate
concentrations that clouds may contain with increasing
pollution and more drops per unit volume, hence it becomes
optically thicker and more reflecting (Hoeve at al., 2012).
Furthermore, some stations located at the nearly same
latitude (e.g. Kanpur and Jaipur) show different albedo
values. This variation in surface albedo is probably due
to the differences in ground cover and altitude because
Kanpur has an altitude of ~ 127m, whereas Jaipur has
an altitude of ~ 390m. Further, it is to be noted that
when two locations of central north regions of India have
different average solar altitudes, their surface albedo values
were also found to differ. Additionally, the surface albedos
of two locations that have the same latitude but different
sunshine conditions may likewise differ (Joerg et al., 2015).

CONCLUSIONS

Utilizing solar radiation data, the clear-sky surface albedo
values at eight sites in central north region of India, were
calculated and their synoptic variations investigated over a
long duration of thirteen years. The major findings of the
present study are given here.

The mean annual surface albedo values were found to
be in the range of 0.144 to 0.34.

The surface albedo values showed high variability between
different sites and even at individual sites.

Mean surface albedo over the central north region of
India was found to be ~0.196 for the thirteen years period
of 2004-2016.

The lowest albedo values occurred in the March month
of the summer (~0.147) at Nainital, and the highest value
in the February month of the winter (~ 0.265) at Shimla.
Further, the surface albedo values tend to increase at higher
latitudes, and decrease at higher altitudes. Such findings
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would be of highly advantageous to future energy balance
studies and solar energy based applications.
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ABSTRACT

The spatio-temporal variation of rainfall over India is largely dependent on the formation of cyclonic
circulations, low pressure areas and depressions or cyclones in the Bay of Bengal and their movement along
the monsoon trough. On the regional scale, the rainfall of Rayalaseema is considerably influenced by the
low pressure systems that form in the Bay of Bengal. Rayalaseema receives rainfall in both the southwest
and northeast monsoons. During both the seasons, the influence of the low pressure systems in the Bay
of Bengal during the monsoon season, usually move in west north-westerly direction and cross the coasts
of North Andhra, Orissa or West Bengal. They continue their movement inland and cause copious rainfall
along their path. During this period, Telangana and coastal Andhra Pradesh also receive excess rain, but
the rainfall received over Rayalaseema subdivision is found to be deficient with even ‘no rain’ at times. The
wind pattern and the associated rainfall during the period of depressions crossing the coast and subsequent
period have been analysed pertaining to a period of thirty years and the results are presented with some
selected illustrations.

Keywords: Monsoon depression, Cyclonic storms, Rainfall, Rayalaseema (Andhra Pradesh), Bay of Bengal,

Convergence.

INTRODUCTION

Rayalaseema is a land-locked region with an area of about
69,043 Km? accounting for 30% of the total geographical
area of Andhra Pradesh. This region extends approximately
from Latitude 12°3’N to 16°15’ N and Longitude 76°55’ E
to 79°55’ E. Geographically, the Rayalaseema region forms
the south and south eastern part of Deccan Plateau. It
is situated almost in the centre of the southern part of
the Indian peninsula. It comprises four districts namely,
Anantapur, Chittoor, Kudapah and Kurnool. The climate
of the region is normally dry sub-humid type and is a
part of the semiarid region of the interior Deccan plateau.
In Rayalaseema region, Anantapur district is the second
driest part of the country next to the Jaisalmer district
of Rajasthan. Rayalaseema region is characterized by hot
summer from March to May. This region receives more
rainfall from south-west monsoon than the northeast
monsoon. The average annual rainfall is hardly 672 mm.
South-west monsoon spreads from early June till the
end of September, while the northeast monsoon, from
October to December. Anantapur district receives second
lowest rainfall in the country, next to the Thar Desert of
Rajasthan. Being far away from the east coast, it does not
enjoy the full benefit of north-east monsoon and is also
being cut off by the high Western Ghats, which prevents
south-west monsoon. October and November form the
retreating monsoon season. The average rainfall of the
area is 545mm.
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Historically known as ‘stalking ground of famines’, it
is estimated that drought occurs once in three years in
Rayalaseema region. Among four districts in Rayalaseema,
Anantapur is the driest of all districts in the region and
also in the state. Rayalaseema region comes under semi-
arid area which records rainfall from 375 to 700mm. The
Depressions and low-pressure areas contribute significantly
to the spatiotemporal variation of monsoon. The quantum
of rainfall varies depending on the track of the depressions.
Rayalaseema is a region, which would be away from such
track. The rainfall over the subdivisions along the track,
exceed the normal in many fold. However, the regions along
the west coast, which are far away from the tracks, also
experience excess rainfall. On the regional scale, the rainfall
of Rayalaseema is considerably influenced by such systems
that form in the Bay of Bengal. Rayalaseema receives
rainfall in both the southwest and northeast monsoons, as
mentioned earlier. During both the seasons, the influence
of the low pressure systems in Bay of Bengal is clearly
felt over the region. Koteswaram and George (1958)
studied the causative factors of depression formation in
Bay of Bengal. Similarly, Rao and Jayaraman (1958) also
made a statistical study of the depressons/storms in the
Bay of Bengal. The Rainfall patterns in association with
Monsoon Depressions have been studied by Pishoroty and
Asnani (1957), while Rao (2004) brought out the clearly
deficiency of rainfall over Rayalasema in association with
Monsoon Depressions.
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The well-marked low pressure areas, depressions and
cyclonic storms that form in the Bay of Bengal during the
monsoon season, generally move in west north-westerly
direction and cross the coasts of North Andhra, Orissa or
West Bengal. After the land fall, they further move inland
and give widespread to fairly widespread rainfall over
most parts of the regions with heavy to very heavy rain,
at times. During this period, northern parts of Telangana
and coastal Andhra Pradesh also receive excess rain, but
the rainfall received over Rayalaseema subdivision is found
to be deficient or scanty. There were even some occasions
when there were no reports of ‘rain’.

DATA AND METHODOLOGY

Thirty years of rainfall data of Rayalaseema subdivision has
been analysed to study the extent of depletion of rainfall
in association with each depression. In this analysis, the
rainfall of the weeks during which there is a movement
of depression, right from its formation and its course of
movement inland, has been taken into account. The tracks
of the depressions are taken from the Cyclone Atlas of
IMD. The percentage anomalies evaluated and published
in the daily and weekly weather reports of IMD are also
considered.

RESULTS AND DISCUSSIONS

Indian economy mostly depends on agriculture. With 65
to 70 per cent of cultivable land being rainfed, agriculture
in turn, to a large extent is dependent on the monsoon
rainfall. The pulsatory character of monsoon is a matter
of concern to the farmer. Prior information regarding
assured rainfall a few days in advance, is a vital input for
the farming operations. Equally important would be the
information regarding the depletion of rainfall during a
particular period.

In general, it can be seen that the rainfall over the
region is on the negative side during the passage of systems.
Even during the cases of excess rainfall, the reason was
found to be some other system and not the depression in
question. This feature may be used as tool for medium
range weather forecasting. Adequate steps may therefore
be taken up at formative stage of depressions in the Bay
itself for reorganising their agricultural activities, keeping
in view the expected deficiency in rainfall.

Deep Depression over Bangaladesh and
neighbourhood from 9-17 Aug 2016

A low pressure area formed over north of west Bay of
Bengal and adjoining coastal areas of west Bengal in the
early morning of 9% August 2016. It lay as a well-marked
low pressure area over the same region, with an associated

cyclonic circulation extending upto 7.6 kms a.s.l. on 9%,
It concentrated as a depression over coastal areas of West
Bengal and its neighbourhood. It moved north-eastwards
and intensified into a deep depression over south of
Bangladesh and its neighbourhood. It can be seen from
the vorticity picture shown in Figure 1(a), that when there
is positive vorticity over the Bay region, the Rayalaseema
region shows negative vorticity. The percentage departures
of rainfall over various subdivisions of India are depicted
Figure 1(b) taken from Weekly Weather Report 11-17,
August 2016. Also from the figure it is evident, that the
Rayalseema region is largely deficient in spite of there being
a deep depression in the bay.

Depression over Gangetic West Bengal and
adjoining area of Jharkhand.

A cyclonic circulation lay over south Bangladesh and
adjoining areas of Gangetic West Bengal and North Bay
of Bengal, extending upto 7.6 kms a. s. 1. on 22" July
2017 and over Gangetic part of the West Bengal and
neighbourhood tilting southwestwards with height on 23
July2017. Under its influence, a low pressure area formed
over Gangetic West Bengal and adjoining areas of Jharkhand
on the same evening. It lay as a well marked low pressure
area over the same region on 24% — 25% July 2017. It
concentrated into a Depression over northwest Jharkhand
and its neighbourhood centered near Lat. 24°N/Long. 84°E,
close to Daltonganj at 0830 hrs. IST of 26t July 2017. It
moved northwestwards and lay over southwest Bihar and
neighbourhood centered near Lat.24.5° N / Long.83.5° E,
about 80 kms northwest of Daltonganj (Jharkhand) and
170 kms east of Sidhi (east Madhya Pradesh) at 1730 hrs.
IST of 26™. The Depression over northwest Jharkhand
and neighbourhood moved north-westwards and continued
its movement toward east Uttar Pradesh and adjoining
northeast Madhya Pradesh, where it weakened into a low
pressure area by 27% July 2017. The rainfall during the
said week is depicted in Figure 2 which shows that over
Rayalaseema, it was largely deficient.

Deep Depression over NW Bay and adjacent
parts of north Orissa West Bengal coast from 17-
19 June 1993.

It was first observed as a low pressure area over north Bay
and neighbourhood. It was first located in north-west Bay
and adjoining parts of North Orissa- West Bengal coast.
It moved in north northeasterly direction and finally
dissipated over Bangladesh. Figure 3a shows the low level
convergence which is negative over Rayalaseema region.
The rainfall over various subdivisions of India during
the week ending 23" June 1993 is illustrated in Figure
3b. It can be seen that the percentage departure over
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Rainfall % Departure
For the week ending

17th August 2016
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Figure 1. (a) The convergence and divergence fields seen during the Depression over Bay and the Rayalaseema region respectively.
(b) The Rainfall percentage departure of Rayalaseema seen in the weekly during the week.
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Figure 2. The Rainfall percentage departure over Rayalseema during the depression over the Bay, July 2017.
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Figure 3. (a) The convergence and divergence fields over the Bay of Bengal and Rayalaseema region during the depression over
Bay of Bengal. (b) The rainfall percentage departure over Rayalaseema during the week.

the neighbouring region of Karnataka is positive. Though
they are deficient over the other neighbouring regions
of Telangana, coastal Andhra Pradesh and Tamil Nadu,
the negativity was highest over Rayalaseema region. The
departure was scanty that is -60 to -99 % category.

