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ABSTRACT

mail.com

The uppermost part of the Naga Hills ophiolite (NHO) sequence representing vestiges of the Neo-Tethyan ocean in the Indo-Myanmar ranges, consists of
Late Jurassic to Late Cretaceous cherts that carapace the ophiolitic volcanics. This contribution presents petrographic and whole rock geochemical studies
to comprehend their origin and paleo-depositional environment. The occurrences of abundant radiolarian microfossils in the studied cherts are observed.
Geochemical signatures of these cherts indicate that they are generated at rifted arc basin by pronounced hydrothermal activity along with terrigenous
material influx from active continental margin. Redox sensitive trace element proxies U/Th (0.12-0.74), Ni/Co (0.10-0.67) and V/(V+Ni) (0.22-0.47) record
oxic paleo-redox conditions of formation. The cherts of NHO are envisaged to have formed in a transitional tectonic environment associated with magmatism
and subsequent sedimentation in a rifted arc basin proximal to an active continental margin.

Keywords: Ophiolite, Radiolarian chert, Depositional environment, Paleo-redox conditions, Tethys Ocean.

INTRODUCTION

The north eastern extension of the Yarlung-Tsangpo suture
zone, located along the Indo-Myanmar ranges (IMR), hosts a
collage of dismembered ophiolitic suite and mélange of Neo-
Tethyan origin. This ophiolitic suite comprising plutonic to
volcanic lithologies of ultramafic-mafic composition, is
overlain by deep sea silicious pelagic sediments with
radiolarian fossils. The Naga Hills ophiolite (NHO), the
northern most extension of the IMR, hosts a dismembered suite
of ophiolitic rocks. Many workers have discussed different
tectonic settings for the formation of NHO from mineral
chemical and whole rock studies of one or more litho-units
belonging to this ophiolitic suite and associated metamorphic
complex. Early works suggest basalts to be originated in a back
arc basin environment, while some suggest within plate
tectonic regime for their origin (Sengupta et al., 1989; Rao et
al., 2010). Recent studies suggest dual affinities for the NHO
i.e. mid oceanic ridge and arc tectonic setting (Dey et al., 2018;
Hussain and Dey, 2022). Singh et al. (2016) and Khogenkumar
et al. (2021) suggest both non-subduction (viz. OIB and
MORB) and subduction origin. Studies based on the
metamorphic complex associated with the NHO, reveal that the
basalts were metamorphosed to blueschist and eclogite facies
in a subduction zone setting (Chatterjee and Ghose, 2010; Ao
and Bhowmik, 2014; Bhowmik et. al, 2022; Bhowmik and
Pradhan, 2024). Our previous works based on the spinel
chemistry and whole rock Os isotopic studies for mafic-
ultramafic plutonic assemblage of NHO, indicates the
evolution of the NHO to a supra-subduction zone tectonic
setting (Verencar et al., 2021; 2022; 2024a).

The chert beds are largely intercalated with the mafic volcanics
of the NHO and these have been least studied as compared to
their igneous counterparts in the ophiolitic sequence. The

68

geochemical studies of these siliceous rocks containing
radiolarians and sponge spicules, have become an important
tool to infer the paleogeography and the tectonic setting of their
depositional environment. Certain major oxides like TiOq,
Al2O3, Fe203 and MnO in addition to trace and rare earth
elements, have been effectively used to evaluate the process
involved in the genesis of cherts (Kato et al., 2002; Huang et
al., 2013; Garbéan et al,, 2017). A few studies including
paleontological studies by Agrawal (1985) and Baxter et al.
(2011); and geochemical studies by Thong et al. (2022) have
been carried out earlier on the cherts from NHO. Here, in this
study, we evaluate the geochemical signatures of the cherts
associated with ophiolitic volcanic rocks and further discuss
their depositional environment in terms of paleo-redox
conditions and constrain their tectonic affiliation based on the
geochemical characteristics.

REGIONAL GEOLOGY

The Late Mesozoic to Early Cenozoic evolution of the Tethyan
Ophiolite Belt is linked to the closure of the Tethyan Ocean and
collision of the Indian and Eurasian Plates. These two tectonic
events were marked by plate convergence, subduction of
oceanic lithosphere, ophiolite obduction, high pressure-low
temperature metamorphism and collision-accretion activities
that altogether gave rise to Alpine-Himalayan and Burmese-
Indonesian arc systems (Robertson, 2002; Acharyya, 2007;
Aldanmaz et al., 2008; Saha et al., 2018;2019). In India,
Cretaceous ophiolites have been recorded as parts of the
Alpine-Himalayan and Indo-Burman orogenic belts. The NHO
belt in the IMR represents a segment of Tethyan oceanic crust
and upper mantle that was involved in an eastward
convergence and collision of the Indian Plate with the Eurasian
Plate at the Myanmar continental margin during the Late
Cretaceous-Eocene (Ghose and Agarwal, 1989) (Figure la
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inset). The Naga Hills with in the Ziphu Formation is a ~200
km long, ~5-10 km wide, westerly convex linear belt striking
NE-SW (Table 1). It comprises of four major tectono-
stratigraphic units, namely the Naga Metamorphic complex,
the NHO suite, the Inner Fold belt and the belt of Schuppen
(Ghose et al., 1987) (Table 1, Figure 1la). The Naga
metamorphic complex, which is thrusted over the Upper
Cretaceous—Eocene turbidite and NHO, marks the easternmost
part of the belt. It is composed of the Saramati, Nimi, and Naga
metamorphic. The Naga Metamorphic complex is made up of
sheared granite, phyllite, limestone, marble, quartzo-
feldspathic schist, and gneiss with minor serpentine (Table 1).
The ophiolite belt of the Naga Hills, lies to the east of the
Saramati Formation. It is composed of carbonaceous phyllites,
quartz mica schist, and schistose quartzite. The clastic nature
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of the rocks, the graded bedding, and the cut-and-fill structures
point to its sedimentary nature. The Naga ophiolitic complex
strikes NNE-SSW for ~90 km and is tectonically sandwiched
between the flyshoidal sediments of the Disang Formation to
its western margin (Table 1) and overridden by the Nimi
Formation of the Naga Metamorphic complex at its eastern
margin (Kacker and Roy, 1980; Ghose et al., 2014) (Figure 1a).
The Disang Formation consists of a folded sequence of slate,
graphitic slate, phyllite, siltstone and fine-grained sandstone
(Agrawal and Ghose 1986; Vidyadharan et al. 1989). The Nimi
Formation, covering 18 x 12 km? area, is exposed at the eastern
fringe of Nagaland. Non-crystalline limestone, quartzite,
phyllite, carbonaceous phyllite, quartz sericite schist, and
schistose granite are the main litho units of the Nimi Formation
(Table 1).
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Figure 1. (a) Simplified geological and tectonic map of Nagaland and Manipur, India (modified after Geological Survey of India and
Ningthoujam et al., 2012) inset: Simplified tectonic map of eastern margin of India depicting Naga-Manipur, Chin Hills and Andaman
Ophiolitic complexes. (b) Geological map of Nagaland ophiolite with sample locations marked by star (modified after Agrawal and Ghose,

1986).
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Table 1. Stratigraphy of Naga Hills, India (Modified after Mathur and Evans, 1964; DGM, 1978; Ghose et al., 2010, 2014)

Age

Group

Formation with lithology

Oligocene

Barail

Jopi / Phokphur Formation
Tuffaceous shale, sandstone, greywacke, gritand conglomerate. Minor limestone and
carbonaceous matter

Upper
Cretaceous-
Eocene

Disang

Flysch: Shale passing into slate alternating with sandstone. Presence of mega

Upper cross-bed, load cast, slumping structure and olistoliths. Evaporites.

Lower Flysch: Dominantly shale passing intoslate and phyllite (turbidite)

Middle Jurassic
to Cretaceous

Ophiolite
complex

Ziphu Formation
Marine sediments (shale, phyllite, greywacke, iron-rich sediments, chert and limestone with

radiolaria and coccoliths),volcanics (basalt, spilite,volcaniclastics), metabasics greenschist,
glaucophane schist/glaucophane-bearing metachert, eclogite),layered cumulate sequence
(peridotite, pyroxenite, gabbroids, plagiogranite), and peridotite tectonite and serpentinite
associated with deposits of podiform chromite and nickeliferous magnetite, minor Cu-Mo

sulphides associated with late felsic intrusions and some dolerite dykes

----Fault Thrust----

Nimi Formation

Naga Metamorphic

Weakly metamorphosed limestone, phyllite, quartzite and quartz-sericite schist

Mesozoic (?)

Naga Metamorphics

complex

of ophiolite

Mica schist, granitoid gneiss and feldspathic metagreywacke with tectonic slices

Figure 2. (a) Field photograph of an outcrop showing the occurrence of pelagic sediments. (b) Photomicrographs showing the presences
of radiolarian microfossils in cherts from NHO.

FIELD GEOLOGICAL STUDIES

The NHO represents a thrusted assemblage dominated by
mantle and crustal ultramafic-mafic lithologies (peridotites,
dunites, pyroxenites, gabbros, olivine gabbros, norites, basalts)
with minor felsic variants (plagiogranites) and pelagic
sediments. The pelagic sediments include pelitic, calcareous
and iron-rich sediments, and cherts. The pelitic sediments are
represented by variegated shale, slate, phyllite and occasionally
metamorphosed to schist. The sedimentary rocks include
greywacke, arkose, subarkose and quartzite. The silica-rich
cryptocrystalline cherts are extensively preserved among the
marine sediments because of their resistance to weathering.
They show a variety of colours including light grey, bluish
grey, light green, dull to bright red and brown. They occur as
thin beds and lenses interlayered with mafic volcanics.
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In this study, fossiliferous red cherts occurring as beds and
lenses intercalated with basalts were collected from in and
around Waziho and Zipu area (Figure 1b and 2a). Previous
study reported the presence of microfossils in cherts
interlayered from the same areas. These include coccoliths,
viz., Zygolithus penticulus and Ahmullerella octoradiata, and
radiolarians, viz., Cenozphaera sp., Spongodiscus sp., etc.,
belonging to the Maastrichtian age (Agrawal, 1985); while
radiolarian cherts from the northern sector of the NHO yielded
a Late Jurassic age (Baxter et al., 2011) indicating
sedimentation in the early Neotethys.

ANALYTICAL TECHNIQUES

A few selected samples from the study area were subjected to
X-Ray diffraction analyses through XRD instrument Model:
AXS D8 Advances (Make: Bruker Ltd Germany) at the CFC
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(Common facility center)-SAIF (Sophisticated analytical
instrumentation  facility) Center; Shivaji ~ University,
Maharashtra. The slides were then analyzed in an X-ray
diffractometer using Cu-Ka radiation source, acceleration
voltage of 40 kV and tube current of 20 mA. The 20 ranged
from 5°-70°. The X-ray diffraction of the mineral were
identified through respective D spacing values and intensity.
The database used for mineral identification s
webmineral.com.

Further, the seventeen samples were powdered a using tungsten
carbide disc mill pulverizer at CSIR-National Institute of
Oceanography, Goa. The powders were then analyzed for its
major, trace and rare earth element concentrations along with
geochemical reference materials for quality control. The
concentration of major oxides was determined using X-ray
fluorescence spectroscopy (XRF; PAN analytica™ Axios m
AX4, microprocessor controlled, sequential XRF at CSIR-
National Geophysical Research Institute, Hyderabad. In order
to prepare the samples, ~ 2 gm of powdered samples were
sprinkled onto a collapsible aluminum cup having a diameter
of 4 cm initially filled with boric acid. Subsequently, these
samples were compressed by applying a pressure of 25 tons
using a hydraulic press (Hydraulic Press, Herzog, Germany).
The analytical protocol used to carry out the procedures of
pellet preparation was adopted from Krishna et al. (2007).
Certified reference materials (CRMs) JA-1 (Japanese andesite,
GSJ, Japan) and BHVO-1 (Hawaiian basalt, USGS, USA) were
used as unknown samples to check the precision and
reproducibility which were better than 5% RSD for all the
major elements. The Loss on Ignition (LOI) was measured by
taking 2 gm of sample in a quartz crucible and heating it in a
muffle furnace upto ~900° C for 1 hour. The samples were then
placed in a desiccator containing silica crystal. The reduction
in weight measured after ignition was considered to be the loss
of volatile content from the samples.

