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ARTICLE INFO ABSTRACT

Keywords: Continental transform margins are characterized by sub-vertical strike-slip faults and rapid change in thermal
Tectonics gradient across the margin from continental to oceanic crust. The continental crust terminates abruptly along
Sedimentation such sheared margins. Tectonic evolution associated with sedimentation in continental slope of the Palar-Pennar
ztz;ifpi}zogy transform margin is inadequately understood due to limited seismic data and/or poor imaging with few well
Pull-apart basin controls. Exploratory drilling attempts for hydrocarbon presence have resulted in some promising outcomes in
Chronostratigraphy the Palar-Pennar basin.

The Palar-Pennar graben in onland is bound by steep normal rift faults, which reactivated by strike-slip
movement during late syn-rift time as Antarctica separated along the NNW to ~ N-trending Coromandal
transform margin in the offshore part. The pre-existing Precambrian shear zones and lineaments in the basement
have played a governing role in the basin development. The onland drainage pattern is structurally controlled as
observed from its rectangular drainage pattern, tectonic index and sinuosity index. In offshore area of the basin,
seismic interpretation identifies distinct pull-apart rift basin along the Coromandal transform margin with syn-
rift deposits in the lower continental slope portion. Strike-slip movement uplifted the fault blocks in the southern
part of the pull-apart basin. This has also reactivated some of the rift faults in the syn-rift section. Such reac-
tivation results in early post-rift seal breach. This tectonic event has implication in the depositional sequences,
which has been portrayed by seismic stratigraphic analysis and construction of chronostratigraphic section across
the transform margin in this work. Thickening of post-rift deposition towards E -SE, major hiatus, large scale
mass transport complexes and erosional events have been identified from such analysis. On this basis, seven
distinct tectonic sequences, M1 to M5 in Mesozoic and T1 and T2 in Tertiary, have been identified. The chro-
nostratigraphic section can help in deciphering the relative sea level changes based on the nature of stratal
terminations, extent of erosion and non-deposition. This study emphasizes the tectonic-controlled drainage
system and geometry as well as sedimentation pattern in onland and offshore deepwater area of Palar — Pennar
basin alongside the Coromondal transform margin.

1. Introduction 2001; Antobreh et al., 2009; Nemcok et al., 2016). Seismic stratigraphic
study across such pull-apart basins adjacent to transform margin helps to
understand the stratigraphic architecture based upon the stratal

terminations.

Study of sheared continental margins/transform margins is of global
interest, for both academicians as well as petroleum geoscientists.

Transform margins generally have narrow shelf — slope system with
steep continental slope as a result of high-angle strike-slip faulting
associated with a thinned lithosphere (Basile et al., 1998; Nemcok et al.,
2016; Misra and Dasgupta, 2018a). Tectonic activities (thermal uplifts
and subsidence) along a transform margin is expected to impact the
offshore sedimentation pattern (Basile et al., 1993, 1998, 2012; Watts,
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The Palar-Pennar basin initiated during the Permo-Triassic rifting,
resembling the Pranhita-Godavari rift system, having a N to NNE basinal
trend situated in southern part of the peninsular India, north of the
Cauvery basin (Fig. 1A, Rangaraju et al., 1993; Sastri et al., 1973; Bastia
and Radhakrishna, 2012). Later, it formed a part of a peri-cratonic rift
system of the Indian peninsula as the Indian plate broke apart from the
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Fig. 1. (A) Tectonic map of Cauvery — Palar-Pennar region depicting the rift faults and the Coromondal transform margin that are overlaid on the physiographic map
of India. AA": seismo-geological (Fig. 2) and chronostratigraphic sections (Fig. 4) across the Palar offshore pull-apart basin. BB'": chronostratigraphic section (Fig. 12)
across the Cauvery offshore basin. Dashed yellow lines on the physiographic map of India: Precambrian basin/area boundaries. Inset map: location in the Indian east
coast (modified from Bastia et al., 2010; Nemcok et al., 2013a; Dasgupta, 2019). (B) Lineaments and Precambrian shear zones map of south Indian peninsular
comprising of Cauvery — Palar-Pennar region (compiled and modified from Burke and Sengor, 1989; Varadarajan and Ganju, 1989; Mahadevan, 1994; Dasgupta,
2000; Mahadevan, 2003; Gopalakrishnan, 2003; Ramakrishnan, 2003; Subrahmanyam et al., 2006; Ramasamy et al., 2011; Tripathy et al., 2019). Red box: onland
study area, MoSZ - Moyar Shear Zone, PCSZ -Palghat Cauvery Shear Zone. Also see Achyuthan and Thirunavukarasu (2009) for local maps. (C) Elevation profile map
of the onland study area between Nellore and Chennai overlaid with tectonic lineaments.(C1) Rose diagram showing the trend of the lineaments from the study area.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Antarctica during Early Cretaceous (Lal et al., 2009; Bastia et al., 2010).
The Palar basin, characterized by ~ NE-trending rift faults with
half-graben morphology, extends into the deep-water continental slope
area of the present day Bay of Bengal. On the other hand, the Pennar
graben, also known as Pulicat depression, is mostly restricted in the
onland to shallow water part (Vairavan, 1993; Rangaraju et al., 1993;
Mazumder et al., 2018).

In terms of hydrocarbon prospectivity, the Palar - Pennar basin has
been considered as Type II, Category I basin, i.e. 'poor potential high risk
basin’ (Bhoj, 2008; Biswas, 2012; Dwivedi, 2016; URL-2). In past decade
gas condensate discovery was made in post-rift Late Cretaceous clastic
reservoir in deep water area of southern Palar basin (URL 1,2). Hydro-
carbon shows were also recorded from synrift clastic reservoirs in
offshore grabens in the northern part of the basin (Saxena et al., 2012;
Dave et al., 2013). This clearly suggests that more studies are much
required in this basin to ascertain the hydrocarbon prospectivity and to
delineate the risk and uncertainties.

The Palar - Pennar basin evolved similar to that of the Cauvery basin
towards south and the Krishna-Godavari (K-G) basin in the north during
Mid-Late Jurassic to Early Cretaceous with NE to NNE-trending faults
(Sastri et al., 1973; Biswas et al., 1993; Bastia and Radhakrishna, 2012;
Nemcok et al., 2013a, b). However, subsequent to the rift stage the
major displacement shifted along the NNW cross faults orthogonal to the
Cauvery and the K-G rift system that extended into a dextral strike-slip
transform margin, along which Antarctica and subsequently the Elan
Bank micro-continental plate separated from the Indian plate ~120 Ma
(Veevers and Tewari, 1995; Borissova et al., 2003; Veevers, 2009;
Krishna et al., 2009; Nemcok et al., 2013a; Dasgupta, 2019). This
NNW-trending dextral strike-slip transfer zone, comprising of a
horse-tail structure, is known as the Coromondal transform margin,

which extends for ~200-300 km (Fig. 1A; Sinha et al., 2010; Nemcok
et al., 2013a, b; Misra and Dasgupta, 2018a; Dasgupta, 2019). These
tectonic movements during Mesozoic produced a pull-apart basin in
offshore deep water Palar - Pennar basin alongside the Coromondal
transform margin (Lal et al., 2009; Bastia et al., 2010; Nemcok et al.,
2013a; Misra and Dasgupta, 2018a; Dasgupta, 2018a), having a
maximum width of ~44 km (Nemcok et al., 2013a) at the central part.

During Permo-Triassic rifting, deposition of Lower Gondwana
Talchir-equivalent sediments occurred in both Palar and Pennar onland
grabens as inferred from field exposures and drilled well data (Rangar-
aju et al., 1993; Mazumder et al., 2013; Dasgupta, 2021). In the later
part during Late Jurassic to Early Cretaceous, uplift of the Nayudupeta
ridge separated both these basins (Fig. 1; Vairavan, 1993; Rangaraju
et al., 1993; Bastia and Radhakrishna, 2012). This uplift is characterized
by deposition of the Sriperumbudur Formation (Supplementary Table
1).