Well Marked Low Pressure area over West Bay of
Bengal: week ending 6 July 2016

Under the influence of a cyclonic circulation, a low pressure
area formed over west central and adjoining northwest Bay
of Bengal and adjoining areas of north Andhra Pradesh-
south Odisha coasts that extended up to mid tropospheric
levels on 30 June. It lay over west Bay of Bengal off Odisha
coast on 1% July and over North West Bay of Bengal and
adjoining areas of Odisha on 2" July. During the week,
the rainfall over the region was either isolated or nil. It
was not even scattered even on any one of the days of the
week ending 6™ July 2016. Figure 4a illustrates the rainfall
departure during the week taken from Weather Report
31May-6July 2016 and Figure 4b, the convergence and
divergence pattern, clearly indicating negative divergence
over Rayalaseema region, while Figure 4c illustrating

the mean wind analysis of lower troposphere over the
Indian region. It can also be seen that over the region of
Rayalaseema, a ridge type of pattern prevailed during the
week which inhibited any convection and thereby leading
to reduction in rainfall.

Low pressure area over west central Bay of
Bengal —August 1989

A low pressure area formed over the west-central Bay of
Bengal on 16™ August 1989. It intensified into a depression
over the west-central Bay off Andhra coast on 16" evening,.
It intensified into deep depression on the 17% August over
west-central Bay and adjoining north-west Bay. It crossed
Andhra coast near Kalingapatnam in the afternoon, rapidly
weakened into a well-marked low over north coastal Andhra
Pradesh in the evening of 17" August and then moved
inland towards Vidarbha after weakening further. The track
of the depression is shown in Figure 5(a), taken from Storm
Atlas. Scanty rainfall during the week over Rayalaseema is
illustrated in Figure 5(b). The rainfall percentage departure
over Rayalseema during the period was -70%, taken from
Weekly Weather Report 17-23, August 1989.
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Figure 4. a) The rainfall departure over Rayalaseema during the occurrence low pressure over the Bay. b) Convergence pattern
over India and neighbourhood, and ¢) lower tropospheric wind flow pattern, with mean winds at 850 hPa during the week.

A Low pressure area over North West Bay and
adjoining Orissa coast on 21% September 1988

A cyclonic circulation extending upto 1.5 km a.s.l was
observed off north coastal Andhra Pradesh and adjoining
south Orissa coast in the evening of 20 September. Under
its influence a low pressure area formed over North West
Bay and adjoining Orissa coast on 21% September. Figure 6
shows the rainfall departures during the week. The rainfall
all the neighbouring subdivisions is either excess or normal
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whereas it is deficient over Rayalaseema. The Rainfall
Departure over Rayalseema was estimated as -28% during
that period. The departures are computed from the actual
rainfall amounts Indian Daily Weather Reports.

Almost all the systems generally result in a similar
result. It can be seen from the above graph that if we
compare the number of times when there was a system
in Bay and the corresponding times when the rainfall was
deficient or scanty, we see that it is more than half the
number of times when a system occurred and the rainfall
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Figure 5. (a) The track of the Depression (b) The rainfall departure over Rayalaseema during the occurrence of low pressure area
over the Bay and during its movement inland.
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Figure 6. The rainfall departure over Rayalaseema during the occurrence of low pressure area over the Bay.
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Systems in Bay and Rainfall % over Rayalseema
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Figure 7. Systems in Bay and the corresponding rainfall percentage over Rayalseema during the systems.
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Figure 8. Rainfall percentage over Rayalaseema during the passage of systems over Bay in the month of June.

occurred over Rayalaseema region was deficient or scanty.
For the entire data, the probabilities of rainfall to be
negative during such a period are 83, 80, 74 and 83 during
June, July, August and September respectively.

This is also evident from the latest monsoon situation
of 2017. The cyclogenetic activity was more in Arabian Sea.
The season witnessed two land systems. Two systems that
formed over Bay of Bengal either dissipated or became less
marked near the coasts of Bengal and Orissa. The total
number of low pressure days had been only 39 as against
the normal of 58. The number of low pressure days were
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11, 12, 10 and 6 during the four months of the monsoon
whereas the normal were 11, 14, 17 and 16 respectively.
Thus, the movement of low pressure systems across the
south-central India appears to result in negative rainfall
over the Rayalaseema region. Figure 7 illustrates the
number of systems formed in the Bay during the period of
study and the corresponding number of deficient or scanty
periods of rainfall.

Figures 8 to 11 show the percentage departures of
rainfall over the Rayalaseema region during the months
of June, July, August and September respectively. These
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Figure 9. Rainfall percentage over Rayalaseema during the passage of systems over Bay in July.
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Figure 10. Rainfall percentage over Rayalaseema during the passage of systems over Bay in the month of August.
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Figure 11. Rainfall percentage over Rayalaseema during the passage of systems over Bay in the month of August.
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Figure 12. Probabilities of Negative Rainfall over Rayalaseema corresponding to the course of movement of depressions during
the four months of monsoon.

departures in rainfall are associated with only the weeks argument indicating the percentage probability of rainfall
during which the depressions forming the Bay and their to be negative over Rayalaseema region during each
subsequent movement inland. Figure 12 summarizes the month of the monsoon, in association with the periods
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of the formation of depressions in Bay of Bengal and their
subsequent movement.

CONCLUSION

During the southwest monsoon there is a general feeling
that the monsoon depressions that form in the Bay of
Bengal while moving along the monsoon trough cause good
rainfall along its path. The present study shows that it
is otherway in the case of Rayalaseema. As the monsoon
depressions move inland after the landfall, the entire
rainfall is concentrated along the path of the depression.
Conversely, due to the development of anticyclonic vorticity
over Rayalaseema region, the region is depleted of rainfall
during the period which would be much below the normal.
The probabilities of rainfall to be negative during such a
period are 83, 80, 74 and 83% during June, July, August
and September respectively. This may therefore be taken as
a tool for short and medium range forecasting, wherein a
depression forms in the Bay and likely to cross near Orissa,
Rayalaseema may be prepared for a deficient rainfall period.
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ABSTRACT

Occurrences of landslides are affected by geomorphic, tectonic and hydrologic parameters. Balason basin of
Darjeeling Himalaya, exhibits these parameters which are analyzed in the context of landslides occurrences.
In the present work, we carried out an overlay analysis of various data layers such as elevation, slope, geology,
geomorphology, soil, rainfall, drainage density and drainage frequency with the landslide distribution data
layer to assess the probability of class of the landslide causative factors. Frequency ratio (FR) value estimate,
for both landslide affected pixels and total pixels of a class, help in establishing the relationship between the
probability of landslide and each class of the landslide causative factor. The result showed that, those areas
which are characterized by elevation of 2130 — 2603 m, slope of 47.00 — 71.00°, rainfall of 2559 - 2617
mm, drainage density 10.60 — 15.10 km/sq. km, 70.35 — 104.30 no. of stream/sq.km drainage frequency
are registered with high frequency ratio and high landslide susceptibility. In addition, the probability of
landslide occurrences is also found high in Darjeeling gneiss, lower hill and fine loamy to coarse loamy
soil textural area.

Key words: Frequency ratio (FR), Susceptibility, RS and GIS, Balason river basin.

INTRODUCTION

Landslides can be defined as the movement of mass of rock,
debris or earth materials down the slope under the influence
of gravitational force. Many researchers in India (Nautiiyal,
1966, Sengupta, 2000, Mandal and Maiti, 2014) carried out
demand based studies in mountainous and hilly areas and
tried to find out the causative factors and consequences of
landslide occurrences and recommended some mitigation
practices to reduce its hazardous impact. In Darjeeling,
the spatial extents of landslides are increasing day by day,
causing severe damage to lives and properties. The Balason
river basin is not an exception to these phenomena, which
is characterized by distinct geographical environment.
The evolution of landforms is largely dependent on its
geological structure, lithology, relief configuration, climatic
characteristics and bio-physical processes. Researchers like
Tamang (2013) and Lepcha (2012) carried out studies on
geophysical set up of Balason River basin. This basin has
been experiencing active denudational processes since its
origin because of high relief diversity, tectonic influences,
human interferences, stream activities, monsoonal rainfall
and so on. Free face and rectilinear facets of slope of the
landforms situated in higher altitude, especially cliffs, spurs
and tea garden areas are more instable in nature of this
basin. However, in this study an attempt has been made
to understand the role of various geomorphic attributes
i.e. elevation, slope, geology, geomorphology, soil, rainfall,
drainage density and drainage frequency, to visualize the
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nature and extent of variations in landforms characteristics
and landslide susceptibility.