Trace elements, including rare earth elements (REE), were
analyzed using a high-resolution inductively coupled mass
spectrometer (HR-ICPMS). The preparation of the samples
involved closed acid digestion of accurately measured 50 mg
of each sample contained in Savillex® vials. This sample was
treated by addition of a 7 mL mixture of supra pure HF and
HNOs acids in 2:5 ratio into the Savillex® vials. The vials were
placed on a hotplate and were heated for 72 hours at 110°C.
After 72 hours, the caps were opened and the mixture was dried
down and further treated with 1 mL of 2% HNOs until clear
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solution was obtained. The clear solution was once more
evaporated and finally was diluted using 2% HNOz to prepare
50 mL stock solution for each sample along with procedural
acid blank. The stock solution was further diluted 20,000 times
for analyses in high resolution inductively coupled mass
spectrometer (HR-ICP-MS) (Nu Instruments™ Attom, UK) at
CSIR-National Institute of Oceanography, Goa. *Rh was used
as an internal standard. CRMs namely, JA-1 and JB-2
(Geological Survey of Japan, Japan) were used as unknown
quality standards to assess the accuracy and precision of the
obtained data. For most of the elements, the accuracy and
precision of the obtained data were within 10% RSD . (Please
see Appendix 1)

RESULTS
Petrography and mineralogy

Seventeen samples of cherts were collected in the field.
Representative samples were polished to prepare thin sections,
which were studied under reflected and transmitted light using
Nikon eclipse LV100 POL optical microscope at CSIR-
National Institute of Oceanography (NIO), Goa, India.
Petrographic studies of the cherts from NHO show the presence
of dominantly quartz, with recrystallized secondary quartz
veins along with minor amount of carbonate minerals. Uneven
spongy (or honeycombed) interior fabrics are frequently seen
in well-preserved silica mounds, with localized interconnecting
channels and veins. There were several vesicles or cavities
inside the mounds, but they were primarily blocked by
radiating micro-quartz and fibrous recrystallized silica.
Abundant microfossils of radiolarian tests are preserved within
the chert (Figure 2b). X-Ray diffraction (XRD) study confirm
the presence of silica as major constituent within the chert.
XRD studies for most of the samples reveal prominent peaks
of quartz (Figure. 3).

Whole rock geochemistry

The bulk chemical composition of NHO cherts is dominantly
characterized by high SiO2 content from 71.17 to 79.32 wt. %,
moderate Fe203® and CaO ranging from 4.47 to 5.98 wt. % and
6.9 to 7.14 wt. % respectively; restricted Al.Os and MgO
concentrations ranging from 2.47 to 4.33 wt. and 2.25 to 2.72
wt.% respectively. The total alkali content ranges from 2.08-
3.43 wt. %, MnO contents range from 0.30 to 0.90 wt. % and
TiO2 concentrations ranges from 0.12 to 0.27 wt. %. The Loss
on Ignition (LOI) ranges from 1.19 to 2.85 wt. %. The major
oxide analyses are provided in Table 2.



Anisha Verencar et al.,

J. Ind. Geophys. Union, 29(2) (2025), 68-80

L

MK 49

gtz

Intesity

qtz

— MK 52

qz

o——
0 0 20 30

;B..

50

WZ 45

60 70 B0 80 100

26 (degrees)

Figure 3. X-ray diffraction (XRD) patterns for the studied chert samples.

10

Sample/PAAS

0.1

—WZ42V ——WZ46 MKS2 ML131
—WZ43 ——MK49 ——MKS53 ML132
—WZ44 ——MKS50 ——MK54 ML133
—WZ45 ——MK51 MKS55 ML134
MK56
1 1

La Ce PrNdSmEu Gd Tb Dy Ho Er TmYb Lu

REE

Figure 4. PAAS normalized REE patterns for the collected chert samples from NHO. Normalizing factors are from Taylor and McLennan

(1985)

The studied cherts are marked by a wide variation and
relatively higher concentration of transition metals like Co and
Ni with Co ranging from 76.80 to 169.80 ppm (avg. 120.62
ppm; except ML134 Co: 1.25); and Ni spanning from 14.55 to
104.58 ppm (avg. 31.37ppm) as compared to Upper crust
(UCC; Co: 10 ppm, Ni: 20 ppm; Taylor and McLennan, 1995)
(Table 2). The average Cr concentration (15.61 ppm) is
however lower as compared to UCC composition (35 ppm;
Taylor and McLennan, 1995). The studied chert samples from
NHO have XREE (32.82-117.72 ppm), lower than both the
NASC (North American Shale Composite:172 ppm, and PAAS

72

(Post Archean Australian shale:183 ppm, Taylor and Mclenan,
1985) (Table 2). The PAAS normalized REE profile depicts a
convex upward pattern (Figure 4). This observation is further
substantiated in the PAAS normalized REE ratios of (La/Sm)n
ranging from 0.51 to 0.63 (avg.0.58), (Gd/Yb)n ranging from
1.21t0 1.62 (avg.1.40) and (La/Yb)~ ranging from 0.54 to 0.93
(avg. 0.66) (Table 2). The PAAS normalized REE patterns also
display a positive anomaly for Ce and negative anomalies for
Eu and Tb (Figure 4). The Ce/Ce* ranges from 0.59 to 1.98
(avg. 1.34) and Eu/Eu* ranges from 0.33 to 0.80 (avg. 0.50) for
the studied chert samples from NHO (Table 2)
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Table 2. Major oxides and trace elements of chert samples collected from NHO

Sample 1D Wz42V WZ43 WzZ44 WZ45 WZ-46 MK49 MK50 MK51 MK52

(wt.%)

SiO2 77.91 76.67 75.92 76.83 76.57 76.54 75.56 71.17 75.97
Al203 2.62 3.96 3.84 2.76 2.80 2.82 3.21 4.33 2.89
Fe2030 4.87 4.64 4.77 4.87 4.89 4.86 5.20 5.98 5.16
MnO 0.29 0.31 0.26 0.30 0.21 0.62 0.90 0.56 0.36
MgO 2.33 2.37 2.46 2.39 2.37 2.43 2.61 2.72 2.38
CaO 7.08 6.92 6.99 7.08 7.07 6.96 6.90 7.00 7.07
Na.O 1.78 1.66 1.77 1.82 1.87 1.55 1.41 1.74 1.78
K20 0.86 0.60 0.87 0.89 1.07 0.79 0.79 1.68 117
TiO2 0.16 0.13 0.16 0.17 0.17 0.14 0.15 0.27 0.18
P20s 0.01 0.02 0.01 0.02 0.02 0.01 0.05 0.02 0.01
LOI 1.49 1.37 151 1.69 1.55 1.61 221 2.85 1.66
Sum 99.4 98.7 98.6 98.8 98.6 98.3 99.0 98.3 98.6
Sample ID WZ42v ~ WZ43 WZz44 WZ45 WZ-46 MK49 MK50 MK51 MK52
(ppm)
Cr 12.25 9.58 12.60 13.43 13.13 11.10 16.36 18.98 12.36
Co 170 145 120 152 97.60 99.46 169.2 76.80 87.40
Ni 16.66 20.21 14.55 16.80 24.96 39.55 104.58 51.73 35.83
Rb 16.73 11.83 17.67 18.26 20.80 13.41 16.57 41.89 24.16
Sr 23.30 19.07 24.93 60.44 26.44 18.17 25.28 29.88 23.24
Cs 0.62 0.40 0.70 0.66 0.84 0.31 0.41 1.62 0.76
Ba 167.5 121.9 522.6 5680 310.4 56.25 63.58 121.13 82.57
Sc 4.48 3.00 3.62 4.00 5.04 3.07 4.10 8.17 4.83
\ 14.61 10.70 10.62 12.81 10.82 17.44 29.62 35.55 20.87
Ta 0.03 0.00 0.02 0.02 0.02 0.01 0.00 0.02 0.02
Nb 0.38 0.03 0.25 0.13 0.20 0.08 0.06 0.33 0.24
Zr 16.71 8.25 15.86 16.50 22.14 12.58 15.62 41.03 22.24
Hf 0.50 0.26 0.46 0.45 0.62 0.36 0.41 1.15 0.63
Th 1.79 0.88 1.81 1.74 2.64 1.03 1.24 3.03 1.59
u 0.82 0.68 0.29 0.30 0.33 0.37 0.35 0.44 0.26
Y 10.37 6.27 10.32 12.30 11.52 9.60 13.33 21.66 18.02
Li 15.42 16.06 16.80 17.49 19.03 11.09 16.65 9.77 11.18
La 8.19 5.00 7.42 8.33 7.61 8.20 14.88 14.18 12.27
Ce 31.35 22.00 26.11 27.94 28.99 24.38 68.09 45.53 26.18
Pr 2.09 1.35 191 2.13 2.14 2.24 4.15 3.83 2.99
Nd 8.71 5.66 7.92 8.75 9.07 9.35 16.94 16.48 12.94
Sm 1.95 1.26 1.75 1.99 2.11 2.15 3.59 391 2.94
Eu 0.45 0.26 0.41 0.79 0.47 0.45 0.77 0.89 0.65
Gd 1.98 1.28 1.90 2.14 2.14 2.10 3.15 4.16 3.13
Th 0.27 0.17 0.25 0.30 0.29 0.28 0.43 0.58 0.43
Dy 1.61 1.09 1.49 1.79 1.82 1.66 2.49 3.59 2.72
Ho 0.33 0.21 0.30 0.36 0.35 0.32 0.46 0.71 0.54
Er 0.91 0.60 0.85 1.00 1.04 0.87 1.27 1.96 1.57
Tm 0.13 0.08 0.12 0.14 0.15 0.12 0.17 0.28 0.23
Yb 0.86 0.57 0.78 0.94 0.97 0.77 117 1.79 1.44
Lu 0.13 0.08 0.12 0.14 0.15 0.11 0.16 0.27 0.21
>REE 124.1 85.7 1114 122.5 129.7 108.6 199.1 219.3 148.1
Cu 27.22 35.69 20.01 33.14 37.52 103.2 101.1 31.97 33.09
Zn 0.00 0.00 0.00 0.00 0.00 0.00 5.54 0.00 -
Ga 16.08 12.20 43.09 484.32 28.19 7.33 8.75 15.47 9.84

Table 2 (Contd....)
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Sample ID  MK53 MK54 MK55 MK56 ML131 ML132 ML133 ML134
(wt.%)
SiO; 75.59 77.46 76.93 75.50 76.46 77.56 78.41 79.32
AlO3 2.94 2.66 2.75 2.96 2.92 2.66 2.60 2.47
Fe 03" 5.23 4.97 4.67 4.95 5.78 5.01 4.47 4.81
MnO 0.36 0.27 0.03 0.05 0.25 0.30 0.58 0.49
MgO 2.38 2.33 2.45 2.58 2.32 2.30 2.38 2.25
CaO 6.96 6.99 7.04 7.08 7.12 7.14 6.92 6.96
Na20 1.67 1.70 2.11 2.24 1.90 2.06 1.71 1.71
K20 1.40 1.12 0.80 1.07 0.79 1.05 0.37 0.64
TiO2 0.19 0.16 0.15 0.18 0.15 0.17 0.12 0.15
P20s 0.03 0.02 0.03 0.03 0.01 0.03 0.02 0.03
LOI 1.79 1.76 1.51 2.04 1.19 1.42 1.35 1.69
Sum 98.5 99.4 98.5 98.7 98.9 99.7 98.9 100.5
Sample ID  MK53 MK54 MK55 MK56 ML131 ML132 ML133 ML134
(ppm)
Cr 12.52 12.86 35.93 48.83 13.06 14.56 7.32 0.51
Co 100 139 146 138 135 124 149 1.25
Ni 37.82 29.99 26.78 35.11 23.02 26.83 28.38 0.49
Rb 27.82 22.73 15.97 21.93 16.56 20.23 7.50 13.17
Sr 20.34 18.97 23.73 28.64 23.33 24.94 22.04 27.01
Cs 0.83 0.65 1.21 1.64 0.57 0.67 0.30 0.54
Ba 129 96.09 133.2 156.5 35.49 40.43 52.35 69.32
Sc 5.18 3.97 4.38 5.89 4.14 4.83 2.63 3.82
\Y; 25.01 19.28 22.65 28.39 14.99 16.00 8.76 0.20
Ta 0.02 0.01 -0.01 0.00 0.02 0.01 0.00 0.00
Nb 0.16 0.17 0.03 0.08 0.26 0.20 0.05 0.11
zr 22.22 14.75 13.82 22.89 13.59 19.57 8.92 14.71
Hf 0.64 0.40 0.43 0.64 0.36 0.54 0.25 0.43
Th 1.76 1.17 0.84 1.21 1.17 1.60 0.58 1.07
u 0.29 0.22 0.62 0.45 0.20 0.23 0.90 0.79
Y 16.08 15.22 11.82 15.25 12.65 13.66 6.96 11.77
Li 9.74 8.87 9.20 10.53 9.92 9.85 31.98 21.32
La 10.57 8.57 6.79 8.86 7.37 8.88 6.03 8.12
Ce 26.04 18.86 9.58 11.78 19.29 23.47 12.76 21.09
Pr 2.66 2.29 1.80 2.35 1.86 2.26 1.53 2.22
Nd 11.22 10.17 7.55 10.04 7.95 9.65 6.34 9.71
Sm 2.55 2.46 1.72 2.45 1.84 2.27 1.43 2.18
Eu 0.59 0.56 0.41 0.54 0.44 0.50 0.33 0.51
Gd 2.76 2.60 1.90 2.56 2.03 2.31 1.45 2.33
Th 0.39 0.36 0.26 0.34 0.29 0.33 0.19 0.33
Dy 2.43 2.35 1.62 2.23 1.83 1.96 1.18 1.97
Ho 0.49 0.46 0.32 0.43 0.36 0.40 0.22 0.38
Er 1.39 1.31 0.92 1.24 1.07 1.19 0.65 1.05
Tm 0.19 0.17 0.12 0.17 0.15 0.17 0.09 0.15
Yb 1.24 1.11 0.83 1.05 1.00 1.06 0.60 0.92
Lu 0.18 0.17 0.11 0.16 0.15 0.16 0.09 0.14
YREE 143.8 115.5 97.73 129.51 102.9 121.1 93.9 105.3
Cu 26.19 23.87 38.69 40.08 81.18 88.77 31.19 0.01
Zn - - - - - - - 0.50
Ga 13.80 10.10 13.41 16.41 5.20 6.10 6.14 7.63
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DISCUSSION
Depositional environments
Input from major elements