The entire study area (Fig. 1A and B) that includes both onshore and
offshore regions, witnessed different tectonic events from Proterozoic to
Tertiary (Vairavan, 1993; Nemcok et al., 2013a, b; Mazumder et al.,
2018) and is even neo-tectonically active (Resmi et al., 2016, 2019;
Susanth et al., 2021a, b). These events governed the paths and gradients
of various present day rivers and streams (Fig. 1B and C) in the onland
area. The tectonic intricacy is characterized by the developed water-
sheds over the area. Geologically, the deformation of the area initiated
during the convergence between the proto East Antarctica block and
proto Indian shield in Precambrian (Naqvi and Rogers, 1987; Mezger
and Cosca, 1999; Boger et al., 2000, 2001; Carson et al., 2000; Powell
and Pisarevsky, 2002; Tripathy and Saha, 2013; Mukherjee et al., 2019),
which generated the basement fabric of the basin. These Precambrian
basement structural fabrics further guided the subsequent rifting events
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Table 1

Details of applied linear and special scale methods for analysing tectonic signatures.
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Sl. No.

Indices

Relief Characterizes

Reference

1.

Relative Relief

Gradient Map
Aspect Map
Indices

Rp = Hg — Ly
Hg— Highest Relief

Lg — Lowest Relief

Extracted from DEM in Arc GIS10.3
Extracted from DEM in Arc GIS10.3
Drainage Analysis

Smith (1935)

NA
NA
Reference

Sl. No.

Drainage Density

Stream Order
Drainage Pattern

Indices

Dy = Lya (Extracted from DEM in
Arc GIS10.3.)

Lu - Total stream length, A-Total area
Hierarchic order.

Extracted from Drainage map and
plotted in Hillshade.
Morphometric Parameters

Horton (1945)

Strahler (1952); Rai et al. (2017)
Morisawa (1985)

Reference

4.

Normalize long profile

Concavity Index(©)

Stream Gradient Index (SL)

Hypsometric Integral (HI)

Transverse topographic symmetry factor (T)

Sinuosity Index (SI)

The linear functiony = ax+ b

The logarithmic function y =
alnx+b

Where, y is the elevation (H/Ho; H
= elevation of each point, Hy =
elevation of the source), x is the
length of the river (L/Lo; L =
distance of the point from the
source, Ly = total length of the
stream), a and b are the coefficients
derived independently from each
profile. The R2 value determines the
best fit. The curve with Highest R2
value is the best-fit curve.
(Extracted from SRTM 30 m DEM
and formulated using Arc GIS 10.4
and TNT mips 2014 platform)

1
s2-s10F
Where, S; is the channel slope prior
to disturbance, S, is the channel
slope after disturbance (e.g. due to a
change in incision rate E) and AE is
the difference between the incision
rate before and after disturbance.

L
InDy_In D,

Where, f = fall in elevation (es-e;)

In = Natural logarithm of the

cumulative distance

*Higher SL value indicated tectonic

control over stream.

Ceh =

(Hmean — Hmin)
‘(Hmax — Hmin)
Where, H mean = Mean elevation of
the basin, Hmin = Minimum
elevation of the basin, Hmax =
Maximum elevation of the basin.
HI value < 0.30 states tectonically
stable basin and > 0.30 indicated
tectonically unstable basin.

Da

T:D—d

Da = distance between the midline
of the drainage basin and the active
meander belt midline and Dd =

HI =

distance between the midline and
the basin divide.
If the river flows through the
midway of the basin, the resulting
(T) would be ‘0’ indicates
symmetric basin. If the value is > 0,
the river basin is asymmetric.
Channel Length

Valley length
Straight channel values < 1.05
Straight to Sinuous values between
>1.05 and <1.50
Meandering channel indicates

SI =

e.g. Lee and Tsai (2009); Kale et al. (2014); Paul and Biswas (2019)

e.g. Wobus et al. (2006); Whipple et al. (2007)

Hack (1957)

Strahler (1952); Schumm (1956); Andreani et al. (2014)

Sajadian et al. (2015); Takieh et al. (2015)

Brice (1964); Schumm and Khan (1972); Miall (1977); Biswas and Dhara, (2019)

(continued on next page)
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Table 1 (continued)
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Sl. No.  Indices

Relief Characterizes

Reference

7. Basin shape Index (By)

8.a Basin Perimeter,
8.b Basin Area,

>1.50 mouth.

Bi

B,

Where, B; _Length of the basin and
B,y = Width of the basin measured
at its widest part.

Greater the By value, more
tectonically active is the basin
representing its elongated shape.
Lower the Bg value, lesser the basin
is tectonically active representing
the circulatory shape.

B =

Computed by Arc GIS software
10.3.1 using SRTM data 30 m.

Bull and McFadden (1977); Ramirez-Herrera (1998)

NA

8.c Basin Length.

9. Elongation Ratio (Re) Re =2 /Lb* (A /7) 0.5

Where, Lb = Length of the river

basin

A = Area of the river basin
Circular (0.9-0.10), oval
(0.8-0.9), less elongated

(0.7-0.8), elongated (0.5-0.7),
and more elongated (<0.5).

e 0.9-1.0 Circular

0.8-0.9 Oval
0.7-0.8 Less elongated
<0.7 Elongated

Schumm (1956)

Pareta and Pareta (2011)
Rai et al. (2017)

during Permo - Triassic and Mesozoic and played a major role in
propagating rift faults and fragmenting continents (Krishna et al., 2009;
Bastia et al., 2010; Mazumder et al., 2013, 2018, 2019).

The objective of this study is to understand the structural evolution
and sedimentation pattern in the Palar-Pennar basin, specifically in the
offshore part along the strike-slip margin. The tectonic activities, ther-
mal uplifts and subsidence, along a transform margin presumably
impact the offshore sedimentation pattern (Basile et al., 1993, 1998,
2012; Watts, 2001; Antobreh et al., 2009; Nemcok et al., 2016). Seismic
stratigraphic study across such pull-apart basin adjacent to transform
margin, will thus explain the stratigraphic architecture based upon the
stratal terminations. The sediment input in the Palar — Pennar basin is
dominantly controlled by (proto) Palar and Penner rivers along with
their tributaries. It is quite obvious that the tectonic imprints should also
exist in the onland part of the basin and for this we also studied the
geomorphic constraints and drainage patterns in the onland area of the
basin.

The Pennar river is situated in the north whereas the Palar river is
towards south of the Palar-Pennar basin. All these rivers and streams
have their sources in the western Precambrian highlands and get drained
into the Bay of Bengal. A number of studies have been done in the Palar
river basin area, south of Chennai (Resmi et al., 2016, 2019; Resmi and
Achyuthan, 2018) related to neotectonic activities and drainage pat-
terns. However, geomorphic study in Pennar and adjacent river basin
areas is still inadequate. In the context of onland geomorphic study, we
have analysed channel/basin geometry based on drainage anomalies
and re-evaluate tectonic activeness, in the Nellore-Chennai intermediate
onland section (Fig. 1B and C) drained by the Pennar river and other
secondary streams.

2. Geological settings

There are only few literatures published on Palar-Pennar basin,
commonly on onland and shallow water part due to limited data
availability (e.g., Rangaraju et al., 1993; Rajanikanth et al., 2010; Bastia
and Radhakrishna, 2012; Twinkle et al., 2016; Mazumder et al., 2013,
2018). The Pennar graben trends ~ NNE and is bound by steep basin
margin faults in NW and S, while relatively gentler faults towards the

eastern margin. The maximum total sediment thickness is ~6 km with
major portion comprising of syn-rift sediments (Vairavan, 1993; Saxena
et al., 2012). The Pennar basin is mostly restricted in onland to some
part of shallow water area, whereas the Palar basin extends in offshore
with ~33,000 km? areas within 200 m bathymetry and exceeds to 95,
000 km? area in deep-waters. Beyond this the basin merges with the
abyssal plain of the Bay of Bengal (Rangaraju et al., 1993; Bastia and
Radhakrishna, 2012; Saxena et al., 2012; Twinkle et al., 2016). During
the Tertiary Period, the shelf-slope system was well established along
the east coast margin (Sinha et al., 2010; Bastia and Radhakrishna,
2012). The width of the shelf is narrow (~15-30 km) along the trans-
form margin (Faruque et al., 2014; Dar et al., 2015).