STUDY AREA

The Balason river basin, situated in the western part of
the Darjeeling district, that suffered several large and small
landslides and affected many properties and lives, was chosen
as the study area (Figure 1). The major right bank tributary
of the Mahananda river and the Balason river, originates
from Lepchajagat (2361 m) which is located on the Ghum-
Simana ridge. Balason river basin covers parts of Darjeeling
district in West Bengal having an area of 378.45 sq. km. The
main Balason river flows north to south-east, having length
of about 51.92 km and joins Mahananda River at around
26°41°28"" N and 88°24°15" " E . The highest elevations are
2613 m (SE corner) and lowest 105 m, in Southern part of
the basin. The area above 30° slope consists of comparatively
harder gneissic rocks and the area in between 0°-5° have
the permeable subsurface materials. The average rainfall
of the basin is 2300 mm (range 2000-5000 mm), which
is dependent on southwest monsoon and occurs mostly
in the months of June to September. The mean annual
temperature is about 20.94° C. The northern uplands and
southern lowlands have a mean annual temperature of
12° C and 24.70° C respectively (Lama, 2003). The area is
predominately represented by very shallow to deep soils. The
major portion of the basin (about 74%) consists of Darjeeling
gneisses, Daling series rocks and the Damuda series.
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Figure 1. Location map of the study area.
METHODOLOGY and drainage frequency map in Arc GIS 10.1 software. The

In the present work, eight parameters i.e. elevation, slope,
geology, geomorphology, soil, rainfall, drainage density and
drainage frequency have been used to assess the role in
landslide susceptibility. Basically, landslide susceptibility
refers to the possibility or chance or likelihood of potential
landslides in a given area of interest based on the local
terrain conditions (Grozavu et al., 2013). Elevation and
slope data layers were directly derived from SRTM DEM
(30m spatial resolution) in Arc GIS 10.1 environment
which was downloaded using https://earthexplorer.usgs.
gov link. The soil and geological maps were collected
from NBSS (National Bureau of Soil Science and Land
Use Planning, Kolkata) and GSI (Geological Survey of
India, Kolkata) respectively and digitized in Arc GIS 10.1
platform. Geomorphological map was digitized from
Unpublished Ph.D. Thesis of Lama (2003) using Arc GIS
environment. Rainfall data was downloaded from http://
www.worldclim.org link in Continuous raster data format
and imported in Arc GIS environment. Drainage network
was digitized from Survey of India (SOI), Kolkata. Map nos.
78a/4, 78a/8, 78b/1, 78b/5 and 78b/6 and was checked with
and google earth image (2015). Inverse distance weighted
(IDW) method was incorporated to prepare drainage density

database of landslide distribution map was generated from
Google earth historical imageries (2000-2016), Landsat 7
ETM+ imageries (2000-2005), Landsat 4-5 TM imageries
(2006-2007, 2009-2011), LISS III imageries (2008, 2012-
2013), Landsat 8 OLI (2014-2015), High resolution
Sentinel-2 imagery (2016), Arc Map high resolution world
imagery and intensive field survey data (2015-2016). Total
295 landslide polygons were mapped in an area of 378.45
sq.km (Table 1). The average area of the landslides was
3762.90 m?2.

To establish the relation between each factor and
landslide occurrences, the frequency ratio (FR) value was
used (Karim et al., 2011).

Fr. = _(Npix (S)/N pix (Ni)}<100
Ti™ TN pix (Si)/ZN pix (Ni)}*100 "

Where, N pix (Si) is the number of pixels containing
landslide in each class (i), N pix (Ni) is the total number
of pixels having class (i) in the whole basin, or simply the
percentage of landslide pixels to total pixels in a class, SN
pix (Si) total number of pixels in each class and SN pix
(Ni) total number of pixels in the whole basin or simply
percentage of pixels to total pixels in class. To calculate the
number of landslide pixels of each class of the respective

545



Subrata Mondal and Sujit Mandal

Table 1. Area and location of the landslides in Balason river basin from 2000-2016.

S.No. Area of the X coordinate of | Y coordinate of | S.No. Area of the X coordinate of | Y coordinate of
slides (Sq. m) | centroid of the | centroid of the slides (Sq. m) | centroid of the | centroid of the
slides area slides area slides area slides area
1 707.199 88.2957 26.866 149 1062.05 88.2308 26.8763
2 1241.36 88.3238 26.8357 150 9596.98 88.2323 26.9005
3 31.7915 88.328 26.8172 151 50.3166 88.1552 26.9443
4 39.2974 88.3282 26.8173 152 1064.16 88.2108 26.9096
5 74.7919 88.3277 26.8153 153 1842.76 88.1723 26.9248
6 202.192 88.3303 26.8127 154 382.255 88.1405 26.9607
7 443.925 88.329 26.8144 155 395.708 88.1413 26.9636
8 182.456 88.1269 26.9448 156 244.159 88.1268 26.9694
9 76.8791 88.2955 26.9618 157 656.173 88.1278 26.9708
10 135.181 88.2954 26.9617 158 2051.94 88.129 26.9697
11 18.0313 88.2936 26.9614 159 826.188 88.1328 26.9755
12 4.79447 88.2935 26.9614 160 1431.73 88.1648 26.9482
13 115.793 88.3003 26.9606 161 22.84.52 88.1736 26.9398
14 17.4485 88.2958 26.9627 162 244.237 88.1939 26.911
15 6.26611 88.2958 26.9624 163 473.227 88.2084 26.9073
16 61.9584 88.2918 26.9602 164 1118.3 88.1849 26.9571
17 21.4497 88.2922 26.9603 165 1343.13 88.1822 26.9573
18 20.2991 88.2894 26.9611 166 58.4183 88.1584 26.9833
19 28.2176 88.2895 26.9629 167 75.5655 88.159 26.9858
20 71.8128 88.2903 26.9623 168 114.422 88.1588 26.9855
21 23.3692 88.2905 26.9627 169 1045.16 88.1908 26.9865
22 15.4175 88.2908 26.963 170 72.5905 88.1933 26.9869
23 35.9775 88.291 26.9631 171 162.601 88.1935 26.9898
24 21.1504 88.2911 26.9633 172 1738.58 88.1929 26.99
25 92.1921 88.2908 26.9639 173 167.346 88.1937 26.988
26 32.9415 88.2913 26.9636 174 467.586 88.1856 26.9898
27 53.7706 88.2914 26.9641 175 530.686 88.1938 26.9698
28 17.3334 88.2918 26.9632 176 151.251 88.1858 26.9994
29 38.7774 88.2922 26.9635 177 108.052 88.187 27.0002
30 51.2226 88.2929 26.9635 178 158.193 88.1876 27.0007
31 68.9653 88.2852 26.9596 179 694.12 88.209 26.9963
32 379.161 88.2814 26.9609 180 509.409 88.2095 26.9967
33 1699.4 88.2809 26.9601 181 79.7281 88.2076 26.9966
34 2346.11 88.28 26.9597 182 51.9661 88.2119 26.9981
35 358.216 88.2803 26.9581 183 154.707 88.2041 27.0023
36 282.583 88.2857 26.9548 184 180.331 88.2003 27.0012
37 39.415 88.2862 26.9543 185 237.411 88.1997 26.9865
38 39.1453 88.2856 26.9538 186 192.888 88.2024 26.9888
39 22.5493 88.286 26.9536 187 1740.5 88.2106 26.9734
40 37.5993 88.2872 26.9537 188 337.62 88.243 26.9935
41 35.2606 88.288 26.954 189 383.982 88.2563 27.0058
42, 48.6892 88.288 26.9544 190 31.9148 88.2553 27.006
43 166.631 88.2877 26.9547 191 233.374 88.2374 27.0011
44 42.7794 88.2871 26.9549 192 248.928 88.2373 27.0009
45 27.9714 88.2867 26.9549 193 65.6938 88.2373 27.0031
46 22.5377 88.2868 26.955 194 1664.16 88.2354 27.0014
47 41.6531 88.287 26.9551 195 64.8215 88.2367 27.0014
48 77.0869 88.2876 26.9552 196 2662.13 88.2354 27.0007
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S.No. Area of the X coordinate of | Y coordinate of | S.No. Area of the X coordinate of | Y coordinate of
slides (Sq. m) | centroid of the | centroid of the slides (Sq. m) | centroid of the | centroid of the
slides area slides area slides area slides area