The primary source for silica is either terrigenous, biogenic i.e.
from the siliceous tests and spicules of radiolarians and
sponges or chemically precipitated from hydrothermal
solutions (Adachi et al., 1986). Fe20z is relatively enriched in
sediments near mid-oceanic ridges and accordingly, has been
employed as an indicator of hydrothermal activities. The low
TiO2/Al203 values ranging from 0.03 to 0.06 (avg.0.06) and
higher Fe.0s/Al2O3 ranging from 1.17 to 1.98 (avg. 1.70), in
conjunction with low Cr concentration (avg. 15.61 ppm) in
comparison to PAAS (Cr: 110 ppm), negates detrital origin of
these cherts and lowers the potential of its source from
continental margin environments (Thong et al., 2022). Majority
of the samples also exhibit high MnO/TiO: values (>1, avg.
2.28) indicative of metalliferous input (Adachi et al., 1986).
The studies of Bostrom and Peterson (1969) suggested that the
proportion of Al/(Al+Fe+Mn) in marine sediments, serves as
an indicator of the hydrothermal influence on sediment
composition. In this study, the Al/(Al+Fe+Mn) ratio ranges
from 0.26 to 0.38 (avg. 0.30), which is comparably
intermediate between the values of hydrothermal cherts (0.01)
and biogenic hemiplegic cherts (0.60) from East Pacific rise.
However, in the Al-Fe-Mn ternary diagram, the samples of
NHO cherts plot within the hydrothermal field (Figure 5a). The
Al203/(Al203+Fe203) ratio for most of the studied cherts, varies
from 0.34-0.46, which is lower than those of cherts from
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pelagic basins (<0.4) and continental margins (0.5-0.9) but
almost in the range of cherts proximal to mid oceanic ridge
(0.4-0.7).

Input from trace elements

In terms of trace elements, U and Th are considered noteworthy
elements in distinguishing the hydrothermal and non-
hydrothermal origin of sediments (Owen et al., 1999). Normal
seawater is generally considered to be enriched in Th,
contrastingly hydrothermal water is enriched in U. Therefore,
in a non-hydrothermal environment the value of U/Th is less
than 1. The U/Th ratio of NHO cherts is less than 1 (0.12-0.78,
expect sample ML133 U/Th: 1.57), which is indicative of a
normal biogenic sediment with little hydrothermal influence.
The PAAS normalized REE patterns however reflect positive
Ce anomaly and relatively enriched HREEs which are akin to
hydrothermal cherts (Murray, 1994) (Figure 4). Apart from
this, The Y/Ho ratio noted for the studied chert samples from
NHO to be slightly fractionated ranging from 29.17 to 37.30
similar to chondritic values (28.75; Sun and McDonough,
1989) rather than supra chondritic values resulting from higher
residence time of Y as compared to Ho in seawater (Girty et
al., 1996; Nozaki et al.,1997) common to hydrothermal waters.
The abundance of radiolarian tests seen in petrographic thin
sections (Figure. 2b) likely suggests the origin of these cherts
to be biogenic as well hydrothermal in origin, which are akin
to hydrothermal cherts as observed in previous studies of
Adachi et al., (1986).
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Figure 5. (a) Ternary plots of Al-Fe-Mn exhibiting hydrothermal source for the NHO chert (after Bostrom and Peterson, 1969; Yamamoto,
1983; Adachi et al., 1986). Plots showing (b) Al203/(100-SiO2) vs. Fe203/(100-SiO2) after Murray, (1994), (c) 100*(Al203/SiO2) vs.
100*(Fe203/Si02) after Murray (1994), and (d) (La/Ce)n vs. Al203/(Al203+Si02) after Girty et al. (1996) and Murray (1994)tectonic

discrimination for the studied cherts.
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The REE chemistry is an important indicator to delineate the
connection between distinct components in marine system due
to their higher susceptibility during post-burial diagenesis
(Murray et al., 1990). The REE content in cherts is influenced
by terrigenous input, metalliferous materials in hydrothermal
fluids from mid-ocean ridges, and the rate of REE absorption.
The total REE concentration (XREE) trend increases from
minimum values of around 10.9 ppm in a mid-oceanic ridge
environment to up to 400-500 ppm © passing away from the
ridge in an ocean basin setting, with values being highly
scattered, but declining for a continental margin setting (4-110
x 10°% ; Murray et al., 1990). The studied chert samples from
NHO have XIREE (32.82-117.72 ppm) lower than PAAS.
Studies of Murray et al. (1990) and Murray (1994) are
suggestive that cherts formed in close vicinity of ocean ridge
environment have Lan/Cen ratio greater than 3.5 while a ratio
of approximately 1 is indicative of proximity to continental
margins. Cherts from the NHO have a positive correlation with
Al203 and TiO2 and the Lan/Cen and Ce/Ce* ratios have a
negative correlation, indicating that REE is primarily
determined by the influence of terrigenous source. The Ce
anomalies are extremely low at the mid-oceanic ridge
(Ce/Ce*~0.29), slightly higher in ocean basins (Ce/Ce*~0.55)
and increases at continental margins (Ce/Ce*~0.90 to 1.30).
The Ce/Ce* is greater than 1 for majority of the studied samples
underpinning the influence of the terrigenous source. Rb and
Th in the cherts are mainly sourced from continental
provenances and are difficult to dissolve in sea water. The
positive correlation of Rb, and Th contents with TiOz, reflects
the influx of terrigenous sources. Additionally the diagram
showing (La/Ce)n vs Al20s/(AL20s+Fe203) indicate they were
deposited in pelagic to ocean island environment (Murray,
1994; Girty et al., 1996) (Figure 5d).

The U/Th, Ni/Co and V/(V+Ni) record paleo-redox conditions
in the environment of deposition. The U/Th values of <0.75,
0.75-1.25 and >1.25 represent oxic, dysoxix and anoxic redox
conditions respectively (Kilig et al., 2018). The Ni/Co value of
<5 are suggestive of oxic depositional states, 5< Ni/Co< 7
values represent dysoxic states and >7 are suggestive of anoxic
depositional states (Jonnes and Manning, 1994). In the case of
VIV(V+Ni), oxic, dysoxic and anoxic environments are
characterized by values ranging <0.46, 0.40-0.60 and 0.54-
0.82 respectively (Hatch and Levanthal, 1992). The studied
cherts from NHO are corroborating oxic paleo-redox
environments as collectively reflected from the values of U/Th
ranging from 0.12-0.74 (except for 2 samples); Ni/Co ranging
from 0.10-0.67 and V/V(V+Ni) ranging from 0.22-0.47.
Additionally, Deng et al. (2017) stated that exceptionally low
U are indicative of an oxic deposition. The studied cherts have
very low U concentrations 0.20-0.90 ppm which is in
accordance with this study.
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Geodynamic setting

Field observations and geochemical attributes ubiquitously
contribute to comprehend the geodynamic conditions that
facilitated the deposition of NHO cherts. These cherts with
radiolarian assemblage are oceanic sediments overlying the
ultramafic-mafic sequence of NHO and are found interlayered
with the ophiolitic basalts. This indicates that the deposition of
these cherts post-dated the formation of NHO ultramafic-mafic
crust-mantle assemblage and is contemporaneous with basalt
volcanism. Thong et al. (2022) suggested that the cherts were
deposited in an open ocean basin distal from ridge axes,
followed by non-hydrothermal sedimentation under oxic
conditions. Micropaleontological and geochemical studies
infer that the red cherts of NHO were formed in Upper Jurassic
in an active continental margin settings (Ayyamperumal et al.,
2021; Aitchison et al., 2019; Baxter et al., 2011). Verencar et
al. (2022; 2024a,b) envisaged a SSZ setting marked by
subduction initiation, fore-arc extension, subsequent mantle
wedge metasomatism and melting for the generation of the
ultramafic mafic plutonic lithologies comprising the crust and
restitic mantle section of NHO. Previous workers have deduced
diverse tectonic environments for the formation of the volcanic
sequence of NHO. The basalts of NHO have been classified as
Low Ti and High Ti basalts by Sengupta et al. (1989) and Rao
et al. (2010). The low Ti rocks were attributed to have
overlapping geochemical signatures of MORB and island arc,
where as, high Ti basalts have been associated with ocean
island volcanism. The distinct hydrothermal and terrigenous
signatures for the NHO cherts, as reflected by their
geochemical features, conspicuously invoke an expansive
depositional realm between a ridge proximal set up and active
continental margin aligning with the duality in signature
observed for most basalts of the NHO. The geochemical
characteristics of the cherts from NHO, clearly indicate spatial
variability in their formation from near mid-oceanic ridge to
close to continents. Al20s, TiO2, XREE, Ce/Ce*, (La/Ce)nand
other geochemical proxies along with the radiolarian
assemblages altogether, suggest a hydrothermally controlled
deposition near the mid oceanic ridge with the influence of
terrigenous input. Further, the presence of silica cements in
voids and channels were not a consequence of silica
replenishment; rather, they were a byproduct of interactions
between sea water and hydrothermal fluids that caused the
silica-rich fluid to rapidly cool. The growth of this silica is
influenced by fluid pH levels (Heaney, 1993; Wang et al.,
2012). This is preferred in acidic siliceous solutions that cool
quickly because silica polymer cross-branching is widely
suppressed (Hopkinson et al., 1999; Wang et al., 2012). Recent
studies by Imtisunep et al. (2022) suggests a duality in
geochemical characters of basalts i.e. N-MORB and E-MORB
(enriched-MORB) character. It has been indicated that in
general, underlying pillow lavas are showing depleted N-
MORB type characters with almost flat LREE patterns
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although some amount of E-MORB with enriched REE
patterns and depleted HFSE concentrations are also reported
from the studied area.

The MORB, IAT and OIB signatures for the basalts associated

with the cherts, could be inferred to be linked with waning
stage of subduction involving (i) metasomatism and partial
melting of mantle wedge generating arc basalts and (ii) arc-
rifting in response to slab-pull and subduction retreat thereby
stimulating  MORB and OIB melt generation though
decompression melting of upwelling asthenosphere. Normal
faults generated during arc rifting serve as pathways for
extensive hydrothermal activity further aided by magma
upwelling providing the heat source for seawater circulation.
The hydrothermal components for NHO cherts are thus
interpreted to be sourced from arc-rifting during subduction
termination and ocean basin closure, while the terrigenous
input could be derived from the continental margin. Thus, the
NHO cherts were deposited in a rifted arc basin, generated by
pronounced hydrothermal activity and terrigenous contributed
from active continental margin. The major oxide of the studied
chert samples are also indicative of a ridge proximal source
(Figure 5b, c).

Ocean basins associated with diverse tectonic realms including
abyssal ocean basin, back-arc basin, island arc, continental rift
basin are envisaged as favorable environments for deposition
of cherts. This distinct tectonic affiliation is imprinted on the
lithological features and geochemical attributes of the
deposited cherts. Major and trace element geochemistry of
Middle Jurassic radiolarian cherts, associated with Dajiweng
ophiolite of SW Tibet, conform to a transitional environment
between an ocean basin and active continental margin (Cui et
al., 2021). Likewise, the geochemical features of ophiolitic
cherts from Qinling orogenic belt suggest their deposition in an
extensional ocean basin closely associated with an active
continental margin (Zhang et al., 2004). REE signatures of
Avrenig cherts from Ballantrae ophiolite, southern Scotland,
propound their formation in a rifted arc basin close to an active
continental margin. (Armstrong et al,1999).