The stratigraphy of the onland Palar-Pennar basin (Supplementary
Table 1; Rangaraju et al.,, 1993; Vaidyanadhan and Ramakrishnan,
2008; Bastia and Radhakrishna, 2012; Saxena et al., 2012; Chakraborty
et al., 2012) is summarized below. The Ongul Formation is the oldest
lithologic unit deposited during Permo-Triassic Period in a fluvio-glacial
environment with restricted marine influence at the lower part. The
Jurassic — Early Cretaceous rifting which led to India — Antarctica sep-
aration, generated a pull-apart kind of sub-basins in this area — onland as
well as in offshore part. Coarser sandstone and siltstone with some
interbedded carbonaceous shale deposited in a fluvio-lacustrine envi-
ronment during this time (~150-130 Ma). This is known as Sriper-
ambudur Formation in Palar basin and as the Bapatla Sandstone in the
northern Pennar basin.

In 2014, an exploratory well was drilled near Chennai up to ~2400
m depth to estimate the hydrocarbon potential in the onland Palar basin
(URL-3; Basavaraju et al., 2016). No hydrocarbon was reported but the
well derived lithologic and biostratigraphic data indicating the presence
of thick Middle — Late Jurassic interval, which has been described as a
separate Formation. However, this has been doubted (Supplementary
Table 2; Basavaraju et al., 2016; Govindan, 2017). Towards the end of
rifting, Satyavedu Formation comprising of ferruginous sandstone,
interbedded with siltstone and carbonaceous shale deposited in the
Palar basin (Barremian to Aptian/Albian) in a transgrssive environment.
An equivalent unit in Pennar basin is known as the Pennar shale and the
Krishna Formation. During late post-rift drift phase, the Palar basin
(onland and shallow water area) suffered basinal uplift. This resulted in
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Fig. 2. Seismo-geologic cross-section across the Palar offshore pull-apart basin defining the tectono-stratigraphic markers and their thicknesses. The approximate
location of the cross-section is shown in Fig. 1as AA' line.M1, M2, M3, M4 and M5 are the first and the second order sequence boundaries/unconformity surfaces of
Mesozoic, while the T1 and T2 are the sequence boundaries/unconformity surfaces of Tertiary (modified from Dasgupta, 2018a; Misra and Dasgupta, 2018a). Detail

in Supplementary Fig. 1.

erosion with very less deposition of Late Cretaceous and Early Tertiary
sequence, comprising of claystone with thin bands of siltstone deposited
under marine environment. The equivalent unit deposited in Pennar
basin during late post-rift drift phase is known as Raghavpuram Shale
followed by Raghavpuram Sandstone in Late Cretaceous and Early
Tertiary Periods, respectively.

Thus the Tertiary section in onland and shallow water Palar — Pennar
basin is relatively very thin. Throughout Early to Mid-Eocene, a high-
stand environment prevailed along the shelf to the upper slope part in
major part of the east coast basins where carbonates deposited (Ran-
garaju et al., 1993; Bastia and Radhakrishna, 2012). In the deep-water
Palar basin, the Early to Mid-Eocene period consists of limestone,
which got eroded from the shelf to upper slope part (Bastia and Rad-
hakrishna, 2012). Repository presents other geologic and tectonic de-
tails of the Palar basin.

3. Techniques used

A flow chart (Supplementary Table 3) presents the approaches taken
in this work.

3.1. Onland drainage analysis

We study remote sensing data to understand the tectonic imprints/
lineament pattern and structural control over the drainage network.
Integrated morphometric techniques and geometric data analysis are
based on the 30 m CARTOSAT I DEM (2015).

3.1.1. DEM Approach

DEM data specifications are provided in the Appendix. Five distinct
watershed areas and drainage orientations have been delineated from
the extracted DEM data. Morphometric attributes viz., relief, slope and
aspect map are generated from each watershed. Two aspects of morpho-
tectonic analyses have been adopted: in linear and spatial scale
dimension. The D8 algorithm in the ArcGIS software has been followed
to identify the flow directions on the topographic surface regarding
streamline tracing from each pixel to its eight neighbouring pixels.
Based on steepest descent, the algorithm is framed considering the di-
rections from each pixel to its eight-neighbouring pixels. This algorithm
is necessary to track individual channels, river networks and basin
boundaries. This is based on two assumptions: (i) the use of discrete flow
angles, and (ii) each pixel has a single flow direction (based on Arc GIS
10.3).

Google Earth Pro has been used to compare the extracted drainage
lines. The watersheds have been delineated based on flow accumulation
in Arc GIS 10.3. The incorporated relief characteristics, drainage pa-
rameters, linear aspects as long profiles, and morphometric techniques
in terms of morpho-tectonic indicators signify the tectonic signatures.
Indices of active tectonics has been estimated from the five watersheds,
which provide reliable semi-quantitative assessments of the relative
degree of tectonic activeness (Bull and McFadden, 1977; Silva et al.,
2003; Mahmood and Gloaguen, 2012; Elias, 2015; Prakash et al., 2017;
Elias et al., 2019).

We calculated basin shape index (Bs), circularity ratio (Rc), Hypso-
metric integral (HI), Elongation ratio (Re), Transverse topographic
symmetry (T), and Form factor (Rf). The computed parameters are
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Fig. 3. Seismo-geologic cross-section across the Palar offshore pull-apart basin defining the first and the second order sequence boundaries/unconformity surfaces of
Mesozoic with the corresponding stratal terminations (onlaps, downlaps and truncations; modified from Dasgupta, 2018a). Refer to Supplementary Figs. 1 and 2
for details.

Chrono-stratigraphic section across Palar-Pennar deepwater basin
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Fig. 4. Chronostratigraphic section along the line AA’in Fig. 1A across the Palar deep water basin illustrating the depositional pattern of different stratigraphic units
with respect to tectonic changes. Note the ages are based on regional correlation and understandings from published literatures (Rangaraju et al., 1993; Gaina et al.,
2007; Veevers, 2009; Lal et al., 2009; Bastia et al., 2010; Bastia and Radhakrishna, 2012; Nemcok et al., 2013a).
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grouped into class-1 (high), class-2 (Moderate), and class-3 (low) as per
Mahmood and Gloaguen (2012); the computed classes of each index are
combined to yield the index of active tectonics (IAT). The calculated IAT
is classed into three group viz. low, moderate and high activity.
Computation of all aligned analysis has been adopted from Arc GIS 10.3
and Surfer 11 platform (detail in Table 1).

3.2. Stratigraphic architecture - offshore

Seismic stratigraphic analysis is a technique for stratigraphic inter-
pretation from seismic reflectors (Vail et al., 1977). Such study associ-
ated with sequence stratigraphic analysis helps to identify petroleum
system elements viz., reservoir facies, seal, and source pods (Vail, 1987;
Catuneanu, 2006). Major unconformities/discontinuity surfaces can be
identified considering the stratal terminations/seismic reflector rela-
tionship within a sequence to the corresponding sequence boundaries
(Vail et al., 1977; Vail, 1987; Posamentier and Walker R, 2006; Misra
and Mukherjee, 2018; Asl et al., 2019; Faghih et al., 2019). Seismic
sequence stratigraphic study in deepwater settings (continental slope
area) is more complex than the shallow water shelf part (Posamentier
and Walker R, 2006; Catuneanu et al., 2009). Thus, identification of
system tract in deep water settings is far more difficult and sometimes
impossible to achieve, due to: (i) facies change, (ii) impact of gravity
flows, (iii) change in sediment supply and dispersal pattern, and (iv)
local accommodation changes due to variation of underlying
topography.

3.2.1. Works done

As an exercise in sequence stratigraphy (Repository Section 3; Figs. 2
and 3), about seven major unconformity surfaces were identified based
on stratal terminations (onlap, downlap, erosional truncations). Meso-
zoic succession of around 1-2s TWT thickness composed of layer parallel
relatively continuous reflectors, controlled by underlying topography,
with occasional high amplitude packages (Fig. 2; Misra and Dasgupta,
2018a, Dasgupta, 2018a, b). The Tertiary sequence forms a wedge shape
with maximum thickness of around 2s TWT in the deeper part towards
east (Fig. 2; Misra and Dasgupta, 2018a; Dasgupta, 2018a, b). The whole
system consists of high amplitude continuous reflectors except for some
non-amplitude chaotic events indicating mass transport complex (MTC).