49 7.44129 88.2882 26.9551 197 256.755 88.2352 27.0002
50 48.5958 88.2885 26.9552 198 910.659 88.2346 27.0004
51 76.4866 88.2883 26.9555 199 94.6291 88.2305 27.0015
52 23.7807 88.2881 26.9558 200 166.369 88.2298 27.001
53 179.457 88.2893 26.956 201 28.7871 88.2286 27.0013
54 41.638 88.2896 26.956 202 13.5587 88.2304 27.0019
55 42.7744 88.2895 26.9563 203 360.114 88.2283 27.0012
56 25.8678 88.2889 26.9542 204 73.1794 88.2286 27.001
57 80.355 88.2899 26.9543 205 176.405 88.2246 26.9997
58 11.6655 88.2898 26.9544 206 57.8003 88.2282 26.9979
59 13.3572 88.29 26.9543 207 29.0432 88.2317 26.9969
60 52.2182 88.2881 26.9541 208 645.099 88.2233 26.9841
61 17.4687 88.2869 26.9531 209 1045.4 88.2148 26.9871
62 75.9915 88.2793 26.9568 210 106.941 88.254 26.9982
63 201.801 88.2791 26.9567 211 217.025 88.258 26.9959
64 434.811 88.2768 26.957 212 299.998 88.2566 26.996
65 5056.89 88.2778 26.9845 213 32.9966 88.2548 26.9982
66 653.957 88.2758 26.9844 214 9.42264 88.2545 26.9977
67 133.234 88.2764 26.9853 215 45.1092 88.2539 26.9973
68 78.322 88.2765 26.9855 216 6.65395 88.2533 26.997
69 71.0966 88.2772 26.986 217 207.835 88.2505 26.9906
70 922.84.2 88.2872 26.9825 218 67.6416 88.2512 26.9901
71 7635.69 88.2885 26.9846 219 61.1047 88.253 26.9904
72 23530.9 88.283 26.9878 220 300.908 88.2541 26.9903
73 1342.71 88.2775 26.9928 221 30.4599 88.243 26.9917
74 2953.5 88.2798 26.9944 22.2 133.583 88.2508 26.9986
75 20926.3 88.2692 26.9967 22.3 465.7 88.2459 26.9867
76 649.424 88.2385 26.9974 224 36.006 88.2444 26.9866
77 68.4146 88.2384 26.9956 225 11.4642 88.2444 26.9865
78 982.645 88.2692 26.8557 226 37.306 88.2438 26.9857
79 315.397 88.287 26.8951 227 319.488 88.2328 26.9563
80 7041.19 88.2786 26.9122 228 602.203 88.253 26.9719
81 10350.4 88.2876 26.9076 229 209.096 88.2575 26.9754
82 241.655 88.1912 27.0038 230 174.979 88.2584 26.9764
83 1791.87 88.1862 26.9635 231 675.168 88.2589 26.9768
84 1133.26 88.1853 26.9642 232 253.721 88.2636 26.9773
85 7687.55 88.1851 26.9697 233 172.194 88.2756 26.9829
86 35391.3 88.2693 26.9233 234 41.7062 88.2757 26.9832
87 8668.89 88.1469 26.9579 235 377.121 88.2381 26.9792
88 96.2151 88.2784 26.9603 236 13.6503 88.2592 26.934
89 153.184 88.2796 26.959 237 103.161 88.26 26.9435
90 327760 88.254 26.862 238 83.3302 88.256 26.9453
91 86276.3 88.2515 26.9106 239 39.2229 88.2623 26.9495
92 178297 88.2394 26.869 240 11.7083 88.2612 26.9495
93 51441.1 88.2733 26.8709 241 292.799 88.267 26.9538
94 34320.9 88.2753 26.9101 242, 75.0716 88.2831 26.9577
95 26807.8 88.2629 26.9093 243 92.8112 88.284 26.9581
96 50497.7 88.265 26.9098 244 141.598 88.2848 26.9585
97 1356.49 88.1428 26.9831 245 44.7715 88.2842 26.9587
98 302.838 88.2356 26.8291 246 65.5269 88.2836 26.9595
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S.No. Area of the X coordinate of | Y coordinate of | S.No. Area of the X coordinate of | Y coordinate of
slides (Sq. m) | centroid of the | centroid of the slides (Sq. m) | centroid of the | centroid of the
slides area slides area slides area slides area
99 4286.21 88.2783 26.8624 247 30.6295 88.2834 26.9586
100 67.006 88.2906 26.9501 248 19.372 88.2831 26.9592
101 207.329 88.2915 26.9515 249 153.508 88.2832 26.9595
102 3608.52 88.2776 26.8639 250 47.3037 88.2833 26.9596
103 594.788 88.2946 26.9197 251 23.1429 88.2912 26.963
104 8094.87 88.28 26.8669 252 59.9813 88.2839 26.9556
105 293.191 88.2766 26.8611 253 156.932 88.2373 26.916
106 167.62 88.1591 26.9864 254 2103.85 88.243 26.9009
107 205.681 88.2295 26.827 255 1549.07 88.2619 26.9045
108 31.4893 88.1604 26.9424 256 63.8999 88.2639 26.9048
109 529.442 88.226 26.8423 257 251.299 88.2633 26.9045
110 6607.22 88.1428 26.9818 258 64.6839 88.2636 26.9064
111 187.824 88.142 26.9805 259 2342.79 88.2632 26.9066
112 209.821 88.1405 26.9805 260 1326.81 88.2689 26.908
113 81.1721 88.1412 26.9814 261 212.756 88.269 26.9133
114 101.34 88.145 26.9699 262 314.619 88.2756 26.9138
115 48.6915 88.1362 26.9754 263 43.8935 88.2797 26.919
116 25.7825 88.1465 26.9772 264 2120.05 88.2505 26.9079
117 165.093 88.1442 26.9789 265 242.618 88.2634 26.8916
118 93.9419 88.2303 26917 266 252.802 88.2644 26.8913
119 717.515 88.1491 26.9788 267 262.503 88.2667 26.8917
120 458.494 88.1486 26.979 268 1719.26 88.2677 26.892
121 70.2184 88.2336 26.9036 269 43.2021 88.2662 26.887
122 548.314 88.1479 26.9797 270 27.6787 88.259 26.8683
123 1859.56 88.2423 26.85 271 6.49692 88.2282 26.8839
124 29211 88.2751 26.8605 272 407.037 88.2477 26.8563
125 854.153 88.2477 26.9021 273 279.718 88.2122 26.8555
126 11015 88.2418 26.8472 274 28.7389 88.2281 26.8577
127 328.532 88.1923 26.9103 275 5350.87 88.2772 26.8624
128 252.397 88.2343 26.9044 276 30543.9 88.2777 26.8597
129 3010.4 88.2363 26.8644 277 243.052 88.2809 26.8573
130 1247.26 88.2468 26.8589 278 260.571 88.2803 26.8575
131 789.487 88.2464 26.8472 279 212.472 88.2862 26.8534
132 14854.8 88.2509 26.8593 280 14374.7 88.2736 26.8491
133 1947.98 88.2402 26.8172 281 289.395 88.2698 26.8325
134 416.474 88.2414 26.8869 282 402.556 88.2435 26.8402
135 63.2228 88.2392 26.8897 283 196.266 88.3069 26.8162
136 842.363 88.2418 26.9028 284 1235.7 88.3111 26.8451
137 179.9 88.2487 26.906 285 603.006 88.291 26.8667
138 245.819 88.2485 26.903 286 571.366 88.3095 26.8239
139 1051.9 88.2476 26.9052 287 220.043 88.3099 26.8238
140 424.025 88.2481 26.9056 288 500.193 88.3123 26.8269
141 3158.76 88.236 26.9102 289 497.139 88.3259 26.8376
142 1685.25 88.2513 26.908 290 193.821 88.3303 26.8471
143 4283.61 88.2573 26.909 291 25.5029 88.3269 26.8482
144 826.283 88.2398 26.8187 292 16.4798 88.3262 26.8485
145 2661.94 88.2394 26.8289 293 142.254 88.3176 26.8458
146 440.653 88.2386 26.8318 294 54.7755 88.3173 26.8442
147 8140.19 88.2341 26.8994 295 52.0469 88.3134 26.8371
148 803.776 88.2306 26.8658
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Table 2. Elevation character of the Balason river basin and landslide susceptibility

India

Factors Subclasses Total pixels Landslide occurrence pixels | FR value
Absolute Percentage Absolute Percentage

Elevation 106-298 368681 21.92 4 0.08 0.00

(meter) 298-539 139536 8.30 270 4.93 0.59
539-792 135130 8.03 876 15.96 1.99
792-1030 172562 10.26 1240 22.60 2.20
1030-1240 181438 10.79 1457 26.55 2.46
1240-1440 189984 11.30 573 10.44 0.92
1440-1650 169253 10.06 273 4.97 0.49
1650-1880 144806 8.61 75 1.37 0.16
1880-2130 118740 7.06 180 3.29 0.47
2130-2603 61869 3.68 539 9.82 2.67

factor, zonal statistics as a table under spatial analyst
tool in Arc GIS 10.1 environment was used. In can be
mentioned that, higher the frequency ratio value stronger
the relationship between landslide occurrence and the given
conditioning factor. As indicated by many researchers,
natural break method was applied to determine different
subclasses of continuous geomorphic parameters (Poli and
Sterlacchini, 2007; Althuwaynee et al., 2014; Mahalingam
et al., 2016). Finally, the composite index map of landslide
susceptibility was obtained using following equation in Arc
Map 10.1 GIS environment.

CLS = Fr;+ Frp+ Frg+............. + Fr,
Where, CLS is the composite landslide susceptibility index
and Fr +...... FR, is the frequency ratio of each factor.

RESULTS
Elevation character and landslide susceptibility

The elevation of the Balason river basin was classified into
10 categories where elevation ranges from 106 meter to
2603 meter (Figure 2a). Extreme north-western part and
north-eastern part of the basin was dominated by higher
elevation whereas, southernmost section was characterized
by low elevation. However, no direct relationship can
be made between elevation and landslide occurrences.
Several researchers showed that landslides have the more
tendencies to occur at the higher El areas, so the high El
areas have the greater landslide susceptibility (Devkota et
al.,, 2013; Umar et al., 2014). Moderate elevation zones
were found in the central portion of the basin. Maximum
area of 21.92% was covered by 106-298 meter elevation
zone while a small area of 3.68% was dominated by
2130-2603 meter elevation zone. The highest and lowest
frequency ratio value was found in the elevation class
of 2130-2603 meter (2.67) and 106-298 meter (0.00)
respectively, which indicated greater and lower chance of
slope failures respectively (Table 2).

Slope angle character and landslide susceptibility

The slope map of the Balason river basin was made from
the SRTM DEM and it was classified into 10 different slope
zones (Figure 2b). Basically, the river basin is attributed
with maximum slope angle where slope angle ranges
from 0° to more than 71.10° The basin is dissected by
well developed drainage network which made the slope
steepened by continuous branching of the drainage and its
headword erosion. The slope plays an important role for
the growth and development of drainage network, surface
run-off and soil erosion, as well as drainage concentration
over the space. Not only that the stream power index (SPI)
and topographic wetness index (TWI) are influenced by
slope steepness, but the study also revealed that there is a
positive relationship between slope and landslide frequency
ratio. The slope having greater than 26.60° is attributed
with the frequency ratio value ranges from 1.13 to 13.57,
which showed high probability of landslide phenomena
(Table 3).

Geology and landslide susceptibility

The geology of Balason river basin was divided into five
major categories viz., Darjeeling Gneisses, Daling Series,
Damuda Series /Lower Gondwanas, Nahan Group and
Alluvium (older and recent) (Figure 3a) (Lama, 2003).
The Darjeeling gneisses covered a large part of the basin
(68.33%) where it varied from a foliated granitoid rock
composed to quartz, felsper and biotite to more or less pure
mica schist. The Daling series consists of phyllite, slate
and quartzite which are being found in the Middle East and
Middle West portion of the basin. Damuda Series /Lower
Gondwana series consisted of quartzitic sandstones, shales
and slates, semi-anthracitic (graphitic) coal, lamprophyre
silts and minor bands of limestone. The Nahan Group
or Lower Siwalik deposits are mainly composed of soft
greyish sandstone, mudstone, shales and conglomerates.
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Figure 2. Maps showing data layers of (a) elevation and (b) slope.
Table 3. Slope character of the Balason river basin and landslide susceptibility
Factors Subclasses Total pixels Landslide occurrence pixels | FR value
Absolute Percentage Absolute Percentage
Slope 0-5.03 400086 23.79 47 0.86 0.04
(Degree) 5.03-11.30 167825 9.98 202 3.68 0.37
11.30-16.80 219531 13.05 522 9.52 0.73
16.80-21.90 231356 13.75 736 13.41 0.98
21.90-26.60 207903 12.36 601 10.95 0.89
26.60-31.10 169058 10.05 625 11.38 1.13
31.10-35.50 126742 7.54 611 11.14 1.48
35.50-40.60 91415 5.43 663 12.09 2.22
40.60-47.00 51416 3.06 742 13.52 4.42
47.00-71.10 16667 0.99 738 13.44 13.57

Alluviums (older and recent) are composed of boulder beds
and other sands and gravels. Similarly, Drift Formation
and younger flood plain deposits comprise sand and gravel,
pebbles, etc. It can be seen that, Darjeeling Gneiss had the
greater potentiality of landslide occurrences (1.44) while,
Damuda Series /Lower Gondwana and Nahan Group,
Lower Siwalik deposits were registered with lowest FR
value (0.00), which indicated no chance of slope failures
phenomena (Table 4).
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Geomorphology and landslide susceptibility

Lama (2003) divided the Balason river basin into 7
distinct geomorphological groups i.e. upper hill (>2000m),
middle hill (1000-2000m), lower hill (<1000m), foothill
(piedmont), upper alluvial fan, lower alluvial fan and river
flood plain (Figure 3b). Middle hill (1000-2000m) covered
larger area of the basin (46.22%), while river flood plain
had the smallest area of the basin (4.07%). The greater
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Figure 3. Data layers of (a) geological map and (b) geomorphological map (after Lama, 2003).
Table 4. Geology of the Balason river basin and landslide susceptibility
Factors Subclasses Total pixels Landslide occurrence pixels | FR value
Absolute Percentage Absolute Percentage
Darjeeling Gneiss (Dg) 287309 68.33 1345 98.32 1.44
Daling Series (Ds) 18518 4.40 21 1.54 0.35
Damuda Series /Lower
Gondwana (DAs) 4784 1.14 0 0.00 0.00
Geology .
Nahan Group, Lower
Siwalik Deposits (Ng) 16839 4.00 0 0.00 0.00
f}iﬂ“’mm (older & recent] 93050 22.13 2 0.15 0.01

potentiality of landslide occurrences was found in lower hill
(<2000m) (1.90). The chance of slope failures was lowest
in the class of lower alluvial fan and river flood plain, both
were registered with 0.00 FR value (Table 5).