The Tethyan ophiolites viz. Pindos ophiolite (Greece),
Kizildag ophiolites (Turkey), Troodos ophiolites (Cyprus) and
Semail ophiolites (Oman), hosts Fe-Cu ore deposits,
metalliferous sedimentary rocks, red and Mn-rich cherts
evidencing hydrothermal activity (Gills and Banerjee, 2000).
Though the studies of Thong et al. (2022) support that the silica
of these Late Jurassic-Early Cretaceous NHO cherts are, pre-
dominantly biogenic and are derived from radiolarians and
other siliceous microfossils in an open ocean basin, distal from
oceanic ridge axes, however; few samples also show identical
ocean island characteristics and minor signatures of influence
of hydrothermal solutions. The bio stratigraphic correlations
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indicate a wide geological time from Neo-Tethyan basin
opening to nearing closure i.e. Late Jurassic to Late Cretaceous
(Agrawal, 1985; Baxter et al., 2011). The bimodal contribution
of terrigenous and hydrothermal components towards the
deposition of NHO cherts corroborates a rifted arc basin, in
close association with active continental margin set up. This
transitional tectonic regime complies with magmatism and
subsequent sedimentation in a rifted arc basin proximal to an
active continental margin tectonically concomitant to slab
tearing and subduction termination, ocean basin closure and
consequent accretion-collisional processes.

CONCLUSION

This study demonstrates the origin and depositional
environment of cherts from NHO in terms of its geochemical
characteristics. Following main conclusions are drawn from
this study:
0)

Geochemical data suggest a hydrothermal origin for the
studied cherts along with input from the terrigenous
source.

(i)

Occurrence of radiolarian tests are indicative of presence
of biogenic silica.

(iii)

The paleo-redox conditions demonstrated by U/Th,
V/(V+Ni), Ni/Co values for the studied chert samples,
corroborate an oxic environment for their deposition.

(iv)

This study infers a transitional tectonic realm associated
with magmatism and subsequent sedimentation in a rifted
arc basin proximal to an active continental margin.
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Appendix 1. Trace and REE analyses of Certified Reference Material

Sample JB2 JAl
Observe_d RSD Reported Observe_d RSD Reported

(ppm) values (n=3) values values (n=3) values
Cr 27.0 0.35 26.7 5.38 16.9 7.50
Co 36.9 0.78 37.6 10.7 1.93 115
Ni 14.7 1.15 14.8 3.16 9.06 2.20
Rb 5.94 0.28 6.40 9.54 1.67 11.0
Sr 179 1.16 178 254 2.17 259
Cs 0.70 1.48 0.80 0.56 1.22 0.63
Ba 218 0.52 218 305 1.38 304
Sc 53.6 1.04 54.1 26.5 0.48 27.9
\ 574 9.86 572 83.5 2.47 106
Ta 0.03 6.40 0.04 0.09 0.73 0.10
Nb 0.46 4.44 0.57 1.21 1.23 1.33
Zr 47.2 2.28 48.3 83.3 0.53 83.7
Hf 1.48 1.12 1.49 2.58 0.43 2.51
Th 0.23 4.62 0.26 0.73 2.39 0.76
U 0.14 2.88 0.15 0.32 2.53 0.34
Y 22.4 2.03 23.6 26.9 0.31 28.0
Li 8.08 2.34 8.08 10.5 0.81 10.4
La 2.10 1.92 2.28 4.63 1.57 4.88
Ce 5.85 0.94 6.55 121 0.86 13.2
Pr 1.03 2.79 1.13 1.89 1.02 2.08
Nd 5.83 1.73 6.39 9.98 0.73 10.7
Sm 2.15 1.88 2.27 3.25 0.17 3.40
Eu 0.77 1.67 0.84 1.00 1.18 111
Gd 3.04 1.97 3.12 3.96 0.89 4.15
Tb 0.51 1.58 0.59 0.63 1.06 0.73
Dy 3.57 0.36 3.87 4.29 1.97 4.75
Ho 0.77 2.27 0.86 0.90 2.19 1.03
Er 2.34 2.24 2.54 2.68 1.52 2.96
Tm 0.35 3.28 0.39 0.39 0.42 0.45
Yb 2.33 2.02 2.53 2.65 1.54 2.95
Lu 0.36 4.02 0.39 0.41 1.27 0.45
Cu 212 1.00 222 42.60 2.47 42.5
Pb 7876 231 5.25 8296 2.99 5.86
Zn 94.3 2.50 110 65.58 8.27 88.3
Ga 30.5 1.33 16.6 36.43 2.38 16.7

Reported values from Jochum et al. (2016)
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ABSTRACT

The Indian Ocean interacts intricately with the atmosphere, and its features, such as sea surface temperature and salinity. The Indian Ocean can influence
the monsoon's onset, intensity, and duration. This study examines the fluctuation of the salinity in the Indian Ocean throughout the onset phase over the
Indian Peninsula, with a focus on the Kerala coast. The study makes use of daily averaged reanalysis data from 1992 to 2017 from the Ocean Reanalysis
System 5 (ORAS) of the European Centre for Medium-Range Weather Forecasts (ECMWF). Considerable variations in salinity have been seen in the Indian
Ocean prior to the onset of the monsoon. Higher salinity levels are found in the top subsurface layers of the western Indian Ocean, namely the Arabian Sea,
whereas lower salinity concentrations are found in the equivalent layers of the eastern Indian Ocean, which include the Bay of Bengal. The salinity gradient
between the Arabian Sea and Bay of Bengal decreases with depth due to the inflow of freshwater into Bay of Bengal through river discharge. The peak
salinity is localized in a specific region, adjacent to the Somalia and Kenya coastlines, within depths ranging from 20 to 80 meters from March to the first
week of May. Subsequently, this region of heightened salinity, extends to depths ranging from 50 to 90 meters. During the pre-monsoon months of the early
onset year, intense evaporation leads to immense moisture in the atmosphere. Conversely, moisture is low during normal onset and late onset years, with
wind-driven moisture transport towards the Kerala coast.

Keywords: Indian Ocean, Summer Monsoon, Sea Surface Temperature, Salinity, Kerala Coast

INTRODUCTION the summer monsoon seasons based on 50-year data collected
over India from 1957 to 2006. There are some impact of
Madden Julian Oscillation on onset of Indian Summer
Monsoon studied by Bhatla et al. (2017). The annual
fluctuation of sea surface salinity anomalies moves earlier than
that of sea surface temperature anomalies in similar places
because of changes in wind stress and freshwater flow (Yuan
et al., 2018). Some studies have also been carried out by
modelling to simulate the onset of monsoon over India (Bhatla
etel., 2015, 2016b, 2019). Fasullo and Webster (2003) utilized
vertically integrated moisture transport, while Taniguchi et al.
(2010) observed a strong link between rapid wind speed
increases and the sudden start of the rainy season. Wang et al.
(2009) suggested a straightforward definition based solely on
the 850 hPa wind field. The factors affecting salinity changes
with depth in the Indian Ocean during monsoon season, are
complex and vary across different oceanic regions (Skliris et
al., 2014). To create an extended time series of Indian Summer
Monsoon onset dates, using a consistent and objective method,
researchers have investigated defining the onset through
algorithms using pre-satellite era variables such as
precipitation, moisture transport, and wind (Ordofiez et al.,
2016).

The Indian Summer Monsoon is a crucial meteorological
phenomenon that profoundly shapes India's climate and
agricultural productivity (Gadgil and Rupa Kumar, 2006). It
describes the precipitation that falls across the Indian
subcontinent as a result of the seasonal reversal of winds, which
usually occurs from June to September (Goswami et al., 1999;
Krishnan et al., 2013). According to the Indian meteorological
calendar, the onset of the Indian Summer Monsoon over
southern India, also known as Monsoon Onset over Kerala,
signifies the beginning of the rainy season (Ananthakrishnan
and Soman, 1988). The onset of the Indian monsoon is
accompanied by significant transformations in atmospheric
circulation patterns. This dramatic shift includes major changes
in wind patterns, pressure systems, and overall atmospheric
flow across the region (Ananthakrishnan et al., 1983). The
Southwest Monsoon Current, which flows generally eastward
in the northern Indian Ocean throughout the summer, circles
around Sri Lanka and enters the Bay of Bengal after traveling
eastward south of India (Vinayachandran et al., 1999). The
onset dates of the monsoon over Kerala, show a strong positive
correlation with how often the zonal index at 500 hPa level
occurs in the region between 160°E-45°W and 35°N-70°S

(Bhatla and Chattopadhyay, 2003). Small changes in the Our study focuses on analyzing the year-to-year changes in

commencement date, can have a significant impact on salinity throughout various depths of the Indian Ocean,
particularly sensitive areas even if the monsoon season's total exploring both the patterns and underlying reasons for these
average rainfall is normal (Raju et al., 2007). Bhatla et al. variations. We also examined how these salinity changes
(2016a) examined changes in surface meteorological fields and influence the timing of the monsoon's arrival in India.
approximated surface heat fluxes associated with the onset of Understanding these salinity fluctuations prior to the monsoon
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season is crucial, as it provides valuable insights for scientists
and policymakers in their decision-making processes related to
water usage and resource management strategies.

DATA AND METHODOLOGY

The Monsoon Onset over Kerala dates, were obtained from
Roman-Stork et al. (2020). Years 2000, 2001 and 2003 (1%
June, 26" May, and 13" June respectively) have been selected
for this study due to large departure from normal onset within
four years. Our salinity analysis relies on data from the
Estimating the Circulation and Climate of the Ocean (ECCO)
project, specifically Version 4 Release 4 (V4r4). This dataset
provides daily mean ocean salinity estimates interpolated to a
regular 0.5-degree grid. The ECCO project reconstructs three-
dimensional, time-varying Ocean, sea-ice, and surface
atmospheric conditions. Initial and boundary conditions are
derived from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ORASS Interim reanalysis. This data is
provided daily (every 24 hours) with a 1° x 1°
latitude/longitude horizontal grid and 50 vertical levels. We've
used the daily salinity data to calculate monthly salinity
averages at various depth levels (5, 25, 55, and 75 meters).

Raju et al. (2005) have categorized onset in India into three
parts (early onset, normal onset, and late onset). This study
examines the spatial patterns of monthly salinity changes
across the Indian Ocean, encompassing the area from 30°E to
110°E and 30°S to 25°N. Within this broad region, we find
large variation in salinity near Somalia's coast and its adjoining
eastern part of the Indian Ocean. The southwest monsoonal
wind cross this broad region before entering in India. There are
some issues in analyzing this due to the broad region, therefore,
we divided this broader region into two sub-regions R1 (40°E-
60°E, 9°S-9°N) and R2 (60°E-80°E, 9°S-9°N), and focus on
these smaller sub-regions, each measuring 20° by 18°. For
these two sub-regions, we conducted a more detailed analysis
of daily salinity variations from the surface down to 400 meters
depth, below 400 meters depth salinity variation was found
similar in every years. We designated Early onset years, Late
onset years and Normal onset years are those when onset falls
within £2 days of its mean date (June 1st) (Table 1).

RESULTS AND DISCUSSION

The spatial distribution of salinity at different depths in the
Indian Ocean during March, April and May (MAM) of three
different years (2001, 2000 and 2003) is depicted in ( Figuresl)
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and 2) for the pre-onset, onset and post-onset of monsoon over
India. The distribution of salinity for 5 and 25 meters depths,
shows a very distinct pattern with minimum salinity in the
northern Bay of Bengal, while maximum salinity in the north
Arabian Sea and southern Tropical Indian Ocean. Salinity
decreased gradually southward from the head of the Arabian
Sea. In contrast, from the head of the Bay of Bengal, it
increased gradually towards the equator. While having the
same latitude band, Arabian Sea and Bay of Bengal, show
contrasting salinity characteristics on opposite features due
addition of fresh water in the Bay of Bengal (Rao and
Shivakumar, 2003; Rao, 2015). During MAM in 2001, salter
water was observed near the northern coast of Somalia which
becomes less salter towards the south. A large area of high
salinity (35.6 PSU) has been observed near the east of Kenya,
elongated in an east-west direction which gently decreased
towards east at the uppermost sub surface (Figure 1a). At 25
meters depth during MAM, more or less same distribution of
salinity has been observed as 5 meters depth, the salinity
decreased more gradually toward the east at 25 meters depth as
compared to 5 meters depth (Figure 1d).

Near the Kerala coast, high salinity was observed during MAM
in 2001 at 55 meters depth, which decreases rapidly towards
south while moderately decreasing westward (Figure 2a). At
the lower subsurface (75 m), high salinity is observed near the
Kerala coast during MAM 2001. Contrast between Arabian Sea
and Bay of Bengal become lessen and also salter water has been
observed near Indonesia as compared to the upper subsurface
(Figure 2d). During MAM 2000 at 5 meters depth, small area
of high salinity (35.6 PSU) elongated in east-west direction,
has been observed east of Kenya coast and east of north
Somalia coast. Low salinity has been observed near the Kerala
coast (Figure 1b). At 25 meters depth during MAM 2000 more
or less same distribution of salinity has been observed as 5
meters depth with smaller area of high salinity over east of
Kenya coast. (Figure 2b) shows high salinity near the Kerala
coast which decreased gradually southward and salter water
has transported towards Indonesia at 55 meters depth during
MAM 2000. Salinity near Kerala coast has been increased at
the lower sub surface (75 meters), which has gradually
decreased towards south west direction while rapidly towards
southward, and the amount of salt water in Bay of Bengal and
near Indonesia has been increased (Figure 2e).