A chronostratigraphic section (Repository Section 4; Fig. 4) has been
prepared from the sequence stratigraphic framework understanding
along dip section across the transform margin setting. The onlap/
downlap limits were critically delineated within each sequence by flat-
tening the reflectors/events with respect to geological time scale. This
helped in defining certain features like extent of erosion and non-
deposition that were hitherto not understandable in the original
seismic data. Considering erosional truncations at major sequence
boundaries, erosional events at respective unconformity surfaces were
demarcated. The section was then used to visualize different deposi-
tional events with respect to basin scale uplift and subsidence across the
transform margin. The stratigraphic sequences are sub-divided into syn-
rift and post-rift intervals as identified and conceptualized from the
seismic stratigraphic study and constructed chronostratigraphic section.
The post-rift unit is further sub-divided into Mesozoic and Tertiary
post-rift intervals. As discussed in the introduction, Permo-Triassic pre-
rift sediments occur in the onland Palar-Pennar basin. The pre-rift
sequence likely to be present in some of the grabens in the offshore
part; however they are poorly imaged in seismic data and are specula-
tive, hence not taken up in the analysis.

3.2.2. Syn-rift sedimentary sequence

In a syn-rift depositional setting, a fluvio-lacustrine environment in
the initial to mid rift phase is expected, which successively changes to
shallow marine shoreface to deltaic deposition towards the late rift
phase (Ravnas and Steel, 1998; Bastia and Radhakrishna, 2012). In a
typical strike-slip transform margin, the rifted segments are governed by
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transtensional to transpressional movements. The transtensional motion
generates a pull-apart type of rifted basin. These basins are normally
characterized by rapid lateral facies change with respect to rapid sub-
sidence (Miall, 1997).

In deepwater Palar basin, the syn-rift architecture is governed by a
set of rotated fault blocks having varied extent of subsidence (Fig. 3).
The syn-rift sequence is equivalent to Sriperumbudur Formation of the
onland part (Rangaraju et al., 1993). The early syn-rift sediments are
probably part of prograding alluvial fans from steeper footwall scarp.
There can be also some occasional shales having organic rich materials
(Ravnds and Steel, 1998). Thicker shales deposit plausibly in the basin
centre in a lacustrine environment. Axial type braided systems are ex-
pected to be present along the low relief areas in the hangingwall slope.
The axial channel facies may switch laterally depending upon the nature
of subsidence and the extent of prograding transverse alluvial fan
complex (Ravnas and Steel, 1998).

Two major sub-horizontal unconformity surfaces are identified in the
syn-rift sequence (Figs. 3 and 4). The first one (M1) is between early and
mid - late syn-rift, likely to be at the junction of Late Jurassic to Early
Cretaceous. The age correlation, though not accurate, is based on the
regional understanding of the Palar — Pennar basin (Vairavan, 1993;
Basavaraju et al., 2016). This erosional unconformity delineates a major
change in tectonic regime from early syn-rift to mid-to late syn-rift
phase. The transition from granitic (granite gneiss) basement to early
syn-rift (and/or pre-rift in some grabens) deposits are indistinct in
seismic (Dasgupta, 2018a; Misra and Dasgupta, 2018a). Few volcanic
intrusive bodies or eroded basaltic breccias could be present close to the
faults as interpreted from the high amplitude reflectors. These volcanic
bodies could be related to either (i) volcanic sill intrusion in the up-dip
part of rotated fault block, or (ii) brecciated basalt, which intruded along
the faults that later got eroded and subsequently deposited in vicinity to
the fault zone. This could be a result of fast stretching during
India-Antarctica separation (Nemcok et al., 2013a, b; Nemcok et al.,
2016).

The mid to late syn-rift stage is governed by increase in subsidence
rate of the hangingwall portion along rift fault. A dominant lacustrine
environment is likely to prevail all along the basin (Ravnas and Steel,
1998). The deposits are primarily finer clastic i.e. organic-rich shale,
occasional fine grained sands and silts (Ravnas and Steel, 1998).
Syn-sedimentary growth in mid to late syn-rift section has been observed
in seismic section, indicating fault re-activation (Fig. 3). Towards the
end of syn-rift phase, during Hauterivian-Barremian time (~130-125
Ma), the basin uplifted, and subsequently erosion happened. The same
has been captured in the constructed chronostratigraphic section
(Fig. 4). This is possibly as a result of Antarctica having slid past towards
south along the strike-slip margin, thereby forming new oceanic crust
between the India-Elan Bank and Antarctica (Krishna et al., 2009; Bastia
et al., 2010).

The second unconformity surface (M2) marks the end of syn-rift
period and onset of early post-rift deposition. The M2 unconformity is
very distinct basin-wide, identified by erosional truncations below and
onlapping events above the surface (Figs. 3 and 4). This end of syn-rift
unconformity surface (M2) is very distinct in many deepwater seismic
sections (Dasgupta 2018a, b; Misra and Dasgupta, 2018a, b) and can also
be correlated with onland and shallow water sections (Vairavan, 1993).
Towards the end of rifting phase intermittent shallow marine influx
happened as the basin subsided.

3.2.3. Post-rift depositional system

The post-rift sequences have been divided into number of trans-
gressive events in the continental slope part of the basin. These trans-
gressive sequences have been interpreted from the seismic section based
upon the onlaps and stratal terminations (Figs. 2 and 3; Dasgupta,
2018a, b; Misra and Dasgupta, 2018a, b). They are easily identifiable in
chronostratigraphic section (Fig. 4). Note that the pull-apart basin is in
eastern side of the Coromondal transform margin of Palar basin. Hence it
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is in mid to lower continental slope area where actual marine regression
would not happen. Impact of the regressive phase taking place in shelf
and upper slope parts will be expected in the lower slope in terms of
coarser clastic fairways (Catuneanu, 2006; Catuneanu et al., 2009).
About four to five unconformity surfaces related to key tectonic events
have been identified based on stratal terminations. These surfaces are
M3, M4, M5, T1 andT2. Accordingly, the post-rift events are divided into
respective tectono-sequences i.e. M2-M3, M3-M4, and M4-M5 in
Cretaceous and M5-T1,T1 to recent (T2) in Tertiary (Fig. 4).

3.2.3.1. Mesozoic post-rift interval. The Early post rift sequence (M2-
M3) of ~Albian-Aptian age is controlled by marine transgressive events
onlapping onto uplifted synrift and basement fault blocks and basin
margin escarpment surface (Figs. 2-4). Above this onlapping sequence
there exists distinct down-lapping high amplitude units observed in
seismic data, having geomorphic characters of lobes and fan like ge-
ometry (Figs. 23.2 and 23.3 in Dasgupta, 2018a). These are interpreted
as slope fan bodies deposited possibly during post-rift Early Cretaceous
time - Mid to Late Albian (Figs. 3 and 4; Ravnas and Steel, 1998;
Zachariah et al., 2009; Nemcok et al., 2016). This indicates a regressive
environment prevailed in the shelf to upper slope area. Sub-aqueous
eroded sediments of shelf and upper slope area got deposited in the
mid to lower slope part. This event could be a direct consequence of Elan
bank sliding past the eastern margin of the Palar-Pennar basin possibly
alongside the transform margin immediately after its separation from

the Indian east coast.