Soil character and landslide susceptibility

Five types of soil were identified in the basin i.e. W002,
WO003, W004, W006 and WO009 (Figure 4a). The soil of
the Balason river basin is favorable for tea plantation. The
original soil of the area is drastically changed either by the
process of new soil formation on the truncated top or by
removal of soil by erosion (Sarkar, 1990). The parent soil
of this region has changed due to its nature and it has
formed more than one time (Lama, 2003). In the sandy

area, soils are generally siliceous and aluminous. The lower
Balason basin is formed by fine grained clay loam. In some
cases, the top soils are finer in nature than the subsurface
soils. The detailed characteristics of each type of soil of the
Balason river basin were presented in Table 7. In this basin,
WO003 soil type was registered with highest frequency ratio
is 1.88. On the other hand, W006 and WO009 soil types
covering almost 17% area of the basin, have the lowest
chance of landslide events (Table 8).

Spatial distribution of Rainfall and landslide
susceptibility

Landslides are closely associated with duration, amount
and intensity of rainfall. The intensity and amount of
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Table 5. Geomorphology of the Balason river basin and landslide susceptibility
Factors Subclasses Total pixels Landslide occurrence pixels | FR value
Absolute Percentage Absolute Percentage

Upper Hill (>2000m) 29309 6.97 150 10.96 1.57

Middle Hill (1000-2000m) 194339 46.22 732 53.51 1.16

Lower Hill (<2000m) 77058 18.33 477 34.87 1.90

Foothill (Piedmont) 21111 5.02 7 0.51 0.10
Geomorpholoy [y, 00r Alluvial Fan 53984 12.84 2 0.15 0.01

Lower Alluvial Fan 27588 6.56 0 0.00 0.00

River Flood Plain 17111 4.07 0 0.00 0.00

rainfall varies from one place to another in the basin due
to topographic configuration. The mean annual rainfall
ranges from 2041 mm 3673 mm. Based on the rainfall
distribution Balason river basin was classified into ten
zones (Figure 4b). Around 35% landslide affected area
and 50% area of basin are characterized by mean annual
rainfall of more than 2790 mm. More than 1 frequency
ratio was found in the class ranges from 2559 to 2847mm
and 3090-3673 rainfall which was characterized by high
landslide occurrences events. Rest of the class having less
than 1 frequency ratio value which indicating minimum
chance of landslide occurrences. Some high annual rainfall
classes i.e. 2847-2905 mm, 2905-2975 mm and 2975-3090
mm, have low FR value because of the unfavorable geo-
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environmental conditions for landslide occurrences in the
concerned area (Table 9).

Drainage density and landslide susceptibility

The drainage network development on both sides of the
slope segments make the interfluves area more steep
resulting mountain slope instability. The drainage network
development, slope steepening, and slope failure are regular
processes which promotes equilibrium in the geomorphic
system. The concentration of drainage network and their
engagement in the process of erosion and transportation
make the slope more vulnerable to landslip phenomena.
The drainage density varies from one place to another based
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Table 7. Soil characteristics of Balason river basin

Symbol Soil characteristics Taxonomic name
Moderately shallow, excessively drained, coarse loamy soils occurring Coarse loamy, typic Udorthents;
W02 | On steep side slopes with gravelly loamy surface, severe erosion and Loamy skeletal, typic
strong rockiness, associated with moderately shallow, well drained, Dystrochrepts
gravelly loamy soils with loamy surface and moderate erosion.
Deep, well drained, fine loamy soils occurring on steep side slopes Fine loamy, Umbric Dystrochrepts;
W003 with gravelly loamy surface, moderate erosion and moderate rockiness, | Coarse loamy, Typic Udorthents
associated with moderately shallow, excessively drained, coarse loamy
soils with loamy surface, severe erosion and moderate rockiness.
Moderately shallow, well drained, gravelly loamy soils occurring on Loamy skeletal, Typic
steep side slopes with gravelly loamy surface, moderate erosion and Haplumbrepts; Loamy skeletal,
WO004 | moderate rockiness, associated with moderately shallow, somewhat typic Udorthents
excessively drained, gravelly loamy soil with loamy surface, moderate
erosion and moderate rockiness
Very deep, imperfectly drained, coarse loamy soils occurring on very Coarse loamy, Umbric
WO006 | gently sloping upper piedmont plains with loamy surface and moderate | Dystrochrepts; Fine loamy,
erosion, associated with very deep, imperfectly drained fine loamy soils. | Fluventic Dystrochrepts
Very deep, imperfectly drained, coarse loamy soils occurring on nearly | Coarse loamy, Aquic Udifluvents;
WO009 | level lower piedmont plain with loamy surface, associated with very Fine loamy, Fluventic Eutrochrepts
deep imperfectly drained, fine loamy soils.
Table 8. Soil of the Balason river basin and landslide susceptibility.
Factors Subclasses Total pixels Landslide occurrence pixels FR value
Absolute Percentage Absolute Percentage
WO002 198569 47.22 524 38.30 0.81
WO003 102249 24.32 626 45.76 1.88
Soil WO004 49222, 11.71 218 15.94 1.36
WO006 46327 11.02 0 0.00 0.00
WO009 24133 5.74 0 0.00 0.00
Table 9. Rainfall of the Balason river basin and landslide susceptibility
Factors Subclasses Total pixels Landslide occurrence pixels FR value
Absolute Percentage Absolute Percentage
Rainfall 2041-2559 40635 9.66 130 9.48 0.98
(mm] 2559-2617 42137 10.02 209 15.25 1.52
2617-2681 44545 10.59 186 13.58 1.28
2681-2732 38867 9.24 161 11.80 1.28
2732-2790 45248 10.76 186 13.58 1.26
2790-2847 41930 9.97 147 10.72 1.08
2847-2905 41695 9.92 87 6.36 0.64
2905-2975 42379 10.08 40 2.91 0.29
2975-3090 42956 10.22 62 4.53 0.44
3090-3673 40108 9.54 161 11.80 1.24

on the developed drainage network in the basin. Higher the
drainage density more is the drainage concentration and
slope saturation over the space. The drainage density map
was divided into 10 classes (Figure 5a). It was observed that
moderate level of drainage density have high frequency ratio

and greater probability of slope instability. High drainage
density of more than 5.39 covere about 21% area of the
basin. 10.60-15.10 class have maximum chance of landslide
occurrences (2.94), whereas 0-1.31drainage density class
have least chance of slope failures (0.00) (Table 10).
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Figure 5. Data layers of (a) drainage density map and (b) drainage frequency map.
Table 10. Drainage density of the Balason river basin and landslide susceptibility
Factors Subclasses Total pixels Landslide occurrence pixels FR value
Absolute Percentage Absolute Percentage
Drainage density | 0-1.31 338135 20.10 4 0.07 0.00
(Km/Sq. Km) 1.31-2.61 197209 11.72 8 0.14 0.01
2.61-3.67 239068 14.21 783 14.27 1.00
3.67-4.56 284654 16.92 1830 33.35 1.97
4.56-5.39 246882 14.68 1108 20.19 1.38
5.39-6.27 177847 10.57 746 13.59 1.29
6.27-7.28 103596 6.16 494 9.00 1.46
7.28-8.58 60735 3.61 366 6.67 1.85
8.58-10.60 25924 1.54 73 1.33 0.87
10.60-15.10 7951 0.47 76 1.39 2.94

Drainage frequency and landslide susceptibility

Similar to the drainage density map, drainage frequency
of the basin was also divided into 10 classes (Figure 5b).
About 67% area of the basin registered drainage frequency
value of 0 to 15.96. 70.35-104.30 class has the greater
potentiality in landslide occurrences (4.59) and 0-4.91
class have the minimum probability of slope failure events
(0.00) (Table 11). In addition, the classes having drainage
frequency value of 33.54-40.90 (4.37), 52.35-70.35 (2.76),
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11.05-15.96 (2.17) and 27.00-33.54 (1.87) were also
characterized by high landslide susceptibility.