Table 1. Categorization of onset years of summer monsoon over India.

Category Years

Early onset

1994,1999,2001,2004,2006,2007 and 2009

Normal onset

1993,1998,2000,2008,2010,2011 and 2013

Late onset

1992,1995,1996,1997,2002,2003,2004,2005,2012,2014,2015 and 2016
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a) Salinity at 5 meters depth during early pnset year
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d) Salinity at 25 meters depth during early onset year
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Figure 1. The salinity distribution in Indian Ocean during pre-monsoon season (2001, 2000 and 2003) at 5 and 25 meters depth levels.
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Figure 2. The salinity distribution in Indian Ocean during pre-monsoon season (2001, 2000 and 2003) at 55 and 75 meters depth levels.

During MAM 2003, high salinity (35.5 PSU) has been
observed near the northeast coast of Somalia and east of Kenya
coast which has elongated in E-W direction below the equator.
Near the Kerala coast, low salinity (34.5 PSU) has been
observed (Figure 1c). At 25 meters depth, distribution of
salinity has been observed almost same as 5 meters depth with
eastward transported of salt water.
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Near Somalia and Kenya coast, high salinity has been observed
which has decreased gently southward and eastward towards
Indonesia at 55 meters depth (Figure 2c). The salinity near the
Kerala coast and Indonesia has increased at 75 meters depth
during MAM 2003 and the contrast between Arabian Sea and
BoB has been decreased (Figure 2f).
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Figure 3. The distribution of salinity with depth in two different sub regions, R1 and R2, during March, April and May (2001, 2000

and 2003).

Figure 3 shows the distribution of salinity with depth in two
sub regions R1 (Figure 3 a-c) and R2 (Figure 3 d-f) during
MAM in 2000, 2001, and 2003, salinity varies rapidly with
depth while gently with time. A high salinity (35.5 PSU) has
been observed between 20 to 80 meters depth from the
beginning of March to mid-April due to immense evaporation
after that salinity diminished gradually till May at the same
depth in R1. In the beginning of March high salinity was
observed in the uppermost sub-surface, which decreased gently
till the last week of May. Below 100 meters depth, salinity
lessens gradually (Figure 3a). In 2000, during MAM, high
salinity was observed in the upper sub-surface (up to 100
meters depth) and after that decreased rapidly with depth
(Figure 3b). During MAM 2003, high salinity (35.425 PSU)
was observed from 50 to 80 meter depth till mid-April due to
low evaporation, further lessen gently with time and in the
upper sub surfaces, salinity has decreased continuously from
the beginning of March to the end of May (Figure 3c).

During MAM 2001 in R2, low salinity has been observed
within the upper sub surfaces throughout the period with a
gently increase in the last week of May while the high salinity
(35.375 PSU) has been observed throughout March and April
between 70 to 90 meter depth after that moderately increased
from mid-May to end between 50 to 90 meter depth, and below
90 meter depth, salinity decreased with depth (Figure 3d).
Distribution of salinity with depth during MAM 2000 in R2
(Figure 3e) has been observed more or less same as 2001 for
same period with slightly lessen amount (35.350 PSU). Low

84

salinity has been observed within upper sub surfaces of R2
during MAM and below 50 meter depth, salinity increased with
depth and high salinity (35.300 PSU) has been observed
between 70 to 100 meter depth in last week of May below that,
salinity decreased gently with depth (Figure 3f).

CONCLUSIONS

The current research effectively illustrates the substantial
modifications observed in salinity during pre-monsoon season
in western Indian Ocean and eastern Indian Ocean. The highest
salinity has been observed in the upper sub-surfaces of the top
of the western Indian Ocean (Arabian Sea). In contrast, the
lowest salinity has been observed in the upper sub-surfaces of
the top of the eastern Indian Ocean (Bay of Bengal) due to the
addition of fresh water in Bay of Bengal by river discharge
(Rao and Shivakumar, 2003; Rao, 2015) and the contrast in
salinity between Arabian Sea and Bay of Bengal decreased
with depth. In the early onset year, the highest salinity was
observed in R1 (near Somalia and Kenya coast) between 20 to
80 meter depth level due to a high degree of evaporation during
March and mid-April, while during May, salinity decreased
gradually and sifted eastward due to wind stress. During
normal-onset (late onset), average (below average) salinity
between 50 to 80 meter (60 to 80m) has been observed in R1
due to less evaporation and is sifted eastward also. In R2, the
highest salinity has been observed between 70 to 90 meters in
depth from the beginning of March to the first week of May,
and then after, the region of highest salinity has been increased
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to 50 to 90 meter depth. Intense evaporation during pre-
monsoon season causes large amount of moisture in the
atmosphere and large amount of moisture may lead the early
onset over India, while in normal onset and late onset years,
moisture in the atmosphere was low and wind stress
transported the moist air toward the Kerala coast.
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ABSTRACT

The Earth prepares itself before an earthquake and during this time, several precursory signs have been seen across the ocean, land, and atmosphere.
Earthquakes inflict significant harm to both human lives and property. Therefore, monitoring and understanding the strange behaviour of various geophysical
parameters as precursors, have become extremely important. The Outgoing Longwave Radiations (OLR), emitted by the surface during the recent ten high-
magnitude (M >6.0) earthquake (EQs) events, have been examined in the present work using the Data on OLR from the NCEP website. To analyse the OLR
as precursory signatures of earthquakes, the climatological analysis for the seismic precursor identification (CAPRI) methodology was carried out. An
apparent change in the OLR during 2 months before the earthquake events was observed. The maximum and minimum anomalies in OLR before all ten
events were analysed. The maximum and minimum anomalous increase in OLR varied from 1.16 to 1.25 and 0.71 to 1.11 times greater during the earthquake
years compared to historical time series respectively, during all the ten EQ events. The study indicates a strange shift in Outgoing Longwave Radiation
during periods, influenced by the seismic activity. The extent of anomalies in OLR during earthquake events is maximum over the ocean than on the land.
This is because the accumulation of water vapour traps the outgoing radiation, causing an elevation in temperature over the epicentre and Earthquake
Preparation Zone (EPZ)

Keywords: - Earthquake precursor, Outgoing Longwave Radiation (OLR) anomaly, Earthquake Preparation Zone (EPZ), High magnitude earthquakes,
Epicentre. India and Indonesia

INTRODUCTION thermally associated satellite observations to identify
anomalous indicators connected to earthquakes, which include
infrared/microwave brightness temperature (Jing et al., 2018),
surface temperature (Tronin et al., 2002), air temperature
(Weiyu et al., 2018), OLR (Ouzounov et al., 2007), and Surface
Latent Heat Flux (SLHF) (Bardhan et al., 2022; Sharma et al.,

Earthquakes are highly destructive natural disasters that occur
without warning, making prediction crucial for impact
mitigation. Despite efforts, precise prediction remains
challenging due to the complexity of seismic events. The
various ground, atmospheric, and ionospheric precursors have
been studied over the past few decades, offering insights into ~ 2024)- In the epicentral zones and along the faults, these
potential early warning signs. These precursors range from anomalous thermal signals were observed for two months
ground deformation (Pulinets and Boyarchuk, 2004), before significant earthquakes (Pulinets et al., 2006).
mechanical deformation (Niu, 2008), gas emissions (Pulinets et
al., 2003), electromagnetic precursors (Uyeda et al., 2009),
changes in ionospheric parameters (Liu et al., 2004), and
thermal anomaly (Pulinets et al., 2006; Zhang et al., 2013;
Bardhan et al., 2022; Ghosh et al., 2024; Sharma et al., 2024;
Qasim et al., 2024).

A key parameter used to describe Earth's radiation environment
is the measurement of Outgoing Longwave Radiation (OLR)
(Liebmann and Smith, 1996). The Earth's surface absorbs solar
energy in the form of shortwave (SW) radiation. Due to the
surface's low thermal conductivity, the absorbed heat doesn't
penetrate deeply. Instead, it is mostly re-emitted at night as long

This work examines thermal precursors, which are temperature ~ Wavelength radiation (LWR) energy. OLR which is associated
anomalies in the Earth's crust or near-surface environment that ~ With the top of the atmosphere, integrates emissions from the
occur before seismic activities. Thermal anomalies have been ~ ground, lower atmosphere, and clouds and is primarily used for
detected in areas of earthquake preparation zones, several days ~ studying Earth's radiative budget and climate dynamics (Gruber
prior to the seismic events (Tronin et al., 2002; Tramutoli et al., and Krueger, 1984).

2005) and are often attributed to thermal flux emanating from
the Earth's crust in seismically active regions (Ouzounov and
Freund, 2004). Several investigations about the occurrence of
pre-earthquake thermal anomalies in locations like India,
Japan, China, Sumatra, Italy, Iran, and Haiti, have been studied
by several researchers (Tronin et al., 2002; Ouzounov and
Freund, 2004; Tramutoli et al., 2005; Choudhury et al., 2006).

Several research studies have been performed related to OLR
(Ouzounov et al., 2007; Rawat et al., 2011; Fu et al., 2020).
Studies have revealed that abnormal thermal patterns, identified
through OLR or thermal infrared radiation (TIR), frequently
emerge prior to or during the earthquake preparation phase
(Tramutoli et al., 2005; Pulinets et al., 2006). Rawat et al.
(2011) studied earthquakes in the Indian and ltaly regions and
Schulz et al. (1997) observed latent heat anomalies associated found 30-45 Wm™ more energy than the normal period at the
with earthquakes, using remote sensing satellite data. In various Earth's surface. Shah et al. (2019) reported significant OLR
regions of the world, efforts have been initiated to utilise anomalies up to 21 days before major earthquakes in Pakistan
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and Iran, with flux variations exceeding +2¢ occurring 3 to 30
days prior. Daily OLR data have also been used to examine the
variability within earthquake-prone zones (Ouzounov et al.,
2007). Fu et al. (2020) identified OLR anomaly as a potential
earthquake precursor, with thermal releases near the epicentre
observed 2-15 days before significant events. Hameed et al.
(2024) identified several atmospheric precursors potentially
linked to seismic events, including variations in latent heat flux,
and OLR, occurring 5-10 days before the earthquake. Tronin
(2006) detected anomalies 4-20 days before a major
earthquake, while Hafeez et al. (2022) identified them within a
5-10 day window. Similarly, Qasim et al. (2024) also analyzed
the March 31, 2020, Mw 6.5 ldaho earthquake using high-
resolution satellite data over a 45-day period. Numerous
studies, including Akhoondzadeh (2024), who have reported
abnormal physical and chemical precursors 1-30 days before
significant seismic events. In the present work, the precursory
analysis of the thermal parameter - Outgoing Longwave
Radiation (OLR), is attempted on ten high-magnitude
earthquakes (M>6.0) over the Indian and Indonesian regions.

DATA AND METHODOLOGY

The Outgoing Longwave Radiation (OLR) data during the ten
recent earthquakes were collected from the National Centre for
Environmental Prediction/National Centre for Atmospheric
Research (NCEP-NCAR) site. The data collected spanned over
the Earthquake Preparation Zone (EPZ), including the
epicentres of the considered earthquake events. The daily OLR
data has been taken from the link:
https://iridl.Ideo.columbia.edu/SOURCES/.NOAA/.NCEP/.CP
C/.CBO_V1/.r0p25/.MON/.NRT/.anom. These data sets are
built by integrating data from satellites with measured values
from various sites throughout the world. A worldwide dataset
of various climatological and surface variables is maintained by
NCEP. The fluxes considered in functional meteorological
forecasting techniques contain in-situ data. The NCEP-NCAR
(National Centers for Environmental Prediction/National
Center for Atmospheric Research) integrates the data from
remote sensing, aircraft, pibal, rawinsonde, ship, ground
instruments etc, thus, provides assimilated global reanalysis
data with an accuracy limit of 10-30 W/m? (Zhang et al., 2013).
The daily OLR values have a spatial resolution of 1.87x1.90
degrees across the globe from 1 Jan 1948 to the current time
respectively. The earthquake details presented in Table 1 are
sourced from the United States Geological Survey (USGS)
(http://earthquake.usgs.gov/activity/world.html) website. This
table includes information on event locations, dates, times,
epicentre coordinates, and focal depths for earthquakes in
Pariaman, Biak, Papua, Gorontalo, Assam, Port Blair, Ternate,
Bengkulu and Luwuk.
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DATA SELECTION AND ANALYSIS FOR OUTGOING
LONGWAVE RADIATION

To investigate the anomalies observed in OLR before all ten
earthquakes, the statistical method - Climatological Analysis
for Seismic Precursor Identification (CAPRI) are applied.
This section provides a concise overview of the mathematical
algorithm employed by the CAPRI method. For a more
comprehensive understanding, readers can refer to the
detailed discussions in Piscini et al. (2017, 2019).
Dobrovolsky et al. (1979) proposed an observable association
between the expected circular area of mechanical, thermal,
and electromagnetic activity prior to them and the estimated
magnitude of the upcoming earthquake. Since seismic
precursors typically form across vast regions surrounding
impending faults, r = 10%4M, where M is the anticipated
earthquake's magnitude and r is the “strain radius,” which is
the affected area's radius in kilometres. The earthquake
preparation zone (EPZ) is determined using r = 10%4™, Over
the EPZ, outgoing longwave radiation anomalies have been
investigated.