The M2 — M3 sequence thins out thereby developing condensed
section/non-deposition over the uplifted fault block and on the escarp-
ment side (Figs. 2 and 4). This was followed by a subsequent tilting
towards E to SE, as observed from sequential onlapping events
(Figs. 2-4). It implies that basin subsidence in the eastern part could be a
consequence of the Elan Bank’s separation (Bastia et al., 2010). The M3
— M4 and the M4 — M5 sequences, equivalent to Late Cretaceous, are of
reduced thickness comprising of onlapping sequence in a transgressive
system. In seismic section these intervals consists of low amplitude
parallel to onlapping reflectors indicative of finer clastics (Nemcok et al.,
2016; Dasgupta, 2018a). The Madagascar separation towards the end of
Turonian (88-84 Ma; Storey et al., 1995; Reeves, 2013; Chand and
Subrahmanyam, 2013) isostatically uplifted the southwestern margin of
the Indian peninsula. As a consequence, the onland and offshore Cauv-
ery basin consists of thick Late Cretaceous coarser clastics (Rangaraju
et al., 1993; Chaudhuri et al., 2009; Nagendra and Reddy, 2017; Das-
gupta, 2019). However, this event had little impact in the offshore Palar
basin. Even in the onland/shallow water part of Palar basin, the Late
Cretaceous thickness is very less (Vairavan, 1993; Vaidyanadhan and
Ramakrishnan, 2008). The Cretaceous top unconformity surface (M5) is
very distinct in deepwater seismic sections (Nemcok et al., 2016; Misra
and Dasgupta, 2018a; Dasgupta, 2018b) and is marked by erosional
truncations at the bottom and onlaps on top of it. This is well evident
from the constructed chronostratigraphic section (Fig. 4).
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3.2.3.2. Tertiary sequences. The whole Tertiary system is divided
grossly into two units. The first one is the Early Tertiary sequence (M5-
T1). The second sequence, T1 — T2, is composed of largely Eocene -
Miocene to Recent deposits. During Paleocene, the basins along the east
coast margin of India encountered high sedimentation and subsidence
rates (Dasgupta, 2018b). Uplift of western part of the peninsular India
due to Deccan volcanism probably tilted the Indian plate due SE (Kai-
lasam, 1979; Subbarao et al., 1994, Subramanian, 1987; Widdowson,
1997; Collier et al., 2008; Veevers, 2012; Misra et al., 2014). This tilting
could be the reason of high sedimentation and subsidence rates in the
east coast basins during Tertiary. The sediment distribution of M5 -T1
sequence, in the Palar offshore deepwater basin along the transform
margin, is quite varied i.e. in many areas it is largely sediment starved
whereas in some parts there is rapid sedimentations and erosion as
observed from seismic data (Nemcok et al., 2016; Dasgupta, 2018a, b;
Misra and Dasgupta, 2018a). This can be understood from the con-
structed chronostratigraphic section (Fig. 4).

The later part of T1 -T2 sequence is dominated by backstepping
onlapping wedge-out sequence (Figs. 2 and 4). There are large-scale
erosional mass transport complexes (Figs. 2 and 4) in the Late Tertiary
sequence (T1 to T2), probably due to erosion at shelf edge-upper slope
area along the steep Coromondal transform margin. This might be a
consequence of hydraulic instability during rapid sea level rise (Condie,
1993; Nagendra and Reddy, 2017; Anomneze et al., 2020).

4. Results and discussions

The study area (Fig. 1A-C) of the Palar-Pennar basin, both the
offshore and the terrestrial parts, is tectonically significant in its spatial
entity. The pre-existing basement fractures and lineaments play a major
role in the basin tectonics, drainage and sediment deposition pattern
implying the role of structural inheritance in the basin. The onland
terrestrial part and the offshore area of the basin have been discussed in
two separate segments as provided below. There is no direct linkage
between the geomorphic/morpho-tectonic analyses of the onland
terrestrial part and the offshore depositional systems. However, the
reason to study the onland part is to understand the tectonic imprints —
as the tectonic events would have affected entire basin area to some
extent.

4.1. Onland Palar — Pennar basin

The terrestrial part of the upper Palar-Pennar basin is composed of
five distinct watersheds (Figs. 1C and 5A1) drained by Pennar river and
other secondary rivers. Watershed 1 is the lower part of Pennar river and
other streams originate from the western Cuddapah highlands, flowing
across the terrain following the lineaments and fractures and ends into
the Bay of Bengal. These lineaments are the major controlling factors in
configuring the drainage orientation, direction and density. The pre-
pared aspect slope map (Fig. 5A2) indicates the different direction of
slope that connects the channels, forming different drainage patterns.
Four kinds of linear drainage analyses have been performed as Strahler
stream order, drainage pattern, drainage density (km/km?), and long
profile.

The drainage density (Dd) maps of the individual basins determine
the concentration of drainage lines in km/km?. Morphologically, more
drainage lines join the main channel over the middle part of the wa-
tersheds; induced by tectonic anomalies such as lineaments and minor
fractures, which govern the flow pattern following the local gradient
(Supplementary Fig. 3A-F). The maximum values of drainage densities
are found from watersheds 2 and 5 (3.71 and 4.11, respectively) as they
cross both across and along the lineaments (detail in Repository Section
5).

Geomorphologic parameters have been successfully used as in-
dicators of tectonics (Prakash et al., 2017; Wolosiewicz, 2018). The
normalized long profile analysis with logarithmic curve fit and

10

Journal of Petroleum Science and Engineering 211 (2022) 110155

calculated R? values proves that the region is neo - tectonically active
(Bhatt, 2020; Biswas and Paul, 2020; Biswas et al., 2021). Several NE, ~
E and NW lineaments occur in the study area (Fig. 1C, rose diagram in
Fig. 1C1). The elevation and the slope maps (Fig. 6A and B) give overall
ideas of relief and amount of slope in different geomorphic units e.g.,
ridges, scarps, valleys, low coastal plain and littoral coastal section. The
classified five classes of slope of the study area vary from zero near the
shoreline to 86.6° in the elevated elongated section of Proterozoic
Cuddapah range. Lower slope angles denote lower ruggedness and high
erodibility that is accompanied by dissection mechanism of rivers. The
calculated R? values in the exponential curve of all the master streams of
the watersheds vary from 0.837 to 0.956 (Fig. 6C1-C5). R? shows a good
fit of the regression model amongst the parameters. R2values explain the
variance of the relationship with the best fit (Lee and Tsai, 2009)
(Fig. 6D). It significantly indicates that all the riverine sections are
tectonically active.

Amongst them, watershed areas 2 and 5 are strongly determined by a
number of tectonic anomalies that have experienced deformation during
different tectonic episodes from Precambrian (Venkatakrishnan and
Dotiwalla, 1987; Nagaraja Rao et al., 1987; Chetty and Bhaskar Rao,
2006; Mazumder and Eriksson, 2015), which in turn governed the later
tectonic activities. The value of concavity up to 0.7 for each master
stream denotes active tectonics, but alternative or stratified changes of
values along the channel indicate slope differentiation, which is asso-
ciated with tectonic episodes (details in Repository).

Amine et al. (2020) argued that channel diversion and alignment set
a variety of line arrangements, termed as drainage pattern, which are
closely associated with rock characteristics (vide Repository). In the
onland studied area, the drainage pattern varies from lineament guided
in the western upslope to dendritic in the downslope towards coast
(Supplementary Fig. 4A and B). The tree-like arrangements and random
orientation of channels form dendritic drainage patterns indicate a ho-
mogeneous basement. This pattern retains as an invariant structure that
is well identified in the lower part of watersheds 1, 2, entire 3 and part of
5. Here, the channels of watershed 1, 2, entire 3, and part of 5 acts as a
respondent to the tectonic perturbations (Castelltort et al., 2012). In the
upper catchment, towards west, a part of watershed 4 formed rectan-
gular drainage pattern where secondary drainage lines have joined at a
right angle following the basement lineaments (Supplementary Fig. 4B).
The logarithmic profiles with best-fit curve re-examine the tectonics, as
earlier, where the R? values are positive with ranges between 0.808 and
0.977 (Supplementary Fig. 4C). The assemblage of five normalized
watersheds clearly displays the concave pattern of each channel with
break of slope due to faults and fractures (Supplementary Fig. 4C).

The topographic distance with thalweg differences are the assem-
blage effect of different vertical erosion rate, rock resistance, and cli-
matic changes over time (Hack, 1957). Thus, channels have curved the
spurs and ridges sequentially where the stream length gradient and
sinuosity values have changed alternatively. These features act as an
indicator of lithologic impact on longitudinal profiles and examine
whether the rivers have attained their equilibrium or not.

Keller and Pinter (2002) referred to the stream length-gradient (SL)
index to assess the relative tectonic activity of an area. The SL values of
the five watersheds vary from 1.92 to 133.68 (Fig. 6C1 —C5). Compar-
ison and analysis of random alteration of SL values along the long profile
of each watershed distinctly relate to the tectonic activities. In general,
the higher values along the channel connote to the younger and recent
tectonic activities and inconsistent low values are associated with
pre-existing fractures where the channels flow along or across them
(Keller and Pinter, 2002).

The study reveals anomalies in the sinuosity index (SI), i.e. ratio of
channel length to valley width, and concavity from source to mouth of
the main channels within the respective watersheds. SI indicates the
channel incision or down cutting in either straight or sinuous manner.
Straight and sinuous flow pattern of channel regulate the channel flow
through any weak zones such as faults or fracture planes. Such pattern
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Table 2
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A: Calculated values of different Basin scale parameters of 5 considered watersheds with their classification. 2B: Ranking of calculated values for
the assessment of indicator of active tectonics (IAT) and classification of tectonic activeness amongst the watersheds.