DISCUSSION

The trend line of FR values reveals that elevation, slope,
drainage density and drainage frequency were positively
correlated with slope failure which means that slope
instability increasing with increasing the value (Figure 6a,
b, d and e). On the other hand, there was negative relation
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Table 11. Drainage frequency of the Balason river basin and landslide susceptibility

Factors Subclasses Total pixels Landslide occurrence pixels | FR value
Absolute Percentage Absolute Percentage

Drainage frequency 0-4.91 446653 26.55 4 0.07 0.00
(No. of stream/Sq.km) 4 9 717 o5 315499 18.76 370 6.74 0.36
11.05-15.96 374903 22.29 2657 48.42 2.17

15.96-21.27 260262 15.47 842 15.35 0.99

21.27-27.00 131533 7.82 394 7.19 0.92

27.00-33.54 73153 4.35 446 8.13 1.87

33.54-40.90 42087 2.50 600 10.94 4.37

40.90-52.35 27831 1.65 62 1.14 0.69

52.35-70.35 6621 0.39 60 1.09 2.76

70.35-104.30 3458 0.21 52 0.94 4.59

Table 12. Spatial correlation between the landslide susceptibility index values and the various geomorphic parameters

Model/ geomorphic parameters -
=) e ) )
g 5 | E = |%, |28
s [} 9 g - [=in=1 =) g
e |5 |5 |58|= |§ |EE|Eg
= O |08 |& | |A<s A=
Landslide susceptibility index values | 0.67 | 0.62 |0.79 |0.83 |0.68 [0.36 [0.72 |0.61

locations to implement slope management plans, land use
plans and other development action plans, although this
method can be less useful on the site-specific scale.

between rainfall and landslide occurrences (Figure 6¢). In
case of geology, soil and geomorphology, trend line of FR
value was not shown in a diagram due to its categorical
nature. In addition, geomorphology was most intimately
associated with the determination of landslide susceptibility
with correlation value of 0.83. Next highest relationship
with landslide susceptibility was observed in case of geology
(0.79) followed by drainage density (0.72), elevation (0.67),
slope (0.62), drainage frequency (0.61) respectively. Lastly,
rainfall exerted lowest influence on landslide susceptibility
as indicated by correlation value of 0.36 (Table 12).
Finally, composite FR index of landslide susceptibility was
made by considering the eight factors, and divided it into
five landslides susceptibility zones using natural breaks
classification method i.e. very low (0.34-4.32), low (4.32-
8.63), moderate (8.63-11.22), high (11.22-17.89) and very
high (17.89-27.80) (Figure 7).
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ABSTRACT

An attempt has been made to evaluate the textural parameters and grain size distribution of coastal sands
from Govindampalli to Durgarajupatnam, Nellore coast, east coast of India. The changes in textural
parameters were studied by comparison of two seasons, i.e north east monsoon season (NE) in December
2015 and south west monsoon season (SW) in June 2016. A detailed account of textural parameters and
grain size distribution of beach sands were carried out at each station in four microenvironments, by
measuring various parameters like graphic mean size, graphic standard deviation, skewness, and kurtosis. To
measure textural parameters, bivariate plots have been made to know the degree of freedom among various
parameters. The analysis of textural parameters for two seasons indicates the prepotency of medium to fine
grain and moderately well-sorted sediments with nearly symmetrical distribution. The textural parameters
measurement and bivariate plots infer that prevailing intermittent energy conditions coalesced with rampant
south west monsoon winds responsible for the platy to leptokurtic nature of sediments. In order to have a
proxy on the mode of transportation and depositional environments CM (Percentile and Median) diagrams
were plotted on the double logarithmic sheet, which suggests that sediments were transported by rolling,
bottom suspension and rolling and graded suspension. Most of the sediments were deposited in tractive
currents and beach environment regions. Factor analysis shows the dominance of mean size and kurtosis
in NE monsoon season and skewness and kurtosis in SW monsoon season, where these parameters plays
a dominant role in dispersal and distribution of sediments. Linear discrimination function (LDF) analysis
shows high energy environments at the time of deposition of sediments.

Keywords: Textural studies; Beach sediments; Factor analysis; Linear discrimination function (LDF) analysis;

Nellore coast.

INTRODUCTION

Granulometric studies are the fundamental sedimentological
tools, which unravels the properties of sediment particles,
transportation and their deposition in the sedimentary
environments and provides vital information regarding
its provenance and depositional conditions (Krumbein and
Pettijohn., 1938; Folk and Ward, 1957). The size of the
grain in the depositional environment is influenced by many
factors like a wave and current activity, onshore and offshore
movements, fluctuations in sea level, episodic storms,
debouch of streams, rivulets, and rivers into the oceans or
seas. In India, about 1.2x10° tons of sediment are carried
by the rivers each year (Blott and Pye, 2001). A unique
set of foreshore topography and shoreline morphology, is
produced by the interaction of sediment supply, energy
dispersal pattern, and geology of the area (Senapathi et al.,
2011). Grain size parameters were studied between the
Gosthani and Champavathi rivers confluence, east coast
of India, Andhra Pradesh by Bangaru Naidu et al., (2016)
who inferred energy levels and bimodal nature of sediments.
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In recent years, many scientists carried out extensive
research and emphasized the importance of grain size
analysis to understand the grain size parameters and also
to differentiate the depositional environments viz., fluvial,
lacustrine, marine, estuarine etc., especially in the coastal
region (Inman 1952; Passega 1957, 1964; Visher 1969;
Veeraiah and Varadachari, 1975; Lingdholmn, 1987; Oaie
et al., 2005). An attempt has been made to empathize
the textural characteristics and grain size distribution
of the sands in the present study area with reference to
seasonal variations. This would involve understanding of
the energy conditions of the depositional environments
through textural parameters, factor analysis and linear
discrimination function analysis (LDF).

STUDY AREA

The present study area of Govinadampalli to
Drgarajupatnam lies between latitude 14°05'10"-
14°01’30” N and longitude 80°08'20"” - 80°09’36” E, that
belong to Survey of India topo sheet Nos. 66 B/4, 66 C/1
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Figure 1. Location map of the study area.

and C/5 on 1:50,000 scale. The major source of sediment
is from Swarnamukhi river situated at northern tip of
the investigation area (Figure 1). It passes through sacred
Tirupathi hills, with no tributaries and later on, debauches
into the Bay of Bengal. At the time of first survey i.e.,
in December 2015, two creeks were observed, one at
Tupilipalem village and the other at Durgarajpatnam (Figure
1). From Govendampalli to Durgarajupatnam, the stretch
is covered by Quaternary alluvium sediment, underlain
by granitic rocks, intersected by phyllites, basic rocks, and
metamorphic suite of schist rocks of Precambrian Age.

METHODOLOGY

One hundred and twenty sediment samples (60 in
each season) were collected from 15 transects along the
study area, in north east (Dec 2015) and south west
monsoon season (June 2016) along the 11km stretch from
Govindampalli to Durgarajupatnam coast. The sediment
samples were collected by using Van Veen grab sampler
and recorded location points using handheld GPS. The

sediment samples were carefully stored in polythene bags,
and 100gms of sample was taken out by using coning and
quartering method, and then air dried. The samples were
treated with diluted hydrochloric acid (HCI) and ammonia
(NH,) to remove carbonates and organic matter. Later, it
is washed with dilute water and air owen dried. Then the
samples were subjected to sieving by ASTM sieves with the
Yy @ intervals for 10 to 20 minutes by Ro-Tap sieve shaker
for separating the grain with different sizes viz., 16y, 25u,
35u, 45u, 60w, 80w, 120u, 170u, 230u and -230u (pan).
Sieved material was weighed separately and the fractions
were properly tabulated for further analysis (Ingram 1970).
Grain size parameters like mean size (Mz), standard
deviation (SD), skewness (Sk), and kurtosis (Kg), were
determined by using the GRADISTAT software (Tables la,
b). The results obtained from the GRADISTAT software,
which is used to draw CM (C=Percentile, M=Median)
diagrams, frequency distribution curves, scatter plots. SPSS
and graphic prism softwares were used to determine the
factor analysis and LDF (Linear discriminate function)
analysis respectively.
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RESULTS
Grain size parameters

The grain size analysis was carried out and the results were
compared, for the two seasons to evaluate the information
regarding provenance and depositional conditions.

Graphic mean grain size (Mz)

The average size (¢) of the sediments is an indicator
of energy conditions. The variations in ¢ represent the
differential energy condition, which indicates the kinetic
energy of the depositing agents. The grain size values
at each measuring point for two seasons are given in
Tables 1a and 1b. Grain size analysis was carried out at
four microenvironments viz., dune, backshore, berm and
foreshore at each station. The ¢ values show medium to
fine grain in dune (1.066 ¢ -2.576 ¢, backshore (1.506¢
-2.607¢), berm (1.68¢ -2.415 ¢) and foreshore (1.14¢
-2.09¢) in NE monsoon season (Table la) and in SW
monsoon season, dune (0.697¢ -2.827¢) show coarse to fine
grain size (Table 1b) and the rest of the microenvironments
i.e backshore (1.404¢-2.454¢), berm (1.642¢ -2.381¢) and
foreshore (1.38¢ -1.96¢) show medium to fine grain size.
The overall average graphic mean size of the sediment
in the study area is 1.865¢ and 1.801¢ in NE and SW
monsoon seasons respectively. It shows the predominance
of medium size particles indicating intermittent energetic
conditions (Folk and Ward, 1957).

Standard deviation (c,)

Graphic standard deviation (o)) quantifies the sorting of
sediments in various microenvironments and it represents
the wavering pattern of energy conditions of the depositional
environment (Sahu, 1964). NE monsoon season shows well
to moderately sorting in dune (0.433¢ — 0.931¢), backshore
(0.405¢ -0.787¢) and berm (0.399¢-0.84¢) environments.
The foreshore environment (0.62¢ — 0.92¢) shows
moderately to moderately well-sorted sediments (Table 1a).
In SW monsoon season (Table 1b) dune, backshore, berm
show well to moderately sorted sediments, with values
ranging in between 0.34¢ — 0.732¢, 0.405¢ — 0.787¢, 0.408¢
- 0.645¢, respectively. The foreshore environment show
moderately well sorted to moderately sorted sediments,
the value ranges from 0.67¢ - 0.83¢. The average value of
all microenvironments in both seasons. 0.649¢ and 0.62¢,
indicates moderately well-sorted sediments, which suggests
partial winnowing conditions and an addition of sediments
to the beach environments. A glance at standard deviation
values in both NE and SW monsoon seasons reveals that
dune, backshore, berm and foreshore environments, show
moderately well sorted in nature, implying that aeolian
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activity is paramount in sorting of sediments, owing to the
continuous panning action by waves and currents (Friedman
1967 ; Giosan et al., 2005).

Skewness (Sk)

Skewness evaluates the symmetry of sediments distribution
i.e., prepotency of coarser and finer material. The positive
and negative values refer to fine material in the fine tail
and coarser material in coarser tail respectively. In the NE
monsoon season, the skewness values varies from very
coarse to very fine skewed in dune (-0.287¢ to 0.497¢), but
in backshore (-0.226¢ to -0.11¢), berm (-0.315¢ to 0.037¢)
and foreshore environments (-0.2¢ to 1.85¢), shows coarser
to fine skewed sediment distribution (Table 1a). Most of the
sediment samples show coarser to fine skewed and depict
deposition of sediments in high to low energy environments
(Nageswara Rao et al., 2005). Altogether, the average value
(-0.059¢), indicates nearly symmetrical distribution.