The Climatological Analysis for Seismic Precursor
Identification (CAPRI) method is employed to identify
anomalies in climatological variable time series through
statistical analysis. In this study, the focus is on the OLR
parameter. Before analysis, the data is spatially averaged over
the epicentral region. OLR(d)y denotes the average OLR value
for a specific day 'd' (equivalent to 2 months or 60 days) in a
given year ‘y’ (spanning a dataset of 38 years). The CAPRI
methodology is designed to remove long-term trends that may
exist in the day-to-day dataset. Its methodology is primarily
proposed to minimize probable "global warming".

To effectively eliminate these trends, as detailed in studies by
Piscini et al. (2017, 2019), a 38-year dataset is analyzed by
considering individual time sequences corresponding to the
same day. For each day of the year across the entire time span,
a linear regression analysis is performed on the variables under
examination. The slope of this fit, denoted as m (d) that
representing the OLR variation on the same day ‘d’ for each
year, is then utilized to remove the long-term variations in the
variable. A linear fit is a good trend given the short time span
analysed (about 40 years) in relation to climate change (Brohan
et al., 2006).

In this process, the initial year in the time-series data, denoted
as Yo, serves as a "reference point." The growth or change in the
variable is determined by multiplying the slope obtained from
the linear fit by the number of successive years following the
first year. This correction is applied to eliminate the long-term
trends for the subsequent years in the dataset.
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OLR'(d) y= OLR (d) y— m (d) x (y- Yo)

1)

This method is carried out for each of the days being
considered. The advantage of performing a new fit for each day
lies in its ability to account for the potential influence of
localized seasonal variations over time, as discussed in Piscini
et al. (2017, 2019). For each year under examination, the
resulting data consists of daily spatially averaged Outgoing
Longwave Radiation (OLR) values, organized day by day. It's
important to note that, irrespective of the fact that the year did
not conform to the estimates of the consistent pattern, any
detected pattern was also removed from that specific year.
Subsequently, the variables from the time-series data are
aggregated across all years, focusing on each day ‘d’. This
aggregation provides the historical mean, denoted as OLRx(d)
(where ‘h’ signifies the historical time series), spanning the
previous 37 years, as the year of the earthquake series is
excluded from this calculation:

OLRy (d) = Niy Yh_oOLR'(d), - )
Here, N, represents the total number of years that have been
aggregated, where a is the initial year and B is the 37th year. In
this context, the program also calculates the standard deviation
(o) for each day. The behaviour factor of the subsequent year,
denoted as 'y," is subsequently compared to the historical series
as described in Eq. (1). To facilitate this comparison, we set the
overall average in the studied period to correspond with the
average of the historical time series to make this comparison
possible:

OLR(d)y = OLR'(d)y — [(OLR}), — (OLRn)a] - (3)

In the current study, it's important to account for the possibility
of a single year deviating significantly from the historical
average, which could potentially introduce false results.
Therefore, the equation mentioned above is employed to
effectively filter out these short-term anomalies. Specifically,
in this study, anomalous days are identified as those where the
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variable's values deviate by at least 26 above or below the
historical average.

RESULTS

In this study, we have examined ten recent high-magnitude (M
> 6.0) earthquakes that occurred between years 2015 and 2022.
In all these events, the behaviour of OLR as a precursor of
earthquakes has been analysed. The details of all the earthquake
events are taken from the website of the National Earthquake
Information Centre (NEIC), and United States Geological
Survey (USGS), which includes location, date and time,
epicentre, magnitude, and focal depth (Table 1).

Variation of OLR during the earthquake events

1. Pariaman (Indonesia)

This earthquake occurred in Pariaman, Indonesia (Epicentre:
1.14° S and 98.65° E) on September 10, 2022, and had a
magnitude of 6.0 and a focal depth of 20.0 km. The variation in
OLR has been analysed for the purpose of identifying
precursory signatures during the earthquake event. (Figure 1)
shows a comparison of the time series year 2022 (earthquake
year) with the historical time series years 1985-2021 of OLR.
In (Figure 1),the black curve with a cross and the red curve with
a triangle denotes the earthquake year and a historical time
series of 37 years, respectively. The coloured curve represents
2.0 (blue) standard deviations from the mean historical time
series, respectively. In analysis, we examined OLR values for
59 days leading up to an earthquake event, with the 60" day
representing the day of the earthquake (purple line). We have
considered the variation of OLR as an anomaly only when its
value is above 2 standard deviations from the historical time
series. (Figure 1) reveals numerous instances where the OLR
exceeds the values found in the historical time series.

Tablel. Details of the studied earthquakes and their magnitude and focal depth

Sr. Location Date Epicentre Magnitude Focal depth
No. and time (UTC) (Geog. Lat., Geog. Long.) (km)
1 Pariaman, Indonesia 10.09.2022 (23:10:43) 1.14°S,98.65'E 6.0 20
2 Biak, Indonesia 10.09.2022 (00:05:12) 2.23°S,138.17°E 6.2 21
3 Papua, Indonesia 09.09.2022 (23:31:47) 2.24°S,138.19°E 6.2 18
4 Pariaman, Indonesia 13.03.2022 (21:09:22) 0.62°S, 98.62'E 6.7 28
5 Gorontalo, Indonesia 06.11.2021 (14:37:36) 0.04°S, 124.28°E 6.0 34
6 | Dhekiajuli, Assam, India | 28.04.2021 (02:21:26) 26.78' N, 92.45° E 6.0 34
7 Port Blair, India 17.07.2020 (14:03:40) 11.84°N, 9493’ E 6.1 10
8 Ternate, Indonesia 14.11.2019 (21:12:54) 1.53"N,126.41°E 6.0 23
9 Bengkulu, Indonesia 13.08.2017 (03:08:10) 3.76°S,101.62°E 6.4 31
10 Luwuk, Indonesia 15.03.2015 (23:17:16) 0.54°S,122.30°E 6.1 31
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Figure 1. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2022 vs. mean historical time series
1985-2021 (red triangle) during the earthquake events that occurred in Pariaman, Indonesia (10.09.2022) having epicentre (1.14° S, 98.65°
E). The blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.

Biak (10.09.2022)
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Figure 2. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2022 vs. mean historical time series
1985-2021 (red triangle) during the earthquake events that occurred in Biak, Indonesia (10.09.2022) having epicentre (2.23° S, 138.17° E).
The blue coloured curve indicates a 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.

During the earthquake year, there is an increase in the OLR on
the 2nd, 12t .13t 17t 39t 40t 48% 51 -52M and 571", days
with the values 183.37 Wm?, 160.91 Wm?2, 185.12 Wm?,
161.65 Wm2, 164.69 Wm=2, 175.64 Wm, and 174.14 Wm?2,
respectively, greater than 2¢ from the mean historical time
series. Again, it was observed that OLR values exhibited an
increase during several periods: from the 4th to the 6th days,
the 21% to the 23" day, the 25'" to the 30" days, and from the
34" to the 37" days with the average OLR values during the
earthquake year and historical time series were ~259.40 Wm-
2,~180.26 Wm2, ~252.76 Wm, ~238.23 Wm, and -~212.77
Wwm?, -213.33 Wm?, -210.73 Wm?2, -20229 Wm?,
respectively. The analysis distinctly shows that the maximum
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OLR anomalies, serving as precursory signatures, occur in the
period leading up to the earthquake day.

2. Biak (Indonesia)

The earthquake that occurred on September 10, 2022, had a
magnitude of 6.2 and a focal depth of 21.0 km (epicentre 2.23°
S and 138.17° E) in Biak, Indonesia. (Figure 2) shows a
comparison of the time series year 2022 (earthquake year) with
the historical time series years 1985-2021 of OLR. The 37-year
historical time series and the earthquake year are indicated in
(Figure 2) by the red curve with a triangle and the black curve
with a cross, respectively. (Figure 2) shows many instances in
which the OLR exceeds the historical time series. There is an
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increase in the OLR on the 4, 20, 26, 41t — 42", and 44"
days with a value ~238.45 Wm?, ~261.17 Wm, ~248.03 Wm"
2, ~257.91 Wm2, and ~255.67 Wm2, respectively, of greater
than 2c from the mean historical time series. Again, it was
found that the OLR values increased from the 5" to 8" days,
and from the 22™ to 24" days, with the average OLR values
during the earthquake year and historical time series being
~185.33 Wm?, ~192.03 Wm2 and ~225.42 Wm?2, ~222.02
Wm2 respectively. Several days show the anomalous
behaviour of OLR during the pre-earthquake period. It is clear
that from (Figure 2) before the earthquake day, the highest
numbers of anomalies in OLR as precursory signatures are
observed.

3. Papua (Indonesia)

The next earthquake event occurred on September 09, 2022,
with a magnitude of 6.2 (epicentre: 2.24"S, 138.19°E) and a
focal depth of 18.0 km in Papua, Indonesia. (Figure 3) shows a
comparison of the time series year 2022 (earthquake year) with
the historical time series years 1985-2021 of OLR. (Figure 3)
shows many instances in which the OLR exceeds the 2o from
the mean historical time series. On several days, the increase in
the OLR values on the 5%, 21, 27t 35t 42 - 431 and 45
days with values ~238.45 Wm2, ~261.17 Wm2, ~248.03 Wm"
2 ~239.58 Wm?2, ~25755 Wm? and ~255.67 Wm?
respectively, greater than 2 from the mean historical time
series. Again, it was found that the OLR values rise from the
6'" to 9™ days, and from the 23" to 25" days, with the average
OLR values during the earthquake year and historical time

Papua (09.09.2022)
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series being ~185.33 Wm2, ~192.03 Wm™ and ~225.44 Wm?,
~222.02 Wm2 respectively. Several days show the anomalous
behaviour of OLR during the pre-earthquake period. It is
clearly observed that the maximum anomalies in OLR as
precursory signatures are mostly observed before the
earthquake day.

4. Pariaman (Indonesia)

The earthquake that occurred on March 13, 2022, had a
magnitude of 6.7 and a focal depth of 28.0 km (epicentre: 0.62°
S and 98.62° E) in Pariaman, Indonesia. (Figure 4) shows a
comparison of the time series year 2022 (earthquake year) with
the historical time series years 1985-2021 of OLR. The 37-year
historical time series and the earthquake year are indicated in
(Figure 4) by the red line with a triangle and the black line with
across, respectively. (Figure 4) shows many instances in which
the OLR exceeds the historical time series. There is an increase
in the OLR on the 14™, 16™, 28" to 29, 52" to 53" and 56"
days with values ~231.66 Wm2, ~245.65 Wm2, ~167.31 Wm
2,~190.51 Wm2, and ~197.21 Wm?, respectively, greater than
26 from the mean historical time series. Again, it was found
that the OLR values rise from the 1% to 4" days, 8" to 10'" days,
and from the 23" to 25" days, with the average OLR values
during the earthquake year and historical time series being
~240.07 Wm?2, ~233.46 Wm?2,~179.13  Wm, and ~205.54
Wm2, ~195.6 Wm2, ~222.11 Wm2 respectively. It is clear that
from (Figure 4) several days before the earthquake day, the
highest numbers of anomalies in OLR as precursory signatures
are observed.
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Figure 3. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2022 vs. mean historical time series
1985-2021 (red triangle) during the earthquake events that occurred in Papua, Indonesia (09.09.2022) having epicentre (2.24° S, 138.19’
E). Blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.
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Figure 4. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2022 vs. mean historical time series
1985-2021 (red triangle) during the earthquake events that occurred in Pariaman, Indonesia (13.03.2022) having epicentre (0.62° S, 98.62°
E). Blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.
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Figure 5. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2021 vs. mean historical time series
1984-2020 (red triangle) during the earthquake events that occurred in Gorontalo, Indonesia (06.11.2021) having epicentre (0.04°S, 124.28"
E). Blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.