Basin Form
shape Hypsometric Transverse Factor
Index Elongation Circularity Topographic
Watersheds (Bs) Ratio(Re) Ratio(Rc) Integral(HI) Symmetry(T) (Rf)
Watershed
1 1.04 0.76 0.215 0.24 0.41 0.46
Watershed
2 3.25 0.55 0.258 0.28 0.28 0.24
Watershed
3 1.38 0.74 0.185 0.22 0.36 0.43
Watershed
4 1.6 0.73 0.29 0.23 0.68 0.42
Watershed
5 3.53 0.52 0.15 0.3 0.54 0.21
Classification
Class 1 3.42-4.62 0.52-0.62 0.15-0.20 0.28-0.31 0.57-0.72 0.21-0.31
Class 2 2.21-3.41 0.63-0.73 0.21-0.26 0.24-0.27 0.41-0.56 0.32-0.42
Class 3 1.00-2.21 0.74-0.84 0.27-0.32 0.20-0.23 0.25-0.40 0.43-0.53
A
Ranking for IAT calculation
Basin Elongation Circularity Transverse Form
shape Ratio (Re) Ratio (Rc) Hypsometric Topographic Factor IAT
Index
Watersheds  (Bs) Integral (HI) Symmetry (T) (Rf)
Watershed 1 3 3 2 2 2 3 2.5
2 1 2 1 3 1 e
Watershed 3 3 3 1 3 3 3 2.67
Watershed 4 3 2 3 3 1 2 2.33
1 1 1 1 2 1
Tectonic
Classes Value activeness
Class 1 High
Class2 1.71-2.41 Moderate B
Class3 2.42-3.12 Low

has minimum capacity of lateral erosion, rather it is involved in rigorous
vertical cutting to form straight to sinuous pattern in an alteration mode
from source to mouth (Repository Section 5). It is remarkably related to
the concavity in response to gradient and erosion competency and
related to power law function (Lee and Tsai, 2009). However, alteration
of concavity values in watershed 1 and 2 along the channel determine
the erosion competency and capacity. The alternating SI values viz.,
straight to sinuous to again straight denotes tectonic disturbances
(Fig. 6C1-C5). Alternate elevation changes due to uplift enhance the
vertical incision rate. It is associated with the extent of erosion regu-
lating the concave or convex shape along the channel.

The other applied geomorphologic linear and special scale methods
for analysing tectonic signatures are: Basin shape index (Bs), Elongation
ratio (Re), Circularity ratio (Rc), Hypsometric integral (HI), Form factor
(Rf) and Transverse Topographic Symmetry Factor (T) (Fig. 7; Table 1
for definition, Table 2A for calculated values).

Morphologically, in general the elongated river basins are near-
parallel shaped to the topographic slope and become circular with
time. Thus tectonically active basins, e.g. watersheds 2 and 5, are more
elongate in shape, having higher basin shape index (Bs) value (Fig. 7A;
Table 2A). The tectonic activeness of a basin reduces in circular-shaped
basin temporally and continues evolving the topography in a systematic
order of erosion/depositional sequence. It occurs when the river widens

12

but the transverse width reduces. In contrast, lack of slope-breaks and
rapid uplift, restricts the down-cutting and thus widens the valley.
Cuong and Zuchiewicz (2001) classified the elongated basins more
accurately introducing three classifications as < 0.50 = tectonically
active, 0.50-0.75 = less active, and >0.75 = inactive. Both classifica-
tions by Cuong and Zuchiewicz (2001), Pareta and Pareta (2011), have
been applied. All the calculated elongation ratio (Re) values of the
considered watersheds are in the range of: 0.5-0.75, which portrays that
these watersheds are under relatively less active tectonics, exception can
be watershed 1 with Re value 0.76 indicating tectonically stable area
(Fig. 7B; Table 2A). The tectonic activeness is relatively higher in wa-
tersheds 2 and 5 (Table 2A).In comparison to elongation ratio, the cir-
culatory ratio (Rc) also relates to tectonic activeness. Similar to
watersheds 3 and 5, the Rc values are of 0.185 and 0.15, respectively
(Fig. 7C; Table 2A; Pareta and Pareta, 2011).

The low values of HI (0.20-0.23) in watersheds 3 and 4 indicate old
eroded landscape, which is in between mature and the old stage. The
tectonically active area is designated by relatively higher values of HI as
in watersheds 2 and 5 (0.28-0.31; Repository Section 5). Thus, in terms
of HI index, watersheds 3 and 4 are in more mature stable tectonic stage
than the erosive watersheds of 2 and 5 (Fig. 7D). Watershed 1 is
moderately erosive (Fig. 7D). The computed HI values denote that the
east-sloping steep ridges, in the western part of the study area, belongs
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to the most young topography (watersheds 2 and 5), comprising of
numerous discontinuities related to faults and lineaments. In watershed
5 ~NW trending major lineament is cut by ~ NE trending small parallel
lineaments. The arrangements of bi-directional lineaments induce
higher erodibility and incision of the channels leading to higher HI
values.

The transverse topographic symmetry factor (T) defines the ratio of:
(a) distance between the midline of the drainage basin (watershed) and
the active meander belt midline and (b) distance between the midline
and the basin divide (Fig. 7E, Table 1). As per the formulated classes of
transverse topographic symmetry factor, watershed 4 falls under class 1,
watersheds 1 and 5 under class 2, while watersheds 2 and 3 under class 3
(Fig. 7E). Form factor has been calculated for all 5 watersheds for
incorporating the indicator under IAT. The computed values from 0.21-
0.31under class 1 (watershed 2 and 5), from 0.32 to 0.42 as class 2
(watershed 4), and 0.43-0.53 belong to class 3 (watershed 1 and 3).

The calculated ‘T’ value is the reference of tilting of the basin. The
lower values indicate the symmetry or the minimum tilt of the basin
from the mid-line e.g., watersheds 2 and 3. The watersheds like 1, 4 and
5 render the asymmetric nature with moderate river oscillation and
tectonic tilt terrain (Table 2A).

To provide a better configuration (details in Repository Section 5)
and assessment of the tectonic status of the region (Ziyad, 2014), all the
selective indicators are assembled for assigning the index of active tec-
tonics (IAT) or the index of relative active tectonics (IRAT) (Mahmood
and Gloaguen, 2012). This is obtained by the averaging out the different
classes of geomorphic indices and then classifying them into three or
four classes. Identically, there are 3 classes based on the results of IAT
(Table 2B) where watersheds 2 and 5 denote high in tectonic activeness
(1.00-1.70), 4 is moderate(1.71-2.41), and 1 and 3 are under low range
(2.42-3.12) of tectonic activeness (Fig. 7F).

Most of the lineaments are parallel to the NW trending ridges of
Cuddapah basin (Fig. 8A). The drainage lines of the upper catchment of
watersheds 1, 3, 4 and 5 are specifically controlled by the aligned lin-
eaments (Fig. 8A-C, Repository Section 5).

From the morpho-tectonic indicators and by observing Google Earth
Pro images, five lakes and/or depressions were identified to be affected
by tectonic changes. In the western part of the study area, along the NW
trending ridges of Cuddapah basin dissected by ~ NW lineaments, there
are two ~ NNW elongated, sigmoid shaped, tectonically depressed lakes
sub-parallel to the extracted lineaments (Fig. 1B and C, 9A). The typical
sigmoid shape indicates a transtensional tectonic activity (e.g. Nabavi
et al., 2019), possibly occurring during Early Cretaceous. Thus the
pre-existing Precambrian structural fabric and lineaments governs the
topography of the lakes 1 and 2 (Fig. 9A -D).

The 3D display with Google Earth image and contour layout specifies
that the lakes 1 and 2 (Fig. 9B-D) developed on a low elevated zone and
expanded as a flat-water body where river lines merges with the lakes.
There is another evidence of ~N elongated depressed lake like feature
(no. 3, Fig. 9A), in the eastern margin at the coastal junction of water-
sheds 2 and 3 of the study area, that is not as prominent as lakes 1 and 2.
In comparison to these three lakes, the Pulicat Lake, (located between
Nellore and Chennai) is also elongated, and influenced by such tectonic
movements. Major part of the watershed 4 drains into the Pulicat lake. It
is morphologically defined as tombolo and highest length as 60 km in
comparison to the other three having 19.48, 22.5 and 13.69 km lengths,
respectively (Fig. 9E).