In SW monsoon season, the skewness values of dune
(-0.11¢ to 0.241¢), backshore (-0.226¢ to 0.109¢) shows
coarser to fine skewed distribution and berm (-0.15¢ to
-0.011¢) shows nearly symmetrical and foreshore (-0.193¢
to 0.053¢) show, coarser to near symmetrical distribution
of sediments. The overall average value (-0.078¢) of the
skewness in the study area is nearly symmetrical in nature

(Table 1Db).
Kurtosis (K¢)

Kurtosis (Kg) ascertains the peak distribution which depicts
the mixed (coarse and fine) sediment population distribution
and it also gives the ratio of sorting of sediments in the tails
as well as in the central portion of the curve (bell-shaped
curve). The wide spectrum of kurtosis values reflects the
characteristic flow of the depositional medium (Seralathan
and Padamalal, 1994; Bangaru Naidu et al., 2016). In
NE monsoon season most of the microenvironments i.e.,
backshore (0.736¢ — 1.101¢), the berm (0.732¢ — 1.109¢)
and foreshore (0.72v — 1.07¢) exhibits platy to mesokurtic
in nature and dune (0.686¢ — 1.123¢) sediment samples
of all stations falls under platy to leptokurtic category.
The dominance of platy and leptokurtic nature reflects
immaturity and maturity of the sand in the depositional
environment respectively.

In SW monsoon season all sediment samples shows
platy to leptokurtic in nature except foreshore. The
extreme high and low kurtosis values reflects that the
part of sediments achieved its sorting elsewhere in a high-
energy environment (Friedman,1961). The average value of
both seasons (0.926¢ and 0.95 ¢) represents subsequent
accession of coarser and fine material, after the winnowing
action and retention of their original character during
deposition (Avramidis et al., 2012).
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Table 1a. Textural parameters of coast sand from Govindampalli to Durgarajupatnam during north east monsoon season.

SS DUNE BACKSHORE BERM FORESHORE

Mz |SD |[Sx |[Kc |Mz [SD |S¢ |Ke |Mz |SD [Sx |[Kc |Mz |SD |Sx |Kg

TP-N-1 2.37 |0.46 |-0.11 {0.99 |2.02|0.67 |-0.17 |0.84 | 1.68 |0.84|-0.12|0.84 |1.61 [0.92|-0.03 |0.75

TP-S-1 2.09 |0.55(-0.030.94 |2.210.56 |-0.14 [1.00 [2.42 |0.45|-0.17|1.00 |1.51 [0.88|-0.11 |0.87

TP-S-2 1.63 |0.93 [0.07 [0.68 |1.41|0.64 |-0.04 |0.92 |2.06 |0.56|-0.04|0.92 |1.71 |0.87 |-0.16 |0.91

TP-S-3 2.27 10.51 [-0.1 [0.95|1.96|0.57 |-0.08 [1.06 [2.10 |0.54|-0.16|1.06 |1.64 |0.77 |-0.01 |0.85

TP-S-4 2.57 1043 ]-0.19(1.23 |2.19(0.48 |-0.09 [0.93 [2.26 |0.65|-0.30{0.93 [2.09 [0.67|-0.2 |0.92

TP-S-5 1.97 10.59 [-0.05[0.88 [2.38|0.47 [-0.15 |0.98 |2.25 |0.59|-0.32|0.98 |1.14 [0.79|0.25 |1.07

TP-S-6 2.19 10.53 [-0.17 |0.96 |2.43]|0.46 |-0.21 |1.10 |2.32 |0.52|-0.22|1.10 |1.72 [0.66|-0.08 |1

TP-S-7 1.06 |0.85(0.50 [0.91 [2.020.62 |[-0.17 |0.96 |2.26 |0.54 |-0.26|0.96 |1.72 |0.92 |-0.06 |0.85

TP-S-8 1.18 |0.79 [{0.42 [0.78 |1.66|0.73 |-0.07 |0.74 |2.22 |0.40|0.04 |0.74 |1.33 [0.83|0.16 |0.81

TP-S-9 1.96 |0.69 [-0.19{0.94 |1.77|0.71 |-0.17 |0.89 |2.09 |0.58|-0.20|0.89 |1.48 |0.85|-0.02 |0.84

TP-S-10 1.52 ]0.69 |0.01 [0.84 |1.64 {0.69 [-0.09 [0.90 [1.88 |0.60|-0.130.90 |1.64 [0.67 |1.85 |1.04

SMR-S-1 [2.06 |0.74 {0.09 {0.90 |2.45|0.41 |-0.23 |[1.07 [2.08 |0.65|-0.25|1.07 [1.57 |[0.84(0.18 |0.72

SMR-S-2 |1.56 |0.66 |0.07 |0.88 |1.87|0.59 |-0.07 [0.87 |1.80 |0.65|-0.08|0.87 |1.57 |0.81|0.04 [0.79

SMR-N-1 [1.96 |0.59 [-0.13{0.90 |2.22 |0.52 |-0.13 [0.98 [2.04 |0.54|-0.09 [0.98 [1.56 [0.66|0.06 |0.94

SMR-N-2 [2.35 |0.56|-0.28 |1.11 |1.42]0.79 |-0.01 |0.82 |2.10 |0.58|-0.23|0.82 |1.79 [0.62|-0.08 |0.9

Minimum | 1.06 |0.43 |-0.28 |0.68 |1.41 |0.41 |-0.23 |0.74 |1.68 |0.40|-0.32|0.74 |1.14 |0.62|-0.2 0.72

Maximum | 2.57 |0.93 [0.50 [1.23 |2.45|0.79 [-0.01 |1.10 |2.42 |0.84|0.04 |1.10 |2.09 [0.92|1.85 |1.07

Average 1.91 0.65 (0.01 [0.93 |1.97(0.59 [-0.12 [0.94 [2.10 |0.58|-0.17]0.94 |1.60 [0.78 {0.21 0.88
Mean

Mz= Mean Size, SD=Standard deviation, Sy= Skewness, K;= Kurtosis

Table 1b. Textural parameters of coast sand from Govindampalli to Durgarajupatnam during southwest monsoon season.

SS DUNE BACKSHORE BERM FORESHORE

Mz |SD |[Sx |Kg |Mz |SD |[Sx |Ke |Mz [SD |Sx |Ke |Mz |[SD |[Sx |Kg

TP-N-1 1.91 [0.69 [-0.07 |0.95 |1.68 |0.67 |-0.17 |0.98 |1.76 |[0.61 [-0.07 [0.99|1.38 [0.67 |-0.01 |0.96

TP-S-1 1.71 |[0.54 |-0.02 {0.88 |1.89 |0.56 |-0.14 |0.98 |1.64 [0.57 |-0.03 [0.94|1.55 [0.73 |-0.04 | 0.86

TP-S-2 2.06 |0.55 |-0.07 {0.96 | 1.98 |0.57 |0.11 |0.96 [1.80 |0.54 |-0.05 [0.99|1.56 |0.82 [0.05 |0.9

TP-S-3 1.79 10.70 |-0.08 |0.91 |[1.62 [0.64 |-0.08 [0.86 |1.80 [0.56|-0.04 |1.04|1.61 |0.76 |-0.06 |0.9

TP-S-4 0.70 |0.55 |-0.09 |1.01 |1.61 |0.48 |-0.09 |0.92 |1.87 |0.51 [-0.02 [1.03|1.59 [0.74 |-0.02 |0.99

TP-S-5 2.23 |0.58 |-0.11 {1.04 |1.94 |0.47 |-0.15 |1.01 |[1.67 |0.65|-0.01 [0.96|1.38 |0.72 [0.05 |0.93

TP-S-6 2.06 |0.69 [0.08 [0.81 |1.51 [0.46 |-0.21 {0.96 |[1.74 |0.63 |-0.07 |0.96|1.87 |0.69 |-0.16 |1

TP-S-8 2.83 |10.59 (0.24 [1.09 |1.70 |0.73 |-0.07 |0.74 |1.97 |0.54 |-0.11 |1.11|1.64 (0.77 |-0.17 |0.87

TP-S-9 0.95 |0.61 [0.08 [0.98 |1.72 |0.71 |-0.17 |0.73 |1.84 |0.57 |-0.13 [1.04|1.62 |0.76 |-0.07 | 0.93

TP-S-10 1.44 |0.59 [0.10 {0.92 |1.94 |0.70 |-0.09 |0.91 |1.79 |0.56 |-0.04 [1.12|1.66 [0.79 |-0.19 |0.83

SMR-S-1 1.27 [0.65 {0.12 |0.89 |1.81 |0.41 |-0.23 |1.13 |1.87 [0.64 |-0.08 |[0.91|1.75 |0.83 |-0.15|0.77

SMR-S-2 | 1.38 |0.59 [0.12 |0.94 [1.94 |0.59 |-0.07 [0.99 [1.87 [0.64|-0.07 |0.91]|1.96 |0.74 |-0.11 | 0.85

SMR-N-1 |1.31 [0.50 {0.01 |1.01 |1.87 |0.52 |-0.13 {0.91 |2.13 |0.51|-0.05 |0.97 |1.81 |0.74 |-0.12 |0.88

SMR-N-2 |2.06 [0.73 |-0.10|0.80 [1.92 [0.79 |-0.01 {0.92 |1.96 |0.59|-0.10 |1.02 |1.93 |0.72 |-0.1 |0.93

Minimum |0.70 |0.50 |-0.11 [0.80 |1.51 {0.41 |-0.23 |0.73 |1.64 |0.51 |-0.13 |0.91 |1.38 |0.67 |-0.19 [0.77

Maximum |2.83 |[0.73 |0.24 [1.09 |1.98 {0.79 |0.11 |1.13 |2.13 |0.65|-0.01 |1.121.96 |0.83 [0.05 |1

Average 1.69 |0.61 [0.01 [0.94 |1.79 {0.59 |-0.11 [0.93 |1.84 [0.58 |-0.06 |1.00|1.66 [0.74 |-0.07 |0.89
Mean

Mz= Mean Size, SD=Standard deviation, Sx= Skewness, K;= Kurtosis
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Scatter plots

The geological significance of the size parameter can be
well understood by correlating two variables viz., Mean
size vs Standard deviation, Mean size vs Skewness, Mean
size vs Kurtosis etc. Owing to the fact that the grain size
parameter is environmentally sensitive, it is often used to
interpret the various facets of depositional environments
(Rammohan Rao et al., 1982). Scatter plots are very helpful
to understand the various depositional environments.