5. Gorontalo (Indonesia)

The next earthquake event occurred on Nov 6, 2021, with a
magnitude of 6.0 (epicentre 0.04°S, 124.28°E) and a focal depth
of 34.0 km in Gorontalo, Indonesia. (Figure 5) shows a
comparison of the time series 2021 (earthquake year) with the
historical time series 1984-2020 of OLR. (Figure 5 shows
many instances in which the OLR exceeds the 2¢ from the
mean historical time series. From (Figure 5), one can observe
many instances where the OLR is higher than the historical
time series. There is an increase in the OLR on the 1%- 2", 4,
17, 24 38t -39t 45t 527 and 54", days with values
~186.93 Wm?, ~195.02 Wm2, ~208.26 Wm2, ~174.87 Wm,
~271.31 Wm, ~205.81 Wm, ~197.75 Wm2 and ~190.17
Wm?, respectively, of greater than 26 from the mean historical
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time series. It was found that the OLR values rise from the 9"
to 11" days, and from the 13" to 15" days, with the average
OLR values during the earthquake year and historical time
series being ~175.74 Wm, ~194.16 Wm, and ~249.83 Wm"
2 ~250.80 Wm respectively. It is clearly observed that the
maximum number of anomalies in OLR as precursory
signatures are present before the earthquake day.

6. Dhekiajuli (Assam)

The next earthquake considered was Dhekiajuli, Assam
(India), that occurred on April 28, 2021, with a magnitude of
6.0 having epicentre: 26.78° N, 92.45° E and focal depth, 34.0
km. (Figure 6) shows a comparison of the time series 2021
(earthquake year) with the historical time series years 1984
2020 of OLR. From this figure, one can observe many
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instances where the OLR is higher than the historical time
series. The variation in the OLR on 38!-39™" 42M, 44" 46,
48" and 52™ days with values ~259.95 Wm2, ~250.22 Wm?,
~256.29 Wm2, ~258.49 Wm™, ~212.28 Wm™, and ~260.25
Wm2, respectively, greater than 2¢ from the mean historical
time series. Again, it was found that the OLR values rise from
the 1% to 4™, 10" to 14", 16" to 19, 23" to 28", 33" to 35M,
and 55 to 60" days, with the average OLR values during the
earthquake year and historical time series being ~257.64 Wm-
2, ~254.84 Wm?2, ~262.72 Wm?, ~261.35 Wm2, ~254.71 Wm"
2, ~258.22 Wm2and ~237.09 Wm?, ~230.11 Wm?, ~240.92
Wm?2, ~22598 Wm? ~233.82 Wm? ~218.35 Wm?
respectively.

7. Port Blair (India)

The earthquake occurred on July 17, 2020, having magnitude
6.1, epicentre 11.84° N, 94.93° E and focal depth 10.0 km in

Assam (28.04.2021)
280
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Port Blair, India. (Figure 7) shows a comparison of the time
series 2020 (earthquake year) with the historical time series
years 1983-2019 of OLR. In Figure 7, the black curve with a
cross and the red curve with a triangle denote the earthquake
year and a historical time series of 37 years, respectively.
Initially, OLR is greater than 2 on the 24", 37", 55""-56™ and
60" days with values ~215.03 Wm, ~242.89 Wm?, ~145.09
Wm?2, and ~222.04 Wm?2, respectively, from the mean
historical time series. Several times during the two months
preceding the earthquake, the OLR was greater than two
standard deviations. However, the frequency of the
aforementioned events is greatest on 14th-16™, and 28" to 30"
day, with the average OLR values during the earthquake year
and historical time series of ~220.86 Wm, ~166.89 Wm™ and
~191.83 Wm2, ~203.63 Wm?, respectively. It is clear to see
that days from the earthquake day, the highest numbers of
anomalies in OLR as observed precursory signatures
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Figure 6. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2021 vs. mean historical time series
1984-2020 (red triangle) during the earthquake events that occurred in Dhekiajuli, Assam, India (28.04.2021) having epicentre (26.78° N,
92.45° E). Blue coloured curve indicates 2.0 (blue) standard deviation from the mean - historical time series. The purple line shows
earthquake day.
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Figure 7. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2020 vs. mean historical time series
1983-2019 (red triangle) during the earthquake events that occurred in Port Blair, India (17.07.2020), having epicentre 11.84°N, 94.93 E.
Blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.
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Figure 8. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2019 vs. mean historical time series

1982-2018 (red triangle) during the earthquake events that occurred in Ternate, Indonesia on 14.11.2019 having epicentre 1.53"N, 126.41

0

E. Blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.

8. Ternate (Indonesia)

On November 14, 2019, a magnitude 6.0 (epicentre 1.53°N,
126.41’E) earthquake occurred in Ternate, Indonesia, at a focal
depth of 23 km. (Figure 8) shows the comparison between the
time series 2019 (earthquake year) with the historical years
1982-2018 time series. The black line with a cross and the red
line with a triangle denote the earthquake year and a historical
time series of 37 years, respectively. The figure shows that
OLR is greater than 26 on the 2™ to 4™, 71" to 11, 17" to 24",
31% to 38", and 60™ day, with the average OLR values during
the earthquake year and historical time series being ~256.87
Wm?, ~265.36 Wm2, ~254.59 Wm2, ~257.83 Wm2, ~257.22
Wm?2, and ~231.66 Wm2, ~234.07 Wm?, ~221.62 Wm?,
~223.25 Wm?, ~223.94 Wm2 respectively.

9. Bengkulu (Indonesia)

The earthquake that occurred on August 13, 2017, had a
magnitude of 6.4 and a focal depth of 31.0 km (epicentre 3.76°
S and 101.62°E) in Bengkulu, Indonesia. The variation in OLR
has been analysed for the purpose of identifying precursory
signatures during the earthquake event. (Figure 9) shows a
comparison of the time series year 2017 (earthquake year) with
the historical time series years 1980-2016 of OLR. From this
figure, one can observe many instances where the OLR is
higher than the historical time series. There is an increase in the
OLR on the 4", 9™ to 10™, 12" to 13", 15" and 23", days with
values ~204.82 Wm2, ~209.66 Wm2, ~200.23 Wm, ~212.82
wWm2, and ~212.97 Wm2, respectively, of greater than 26 from
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the mean historical time series. Again, it was found that the
OLR values rise from the 28" to 31% days, 38" to 42™ days,
and from the 48" to 50" days, with the average OLR values
during the earthquake year and historical time series being
~210.04 Wm, ~263.61 Wm?2, ~264.99 Wm?, and ~243.68
Wm2, ~230.92 Wm?, ~228.38 Wm2, respectively. It is clearly
observed that the maximum number of anomalies in OLR as
precursory signatures are present before the earthquake day.

10. Luwuk (Indonesia)

The next earthquake event occurred on March 15, 2015, with a
magnitude of 6.1 (epicentre 0.54°S, 122.30°E) and a focal depth
of 31.0 km in Luwuk, Indonesia. (Figure 10) shows a
comparison of the time series 2015 (earthquake year) with the
historical time series 1978-2014 of OLR. (Figure 10) shows
many instances in which the OLR exceeds the 2c¢ from the
mean historical time series. From (Figure 10), one can observe
many instances where the OLR is higher than the historical
time series. There is an increase in the OLR on the 13" and 53",
days with values ~232.46 Wm? and ~247.73 Wm?
respectively, of greater than 2¢ from the mean historical time
series. Again, it was found that the OLR values rise from the
36" to 38" days, and from the 47" to 50'" days, with the average
OLR values during the earthquake year and historical time
series being ~171.19 Wm2, ~182.25 Wm and ~217.10 Wm?,
~228.40 Wm2 respectively. It is observed that the maximum
number of anomalies in OLR as precursory signatures are
present before the earthquake day.
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Figure 9. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2017 vs. mean historical time
series 1980-2016 (red triangle) during the earthquake events that occurred in Bengkulu, Indonesia (13.08.2017) having epicentre
3.76’S, 101.62" E. Coloured curve indicates 2.0 (blue) standard deviation from the mean - historical time series. The purple line

shows earthquake day.
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Figure 10. Daily variation of outgoing longwave radiation during the earthquake year (black cross) - 2015 vs. mean historical time series
1978-2014 (red triangle) during the earthquake events that occurred in Luwuk, Indonesia (15.03.2015) having epicentre 0.54°S, 122.30° E.
Blue coloured curve indicates 2.0 standard deviation from the mean - historical time series. The purple line shows earthquake day.

Maximum and minimum anomalies in OLR during the
earthquake events

One can see from the figures that the OLR exhibited anomalous
behaviour during all the earthquake occurrences. The anomaly
can be used to identify some of the major warning signs of
upcoming earthquakes. Use of the OLR anomaly, will help us
better comprehend various earthquake parameters. In the
present investigation, we have additionally examined the
maximum and minimum OLR anomalies experienced during
each earthquake occurrences.

(Table 2A) provides the details of the maximum anomaly in
OLR during all the earthquake events. Parameter D represents
the day when the maximum anomaly in OLR during the EQ
year was observed, compared to the historical time series. X
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and Y represent the magnitude values of OLR corresponding to
that day (D) during the EQ year and historical time series
respectively. X/Y gives the extent of maximum anomaly of
OLR during EQ year compared to the historical time series
corresponding to day D.

The Earthquake that occurred on 10.09.2022 (Pariaman,
Indonesia) experienced the highest anomaly on the 6 day
before the earthquake day. The corresponding values of OLR
during the earthquake year and historical time series were
268.42 Wm? and 21454 Wm? respectively. Thus, the
magnitude of the anomaly was registered as 1.25 times greater
than the historical series. On 10.09.2022 (Biak, Indonesia) an
earthquake occurred with 6.2 magnitude. The highest anomaly
was recorded on the 20" day with a magnitude value of OLR
261.17
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Table 2A. Details of the maximum observed anomaly in OLR during the earthquake events

Sr. Location Date and Epicentre Maximum Value of OLR Value of OLR XIY
No. time(UTC) (Lat., Long.) anomaly during corresponding
day (D) earthquake day of historical
Year (X) time series (Y)
1 Pariaman, 10.09.2022 1.14°S,98.65' E 55th 268.42 214.54 1.25
Indonesia (23:10:43)
2 Biak, Indonesia | 10.09.2022 2.23°S,138.17°E 41t 261.17 215.51 121
(00:05:12)
3 Papua, 09.09.2022 2.24°S,138.19°E 40t 261.17 215.51 121
Indonesia (23:31:47)
4 Pariaman, 13.03.2022 0.62"S,98.62'E 58t 251.35 205.69 1.22
Indonesia (21:09:22)
5 Gorontalo, 06.11.2021 0.04°S,124.28'E 23 271.97 234.35 1.16
Indonesia (14:37:36)
6 Dhekiajuli, 28.04.2021 26.78' N, 92.45°E 5th 274.16 220.95 1.24
Assam, India (02:21:26)
7 Port Blair, 17.07.2020 11.84°N, 94.93'E 24t 242.89 196.32 1.23
India (14:03:40)
8 Ternate, 14.11.2019 1.53 N,126.41°E 52M 270.09 232.33 1.16
Indonesia (21:12:54)
9 Bengkulu, 13.08.2017 3.76° S, 101.62' E 12th 270.16 222.64 121
Indonesia (03:08:10)
10 Luwuk, 15.03.2015 0.54’S,122.30°'E 7th 247.73 212.75 1.16
Indonesia (23:17:16)

Table 2B. Details of minimum observed anomaly in OLR during the earthquake events

Sr. Location Date and Epicentre Minimum Value of Value of OLR 4
No. Time (UTC) (Lat., Long.) anomaly OLR during | corresponding day
day (D" earthquake of historical time
year (X) series (Y")

1 Pariaman, 10.09.2022 1.14°S, 98.65°'E 49t 159.03 222.57 0.71
Indonesia (23:10:43)

2 Biak, 10.09.2022 2.23°S,138.17°E 56t 176.40 219.63 0.80
Indonesia (00:05:12)

3 Papua, 09.09.2022 2.24°S,138.19°E 55t 176.40 219.63 0.80
Indonesia (23:31:47)

4 Pariaman, 13.03.2022 0.62°S, 98.62°E 320 163.12 209.98 0.77
Indonesia (21:09:22)

5 Gorontalo, 06.11.2021 0.04°S, 124.28°E 52nd 168.01 25391 0.66
Indonesia (14:37:36)

6 Dhekiajuli,As 28.04.2021 26.78°N, 92.45°E 13t 212.28 233.01 0.91
sam, India (02:21:26)

7 Port Blair, 17.07.2020 11.84"N, 94.93°'E 5th 144.72 189.30 0.76
India (14:03:40)

8 Ternate, 14.11.2019 1.53' N,126.41"E 37th 245.95 221.49 111
Indonesia (21:12:54)

9 Bengkulu, 13.08.2017 3.76°S, 101.62°E 49t 195.38 240.74 0.81
Indonesia (03:08:10)

10 Luwuk, 15.03.2015 0.54°S, 122.30°E 24 155.13 215.43 0.72
Indonesia (23:17:16)

Wm? and 215.51 Wm? during the earthquake year and
historical time series respectively. Thus, a 1.21 times increase
in the anomaly was observed. Similarly, all the events in
consideration experienced anomalies. The maximum anomaly
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in OLR was 1.21, 1.22, 1.16, 1.24, 1.23, 1.16, 1.21, 1.16 times
greater during the earthquake year compared to the historical
time series during 3rd, 4th, 5th, 6th, 7%, 8" 9" and 10"
earthquake events in consideration respectively. The highest
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anomalies spanned from 1.16 to 1.25 times greater than the
historical time series. The details of all the magnitude values of
the highest anomaly OLR during EQ year and historical time
series events have been summarised in Table 2A.