The selected fifth lake at the southern part of the onland Palar —
Pennar basin, immediately N of Palar river, also coincides with the
tectonic lineament of the area (Figs. 1B and 9F). It is an elongated
rhomboidal lake extended in NNE direction and the length/width ratio
is 1.5 (Fig. 9F). This lake is near the lower part of the Palar river basin,
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Palar river towards downstream.

which significantly carries information on tectonics through morpho-
metric analyses. Resmi et al. (2016, 2018, 2019) recognized the
tectonically uplift-induced drainage system of the Palar river basin and
also discussed the tectonic interference in the drainage morphometry.
Therefore, for better understanding, the terrestrial tectonic control on
channel geometry may be compared with the sea-bottom drainage
orientation (to correlate the geometric results related to tectonic con-
trol) in offshore area of Palar basin along the Coromandal transform
margin, which is quite similar to the Nellore-Chennai bay area, with the
application of channel geometry. The marine bathymetric study (Sus-
anth et al., 2021a) encompasses a number of parallel arrangements of
streamlines oriented ~ NW following the coastal curvature. The
geomorphic elements like foreword steep slope, two-step terraces,
straight channel, axial incision, gorge like valley cutting, stoss and lee
side’s slopes (1.6-4.8), aspect ratio (ratio between sediment wave height
and wave length), and asymmetry ratio acts as the indication of recent
tectonics in the basin (Susanth et al., 2021a). Thus evidence of
neo-tectonic activities and fracture guided drainage pattern are well
recognized from the onland study area of Pennar river basin. The evi-
dences are aligning to the offshore sea bottom geomorphic analysis of
Palar basin along the transform margin (Susanth et al., 2021a, b).

4.2. Offshore Palar — Pennar basin

A typical continent — ocean transform margin consists of few char-
acteristic features: (i) a substantially steep and narrow thinned conti-
nental crust at the transition zone from continental to the oceanic crust,
(ii) presence of a marginal ridge with raised pinnacle highs at the edge of
the continental crust, and (iii) a high geothermal gradient with one or
more thermal disturbances/pulses (Basile et al., 1993, 1998, 2012;
Antobreh et al., 2009; Nemcok et al., 2016). The thermal perturbations
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along with frictional heating along transform margin are also associated
with hydrothermal fluid flows (Nemcok et al., 2016). The Coromondal
transform margin in offshore Palar basin consist of such features
(Nemcok et al., 2013a, 2016; Dasgupta, 2018a; Misra and Dasgupta,
2018a) with narrower shelf and continental slope and having contrast-
ing bathymetry across the transform zone. This dextral strike-slip
margin is a part of fast extension continental margin setting and is
fairly comparable to the Cote D’Ivoire - Ghana transform margin, which
is a part of the west African continental margin with an intermediate
extension setting (Nemcok et al., 2013a, 2016). The Coromondal
transform margin is associated with near orthogonal rift zones, i.e. K-G
and Cauvery rifts, the two ends of a horse tail structure (Fig. 10 in
Nemcok et al., 2016). The lateral extent of the syn-rift in the offshore
Palar - Pennar pull-apart basin adjacent to the Coromondal transform
margin is much narrower than that across the Cauvery deep water rift
basin situated in the southern part of the horse tail of the transform
margin (Dasgupta, 2018a; Misra and Dasgupta, 2018b; Dasgupta and
Maitra, 2018). The thickness of syn-rift is more within the pull-apart
basin towards western side of marginal ridge, while the syn-rift unit
drastically dies out on the eastern side of the marginal ridge (Fig. 2,
Nemcok et al., 2016). This is well understood from the constructed
chronostratigraphic sections across the two basins (Figs. 4 and 10). The
Cauvery offshore basin is a typical marine rift basin having a faster rate
of extension, thereby having thicker synrift succession across all the
sub-basins with a gradual to incremental sea level rise (Fig. 10, Ran-
garaju et al., 1993; Chaudhuri et al., 2009; Nemcok et al., 2013a, b;
Dasgupta and Maitra, 2018; Maitra, 2018).

Across a transform margin, the difference in thickness between
continent and alongside oceanic crust in association with variation in
thermal regimes likely to have generated steep continental slopes along
the transform margin (Basile et al., 1998). The stratigraphic response is
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Chrono-stratigraphic section across Cauvery offshore deepwater basin
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Fig. 10. Chronostratigraphic section constructed across the Cauvery deep water basin along the line BB/in Fig. 1A illustrating the depositional pattern of different
stratigraphic units with respect to tectonic changes. Note the ages are based on regional correlation and understandings from published literatures (Rangaraju et al.,
1993; Gaina et al., 2007; Veevers, 2009; Lal et al., 2009; Bastia et al., 2010; Bastia and Radhakrishna, 2012; Nagendra and Reddy, 2017, Maitra, 2018).

governed plausibly by onlapping events as thermal bulges wane out,
thus the sediments deposited primarily in relatively narrow
depo-centres are surpassed by younger onlapping sequences (Figs. 2 and
3; Watts, 2001). The Palar deepwater pull-apart basin adjacent to
Coromandal transform margin also has similar characteristics (Figs. 2
and 4).

A chronostratigraphic section helps to construct a relative sea level
curve taking into consideration the basin set up and position (Wheeler,
1958; Rangaraju et al., 1993; Basile et al., 1998; Peters et al., 2005;
Trevino et al., 2005; Raju et al., 2005; Catuneanu et al., 2009; Pigott and
Radivojevi¢, 2010; Nagendra and Reddy, 2017; Amosu and Sun, 2017).
This approach has been adopted in the present study to construct a
relative sea level curve from the chronostratigraphic section across the
Palar - Pennar deep water pull-apart basin (Figs. 4 and 11). A pseudo
well has been marked in the chronostratigraphic section (Fig. 4) of the
pull-apart basin, situated in the western side of marginal ridge, along
which the relative sea level curve has been constructed based on the
understanding of stratal terminations (Fig. 11). It is worthwhile to un-
derstand the transform margin set up and its control on sediment
depositional pattern, especially both during pre and post break-up
(strike-slip movement) from the relative sea level curve (Fig. 11). The
initial extension during Late Jurassic to Early Cretaceous time, typical
syn-rift sedimentation happened in a grossly fluvio-lacustrine environ-
ment in the basin (Rangaraju et al., 1993; Raju et al., 2005; Nagendra
and Reddy, 2017; Raju. et al., 2017). Gradual sea level rise initiated
towards the end of syn-rift and subsequently there was a rapid rise in
early post-rift (Figs. 3 and 4; onlapping unit over the syn-rift top -M2
unconformity). Subsequent to break-up, during Early Cretaceous (M2 —
M3), prograding downlapping sequence has been identified in seismic
section and in the constructed chronostratigraphic section (Figs. 3 and 4;
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Dasgupta, 2018a). This infers a slower rate of sea level rise likely due to
strike-slip movement along the transform margin during that time. The
late post-rift sequences from Mesozoic to Tertiary are affected by basin
tilting and rapid subsidence. This resulted in sequential onlapping units,
erosions and mass transport complex deposits (Fig. 4, Subramanian,
1987; Bastia and Radhakrishna, 2012; Dasgupta, 2018a). Thus, there isa
continuous rise in sea level (Fig. 11).

With the onset of Monsoon as a result of the Himalayan orogeny
(Nath, 1959; Cochran, 1990; Einsele et al., 1996; Mukherjee et al., 2015;
Krishna et al., 2016; Clift, 2017), climatic controlled sedimentation
prevailed in the east coast basin. The Ganga-Brahmaputra delta or the
Bengal Fan started to prograde further south into lower part of Bay of
Bengal, since Miocene onwards, carrying huge sediment load eroded
from the Himalaya (Rao et al., 1997; Krishna et al., 2016). Accordingly,
along a dip section in offshore deepwater Palar—Pennar basin, sediments
thickens from Late Miocene to Recent gradually from continental slope
area to the deeper abyssal plain (Figs. 2 and 4; Bastia and Radhakrishna,
2012), thereby forming a wedge. Numerous water escape structures
related to polygonal faulting has been identified in this shale rich Ter-
tiary section likely due to coeval deformation (Cartwright et al., 2003;
Misra and Dasgupta, 2018a; Dasgupta and Misra, 2018; Dasgupta,
2018b). The shelf-slope instability results in submarine landslides and
mass transport complexes which continue to recent times (e.g. Susanth
et al., 2021b). Such rapid sedimentation at some places in the conti-
nental slope region have resulted in under-compaction and formation of
mud volcano in the northern part of Palar offshore basin (Fig. 1A;
Dasgupta, 2018b).