Mean size vs standard deviation

The scatter plot between Mean grain size vs Standard
deviations evidently show that all the microenvironments
show negative relation, signifying that increase in sorting of
sediment with decrease in grain size (fine size). In the NE
(Figure 2a) season, all environments show negative relation
with moderately sorted grains and fine sand sediment as
dominant constituents (Mohan and Rajamanickam., 1998).
Most of the sediment samples in SW monsoon season show
moderate sorting except dune and backshore environment
that shows positive relation, signifying increase in sorting of
sediments(Figure 3a). Coarse sand is dominant constituent
in dune and foreshore environments.

Mean size vs skewness

The scatter plot between Mean grain size and skewness
reveals, negative relation in all microenvironments in NE
monsoon season (Figure 2b). Generally, increase in mean size
value (fine material) exhibits negative skewness. Negative
skewness of sediments takes place in high-energy conditions
(Angusamy and Rajamanickam, 2006). In SW monsoon
season, berm and foreshore shows negative skewness
which means that sediments were subjected to high energy
conditions. Dune and backshore doesn’t show any significant
relation with mean size and skewness (Figure 3b).

Mean size vs kurtosis

In NE monsoon season the bivariate plots between mean
grain size vs kurtosis values, reveal positive correlation with
leptokurtic nature in dune, backshore, berm environments
with fine sand as dominant material except foreshore
environment (Figure 2¢). In SW monsoon season all the
environments except dune, show positive relation with
leptokurtic nature (Figure 3c).

Standard deviation vs skewness
The scatter plots between standard deviation and skewness

in NE monsoon season show positive relationship at all
microenvironment levels, signifying increase in skewness,
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decrease in sorting, this may be due to littoral and
alongshore currents, with moderate grain size sediments
(Venkatramanan et al., 2011) (Figure 2d). In NE monsoon
season berm environment, showing negative relation,
signifies moderately sorted with coarse skewness. In
SW monsoon season, the plot (Figure 3d) dune environs
disclose negative relationship and the backshore and
berm, show positive relation further signifying decrease
in skewness with increase in standard deviation. However
in the foreshore environment shows no relation between
standard deviation and skewness.

Standard deviation vs kurtosis

The scatter plot between standard deviation vs kurtosis
showing platy to mesokurtic nature, indicates negative
relationship between standard deviation with kurtosis.
Kurtosis values decrease with increase in sorting of
sediments with moderately sorted sediments. In the
foreshore environment, there is no relationship between
standard deviation and kurtosis (Figure 2e). In SW monsoon
season, majority of the samples show platy to leptokurtic
nature and moderately well-sorted sediments (Figure 3e).

Skewness vs kurtosis

In NE and SW monsoon seasons, the scatter plots
between skewness vs kurtosis shows positive values
which implies very fine skewed symmetry (Figure 2f). In
NE monsoon season the skewness and kurtosis values
show negative relation in dune, backshore, berm and
foreshore environments. In SW monsoon season such plot
shows positive relationship between two variables except
backshore and berm environments (Figure 3f).

CM diagrams

Based on range, size and energy level of transportation,
CM diagrams aid in understanding, analyzing the
mechanism and mode of transportation of sediments and
gives an insight into depositional environments, factors
responsible for the formation of clastic sediments. The
plotting and interpretation of CM plot are adopted from
Passagea. (1957, 1964). C represents one percentile of
the grain size distribution plotted against to the M value
which represents the median size of the sediment sample
on double logarithmic paper. The CM diagrams of NE
and SW seasons (Figures 4a and 4b; 5a and 5b) depicts
that sediment transported for rolling bottom suspension
and rolling and graded suspension representing their
deposition by tractive currents and beach processes. Bottom
suspension and rolling and graded suspension and rolling
mode of transportation is predominant in both NE and
SW monsoon seasons.
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Factor Analysis

Factor analysis was carried out to know the significant
parameters contributing the distribution and deposition
of sediments in the investigation area.NE and SW
monsoon seasons (Table 2a and 2b) show mainly two
factor assemblages which are contributing in dispersal
and deposition of sediments. Factor analysis shows a
total variance of 85.59% and 67.46% for the NE and SW
monsoon seasons respectively. In NE monsoon season,
first factor assemblage accounted for about 53.69% with
substantial loading attributed to kurtosis (Kg) and mean
grain size (Mz) assemblage (Table 2a), and second factor
component (uncorrelated pairs of element to the first
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factor assemblage) is skewness (Sk) attributes to 31.89% of
variance. Whereas in case of SW monsoon season, majorly
two components attribute in a dispersal of the sediments
i.e., kurtosis (Kg) and skewness (Sk) with 41.26% and
26.20% of the variance. In NE monsoon season mean
size and kurtosis and in SW monsoon season kurtosis and
skewness plays dominant role in dispersal and distribution
of sediments in the investigation area and the same has
been figuratively expressed in Figure 6.

Linear discriminate function analysis (LDF)

Linear discriminate function analysis plays a key role to
explain and understand the depositional environments
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Table 2. Factor analysis for (a) NE monsoon season and (b) SW monsoon season.
Parameters Factors Factors

(NE monsoon Season) (SW monsoon Season)

1 2 1 2

Mean Size 0.778 -0.514 0.175 -0.634

Standard deviation -0.872 0.284 -0.883 0.052

Skewness -0.093 0.961 0.132 0.802

Kurtosis 0.880 0.920 0.907 -0.016

Total 2.148 1.276 1.650 1.048

% of Variance 53.69 31.89 41.26 26.20

Cumulative % 53.69 85.59 41.26 67.46
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Table 3. Linear discriminate function analysis of sediments.

NE MONSOON SEASON SW MONSOON SEASON
Environments Y1 Y2 Y3 Y1 Y2 Y3
Dune -2.4712 75.1440 -3.1589 -1.7479 68.4797 -2.7813
BS -1.2747 73.8841 -4.8035 -1.7576 66.1101 -1.9559
Berm -4.0494 105.3245 -5.6338 -2.0832 68.3246 -2.0804
Foreshore -1.1542 83.1091 -2.3386 -0.9808 77.1682 -3.9383

of beach sediments, (Sahu, 1964). Linear discriminate
function analysis has explained to interpret the fluctuations
of energy and fluidity factors correlated with different
processes and sediment deposition.

To distinguish environment of deposition the following
equation has been applied:

Y1 = -3.5688M+ 3.7016r2- 2.0766SK+ 3.1135KG ------
Here Y is = -2.7411, environment of deposition is beach,
and if Y is < -2.7411, environment of deposition is Aeolian.

Y2 = Shallow marine = 15.6534M + 65.709112
+ 18.1071SK + 18.5043KG ------------
Here Y is = 63.3650, environment of deposition is shallow
marine, and if Y is <63.3650, environment of deposition
is beach.
Y3 = 0.2852M- 8.7604r2- 4.8932SK+ 0.0428KG ----- (3)
Here Y is =-7.4190, environment of deposition is shallow
marine, and if Y is =-7.4190, environment of deposition
is fluvial.
(M= mean, r = standard deviation, SK= Skewness and
KG= kurtosis)

In NE monsoon season 75% samples fall in Y1
environment, (dune, backshore and foreshore) that indicate
littoral processes and berm environment shows 25%
samples fall in aeolian condition (Table 3).In bothY2 and
Y3 environments total samples belong to shallow marine
condition. In SW monsoon season most of the samples fall
in Y1 environment as a result of littoral process. Both Y2
and Y3 environments most of the samples fall in shallow
marine condition (Table 3). The variations of the energy
conditions correlated with the tractive currents.

DISCUSSION

The textural parameters reveals most of the samples
showing medium to fine grain in all micro environments,
which results by the existence of intermittent energy
conditions in north east monsoon season. But in south
west monsoon season, most of the samples exhibits
coarse to fine grains in dune region and medium to fine
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grain in backshore, berm and foreshore environments.
The wide spectrum of grain size of sediment indicates the
differential energy conditions at different environments.
However, in both seasons the standard deviation values
show, well to moderately sorting in dune, backshore and
berm environments. It indicates removal of fine material
leading to better sorting of sediments. Moderately well
to poorly sorting in foreshore environment signifies the
dominance of winnowing and panning action by waves
and currents. Skewness value ranges in between very
coarse to very fine symmetry depicting the prevalence
of high to low energy conditions. The average skewness
values in both seasons (Table 1a and 1b) indicate the
nearly symmetrical distribution. The dominance of platy to
leptokurtic nature reflects immaturity as well as maturity
of the sediments in the depositional environments. The
average values in both seasons reveal the presence of
mixed population (both coarse and fine) in the study area.
CM plots throw a light on the modes of transportation of
sediments and depositional environments. They reveal that
sediments were dominantly transported by rolling, rolling
and bottom suspension and graded suspension and most
of the sediments were deposited by tractive currents and
beach processes. Factor analysis was carried out to know
the distribution and deposition of the beach sediments.
Mean size and kurtosis parameters play dominant role
in NE monsoon season where as skewness and kurtosis
plays dominant role in dispersal and distribution of
sediments in SW monsoon season. Correlation between
CM (C=Percentile, M=Median) plots and LDF (Linear
discriminate function) analysis establishes the fact that
littoral processes with tracative action played vital role in
deposition of sediments in shallow marine condition, with
an exception at berm microenvironment, where sediments
were deposited by aeolian activity in NE monsoon season.

CONCLUSION

Comparison of two season’s average values of various
parameters viz., mean size, standard deviation, skewness
and kurtosis reveal medium to fine grain size, moderately
well-sorted sediments, nearly symmetrical distribution
and platy to leptokurtic in nature respectively. CM plots
of both seasons reveals that sediments were dominantly
transported by rolling, rolling and bottom suspension
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and graded suspension and most of the sediments were
deposited by tractive currents and beach processes.
Similarly factor analysis results show that mean size and
skewness parameters plays dominant role in dispersal
and distribution of sediments in NE and SW monsoon
respectively. LDF(Linear discriminate function) analysis
reveals that in NE monsoon season, sediments were
deposited by beach processes and aeolian activity where
as in SW monsoon season, only beach processes play
major role in deposition of sediments in shallow marine
condition.
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