The India — Antarctic break-up along east coast of India has been
documented by various authors (Veevers and Tewari, 1995; Reeves and
Wit, 2000; Scotese, 2002, 2017; Kiessliing et al., 2003; Gaina et al.,
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* Not to scale

Fig. 12. Schematic Plate tectonic model (A, B & C) of greater India, Antarctica and Australian plate at different geological time (adapted from Reeves and Wit, 2000;
Scotese, 2002; Kiessliing et al., 2003; Gaina et al., 2007; Golonka, 2011; Veevers, 2012; Gibbons et al., 2013; Scotese, 2017). (A) Separation of greater India from
Antarctica and Australia during Early Cretaceous (~135 Ma). (B) Initiation of separation of Elan Bank micro-continent and formation of Kergulian hotspot activity
during ~120 Ma. (C) Further northward movement of greater India from Antarctica and Elan Bank micro-continent during ~99 Ma. IND - India, ANT - Antarctica,
AUS - Australia, EB - Elan Bank micro-continent, KP — Kergulian Plateau, Md — Madagascar, Sc - Seychelles micocontinent, Sri — Sri Lanka, PP — location of Palar —
Pennar basin, RJ — location of Rajmahal Traps. Red Arrows indicates the stretching direction; white star indicates the location of the hotspot activity. (D & E) Block
diagram of pull-apart basin alongside a transform margin. (D) Initial basin opening due to oblique extension during rift phase- India - Antarctica separation (Late
Jurassic to Early Cretaceous) creating pull-apart basins, (E) Dextral strike-slip movement along the transform margin at later stage related to separation of Antarctica
followed by Elan Bank micro — continent (~Aptian). The strike-slip movement reactivated the rift faults that uplifted the basin. Presence of marginal ridges observed
on the right (eastern) side of the basin. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2007; Golonka, 2011; Veevers, 2012; Gibbons et al., 2013). Our work on
Palar — Pennar basin of east-coast of India synthesizes the following
(Fig. 12). The India — Antarctic break-up along east coast of India is a
diachronous event, which initiated from Mahanadi — NE coast basin and
continued through K — G up to Cauvery basin. Overall, the Palar - Pennar
basin is affected by variation in stress regimes during its tectonic evo-
lution related to India — Antarctica break-up. (a) The basin was initially
under oblique extension during early rifting of India and Antarctica
thereby forming pull-apart basins in Late Jurassic to Early Cretaceous
Period (Ramana et al., 1994; Lal et al., 2009; Bastia et al., 2010). The
Sriperumbudur Formation (Vaidyanadhan and Ramakrishnan, 2008)
equivalent sediments deposited during this time in both onland and
offshore sub-basins. These pull-apart sub basins and half grabens are
asymmetric in nature (Vairavan, 1993; Nemcok et al., 2016; Dasgupta,
2018a; Misra and Dasgupta, 2018a). (b) This was followed by dextral
strike-slip movement in which displacement shifted along the NNW
cross faults during Barremian time. This strike-slip movement ultimately
resulted in separation of Antarctica and subsequently the Elan Bank
microcontinent along the transform margin (Bastia et al., 2010; Nemcok
et al., 2013a, b; Nemcok et al., 2016). This strike-slip movement is more
pronounced in the deepwater Palar basin. However its imprint is also
seen in the onland from the ~NNW elongated depressions/lakes (Fig. 9).
The sediment deposited during this time is equivalent to Satyavedu
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Formation (Vaidyanadhan and Ramakrishnan, 2008; Basavaraju et al.,
2016).

Fig. 12D and E presents a simple model to understand the two types
of extension which affected the Palar pull-apart basin i.e., initial oblique
extension during rifting phase (Late Jurassic to Barremian) followed by
dextral strike-slip (~Barremian to Early Albian), which re-activated
some of the rift faults. The Precambrian basement fabric, shear zones
and lineaments guided rift propagation and subsequent reactivation
(Bastia et al., 2010; Mazumder et al., 2013, 2018, 2019; Dasgupta,
2018a) in the Palar — Pennar basin. The pre-existing structures extended
the basin obliquely and rifted it asymmetrically (Withjack and Jamison,
1986; Bonini et al., 2016; Dasgupta and Mukherjee, 2017, 2019).

The transform margin has a narrow shelf — slope extent associated
with steep slope, thereby having short distance of transport for clastics
from the shoreface and shelf to lower continental slope area (Catuneanu,
2006; Nemcok et al., 2016). Due to the high steepness of the continental
slope along such margin, the sediment fairway will be governed by deep
canyon cuts and straight channels (e.g. Susanth et al., 2021a) guided by
the transcurrent faults. Thus, the coarser clastics deposited in the
lower-mid continental slope area will normally have slope-fan geometry
in the post rift sequence with a low textural maturity. The syn-rift sed-
iments of the pull-apart basin can possess good source kitchen as well as
clastic reservoir rocks. However, note that the early post rift sag
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basin/sequence is missing in case of such pull-apart basin alongside
transform margin due to the strike-slip movement post break-up, which
reactivated earlier faults and uplift of syn-rift unit (Nemcok et al., 2016;
Dasgupta, 2018a). Thus, the early post rift seal is prone to get breached.
Also, the hydrocarbon migration will get affected due to such tectonic
changes. A properly constructed chronostratigraphic section (Figs. 4 and
10) helps in understanding the sections having major hiatus (missing
sequences), erosion and thus probable areas of insufficient seal. Hence
the petroleum system elements in such offshore pull-apart basin adja-
cent to transform margin are very critical to understand and evaluate.

5. Conclusions

The entire Palar —Pennar basin evolved through different tectonic
episodes with rifting guided by structural inheritance. This has its sig-
natures both in onland terrestrial part as well as in offshore area. The key
conclusions are:

e The perceived understanding from geomorphic analysis from the
onland study area of Palar- Pennar basin are: (a) NW-trending line-
aments most dominant, and is somewhat similar to that of offshore,
(b) low sinuosity index indicating straight channels, (c) watersheds 2
and 5 are tectonically active, (d) pre-existing basement fractures
have controlled the drainage pattern and recent tectonic activities,
and (e) the morpho-tectonic signatures are in alignment to that of
offshore Palar basin along the transform margin.

The pull-apart basin, in the continental slope part in between the
steep basement escarpment towards west and the uplifted fault block
(marginal ridge) in the east, can have good source rock potential.
The ~ N to NNW elongated shape of the pull-apart basin in offshore
can be correlated with the ~NNW to NNE elongated lakes in the
onland part. This indicates that the transtensional strike-slip move-
ment had its impact both in continental slope as well as in the onland
areas.

e A properly constructed chronostratigraphic section is extremely
helpful in understanding the petroleum system in terms of reservoir
presence and seal potentiality. It also helps in creating a relative sea
level curve of the basin.

In terms of hydrocarbon prospectivity, the syn-rift and early post-
post rift sequence (M2 and M3) in the offshore garbens can be tar-
geted for further study. The coarser clastic fairways (lobes and slope
fans) in these sequences can be potential reservoirs. However, detail
fault modelling and seal analysis from seismic data need to be done
in the M2 and M3 units in order to understand the extent of fault
reactivation and thus the entrapment potentiality of the plays.
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Appendix

DEM data specification: Name of the Dataset:C1_ DEM_16
b_2005-2014_V3R1_73E24N_G43T, Theme: Terrain, Keywords:
Cartosat-1, DEM, Stereo data, India, ISRO, NRSC, Used Constraints: As
per NRSC Data Dissemination Policy, Purpose of creating data: Seamless
DEM from IRS data, Spheroid/Datum: GCS, WGS-1984, Name of the
Satellite: Cartosat-1, Sensor: PAN (2.5 m), Stereo Data.
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