Similarly, Table 2B provides the details of the minimum
anomaly in OLR during all the earthquake events. Parameter
D' represents the day when the maximum anomaly in OLR
during the earthquake year was observed compared to the
historical time series. X" and Y’ represent the magnitude values
of OLR corresponding to that day (D) during the earthquake
year and historical time series respectively. XY’ gives the
extent of the minimum anomaly of OLR during earthquake
year compared to the historical time series corresponding to
day D'.

The first earthquake event under consideration (10.09.2022;
Pariaman, Indonesia) observed the minimum anomaly on the
12" day before the EQ day. During this event, the minimum
anomaly observed in OLR during the earthquake year and in
the historical time series were 159.03 Wm2and 222.57 Wm"
2, respectively. Thus, resulting in anomalous increase of 0.71
times greater than the historical series. Another earthquake that
occurred on September 10, 2022, in Biak, Indonesia,
experienced the minimum anomaly in OLR on the 5™ day, with
values of 176.40 Wm during the earthquake year and 219.63
Wm?2 in the historical time series respectively. Thus,
experiencing an anomalous increase of 0.80 times, compared
to historical data. Similar observations were recorded during all
the other earthquake events. The minimum anomalous increase
in OLR were 0.80, 0.77, 0.66, 0.91, 0.76, 1.11, and 0.81 times
greater during the earthquake years, compared to the historical
time series during 3rd, 4th, 5th, 6th, 7" 8" 9" and 10%
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earthquake events in consideration respectively. The minimum
anomalies ranged from 0.66 to 1.11 times greater than the
values in the historical time series.

(Table 2C and Figure 11) provide a comprehensive overview
of the maximum and minimum anomalous increase of OLR
during all the EQs. The observed maximum and minimum
anomalous increase in OLR spanned from 1.16 to 1.25 and 0.66
to 1.11 times greater during the earthquake years respectively,
compared to historical time series during all the ten EQ events.
(Table 1) lists the locations of all earthquake occurrences. All
the earthquakes under consideration had distinctive origins;
four of their epicentres were on land, while others were located
close to or in the ocean. The OLR anomalies before
earthquakes with a magnitude greater than 6.0 that occurred in
India and the Indonesian regions have been examined.
Outgoing longwave radiation (OLR) refers to infrared radiation
continuously emitted from the Earth's surface and subsequently
released into the atmosphere. This radiation is measured as the
amount of energy emitted per unit area. Before the occurrence
of recent highly destructive earthquakes, instances were noted
where anomalous positive deviations above the 2c level were
observed two months prior to the earthquake events. For
example, Japan (M 9.0, 2011) (Pulinets and Ouzounov, 2011),
Sumatra (M 8.2, 2012) (Venkatanathan et al., 2013), and
Pakistan (M 7.7, 2013) (Venkatanathan and Natyaganov, 2014)
are the cases where strange variation in OLR have been
recorded before significant earthquakes. These anomalies
appeared at different times and were probably influenced by
unusual features of tectonic activity, such as earthquakes, and
plate movements, which can significantly influence surface and
atmospheric conditions, leading to variations and anomalies in
outgoing longwave radiation.

Table 2C. Maximum/minimum anomaly in OLR during all the earthquake events

Sr. Location Date and XY X7y
No. time(UTC)

1 Pariaman, Indonesia 10.09.2022 (23:10:43) 1.25 0.71
2 Biak, Indonesia 10.09.2022 (00:05:12) 1.21 0.80
3 Papua, Indonesia 09.09.2022 (23:31:47) 1.21 0.80
4 Pariaman, Indonesia 13.03.2022 (21:09:22) 1.22 0.77
5 Gorontalo, Indonesia 06.11.2021 (14:37:36) 1.16 0.66
6 Dhekiajuli,Assam,India 28.04.2021 (02:21:26) 1.24 1.11
7 Port Blair, India 17.07.2020 (14:03:40) 1.23 0.76
8 Ternate, Indonesia 14.11.2019 (21:12:54) 1.16 1.11
9 Bengkulu, Indonesia 13.08.2017 (03:08:10) 1.21 0.81
10 Luwuk, Indonesia 15.03.2015 (23:17:16) 1.16 0.72

96




Pooja Sharma et al.,

J. Ind. Geophys. Union, 29(2) (2025), 86-100

vz Maximum Anomaly (OLR)
X3S Minimum Anomaly (OLR)

1.4

1.2 +

0.8 1

0.6 1

OLR Anomaly

0.2

0.0

6

Events

Figure 11. Representation of maximum (black bars) and minimum (red bars) deviation in anomalies of OLR during all the ten earthquake

events
DISCUSSION

In the present work, anomalous precursory behaviour of OLR
was observed for all the earthquake events. However, they did
have distinctive behavioural characteristics. This could be
caused by variations in meteorological variables as well as
changes in geographic regions. The locations of these ten
earthquakes, their epicentres, proximity to the ocean and the
robust interplay between land, ocean, and atmosphere, are
likely to have a significant impact on the changes in OLR.

All the earthquake events reveal multiple instances where the
OLR exceeds the values of the historical time series. Notably,
the trends across oceanic and coastal regions are similar. It is
observed that the highest number of OLR anomalies, serving
as potential precursory signatures, occur several days before
the earthquake event. Specifically, a significant increase in
OLR is evident between the 30" to 55" days before the all the
considered earthquake events, except for Assam, which is a
land-based region. The maximum OLR anomaly appears
typically around two months before the earthquake, with the
earliest anomaly detected as soon as the 5th day (as observed
in Assam, India). In Assam, the corresponding OLR values
during the earthquake year and the historical time series were
274.16 W/m2 and 220.95 W/mg2, respectively, indicating that
the anomaly was 1.24 times higher than the historical average.
Anomalous seismic activity was also observed in Assam for up
to two months before the earthquake, likely attributed to the
region's high earthquake susceptibility due to its tectonic
setting.
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The present study's analysis of ten earthquakes over the
Indonesian and Indian regions, with magnitudes exceeding 6.0,
consistently demonstrated detectable OLR anomalies. These
OLR anomalies are likely to be influenced by tectonic activity,
plate movements, and related atmospheric and surface
conditions that precede the earthquakes. The findings suggest
that monitoring OLR variations may offer valuable insights
into the development of seismic event and early warning
particularly in the regions with oceanic influence.

Prior to an earthquake, the epicentral region experienced an
increase in infrared heat (IR), which contributed to severe land-
ocean atmospheric interactions and anomalous OLR (Sharma
et al.,, 2024). It is considered that the stress buildup in the
epicentral region days before the earthquake served a major
role in the increase in infrared temperature immediately
preceding the earthquake (Wu and Liu, 2009). Earthquakes can
alter the local land surface and atmospheric conditions. For
example, the sudden release of energy and the subsequent
shifting of the Earth's crust can affect surface temperatures and
atmospheric composition, potentially causing anomalies in the
measured OLR (Mahmood et al., 2017). Large-scale seismic
events can disrupt oceanic and atmospheric patterns. These
disruptions can affect sea surface temperatures and
atmospheric conditions, leading to anomalies in the OLR
detected by satellites (Jiao et al., 2018). The movement of
tectonic plates can influence geothermal activity, such as the
formation of new geothermal vents. Increased geothermal
activity can release additional heat into the atmosphere,
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affecting local OLR measurements (Rawat et al. 2011).
Earthquakes can inject large amounts of ash and gases, such as
sulphur dioxide, into the atmosphere. These particles can
spread across the globe, reflecting solar radiation and
temporarily cooling the Earth's surface. This cooling effect can
lead to anomalies in OLR, as the surface emits less infrared
radiation due to the lower temperatures. Consequently,
monitoring OLR anomalies can help in understanding and
potentially predicting the impacts of large-scale seismic events
(Xiong and Shen, 2017). Also, the build-up of stress in short
focal depth earthquakes is reflected in changes in surface
temperature, Surface Latent Heat Flux (SLHF), and Outgoing
Longwave Radiation (OLR). As the stress at the fault interface
increases, the rocks become compressed, resulting in a
reduction in the number of voids within them. The rise and
migration of hot radon gases from rock voids toward the Earth's
surface , contributes to atmospheric warming (ZiQi et al.,
2002). Air ionization also induces thermal effects, such as
changes in air humidity and temperature, characterized by an
increase in air temperature and a reduction in relative humidity.
The rise in surface temperature leads to intensified outgoing
thermal radiation, which is particularly noticeable in epicentral
regions and corresponds to OLR variations. Continued OLR
analysis using various temporally aggregated data (e.g.,
monthly, daily, from different satellites, and during day/night
cycles) holds promise for the early detection of anomalies
related to major global earthquakes. However, many
theoretical questions remain about the quantitative relationship
between longwave radiation flux and seismo-tectonic stress.
Despite these uncertainties, OLR could become a valuable
parameter in precursor studies, with early anomalies potentially
helping to characterize key earthquake parameters, such as
location, timing, and magnitude (Pulinets et al., 2006). The
appearance of OLR anomalies is influenced by various factors,
including earthquake intensity and atmospheric conditions, but
is generally correlated with the earthquake's magnitude. All of
the occurrences under study have seen the OLR undergo large
anomalous changes. Furthermore, anomalies were discovered
around 59 days before the earthquake day (i.e. 60" day).
Increased tectonic activity in earthquake-prone areas is
responsible for these thermal anomalies.

CONCLUSIONS

In this study, we have examined the Outgoing Longwave
Radiation (OLR) as a potential precursor to earthquakes,
focusing on ten recent high-magnitude (M>6.0) seismic events.
Our findings lead to the following conclusions:

(i) The OLR values exhibited a consistent anomalous
increase during all ten earthquake events analysed in this
study.
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(if) In all the earthquake events under consideration, OLR
values are found to consistently exhibit anomalous
behaviour during the pre-earthquake period, with slight
variations in their patterns.

The maximum observed anomalous increase in OLR
ranges from 1.16 to 1.25 times greater during earthquake
years when compared to the historical time series across
all ten earthquake events.

(iii)

The minimum observed anomalous increase in OLR
ranges from 0.66 to 1.11 times greater during the
earthquake years when compared to the historical time
series across all ten earthquake events.

(iv)

The fluctuations in both the maximum and minimum
anomalies of OLR are most pronounced for earthquakes
that occurred either directly over the ocean or in
proximity to it.

(v)

(vi) The behavioural pattern of OLR over the land and
ocean/near ocean earthquake events were different owing
to diverse crustal properties and atmospheric/
meteorological conditions such as humidity, water

vapour content etc.

(vii) The accumulation of water vapour leads to the trapping
of outgoing radiation, resulting in elevated temperatures
over the EPZ. Consequently, the increase in OLR before
all the major earthquake events.
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ABSTRACT

Even though there have been substantial advancements in seismic data acquisition and processing, imaging in structurally complex regions like fold belts
has seen only marginal improvement. In such geologically intricate areas, the conventional imaging approach may not yield satisfactory results. While 3D
surface seismic surveys are preferred, acquiring 3D seismic data can be challenging due to logistical constraints. Moreover, the rugged terrain and difficult
accessibility in these areas make 3D land seismic data acquisition prohibitively expensive. Conventional 2D land seismic data also has limitations,
particularly in accurately imaging anticlinal features. An alternative to traditional 2D surveys in such contexts is the swath-line recording geometry. Swath-
line recording offers significantly higher fold (720-fold in the present case), compared to typical 2D land surveys, resulting in data with an improved signal-
to-noise ratio. However, several issues adversely impact imaging quality in thrust fold belts. Key factors affecting the quality of processed outputs include
geometry, statics, and poor signal-to-noise ratio. Survey objectives may remain unmet unless these factors are addressed or minimized. We utilized a hybrid
approach, combining multiple techniques including geometry corrections, nonlinear tomography-based statics solutions, velocity estimation using the CVS
method, and leveraging different software suites and algorithms to address these inherent challenges.

Keywords: Tripura Fold belt, Swath-line, CMP line, S/N ratios, Semblance, Constant velocity stack method (CVS), PSTM

INTRODUCTION existing legacy seismic data in our area of study. We are
concentrating on tackling various challenges that affect image
quality, such as geometry, statics, noise, velocity, and
algorithms. When it comes to new data acquisition, our
approach is to gather high-quality seismic data using innovative
geometry, while taking into account the logistics, scheduling,
and cost-effectiveness of fold belt operations. We investigate
the viability of 2-D swath-line geometry as a potential solution
for the Tripura fold belt region, and present a comparative
discussion on the acquisition, processing, and results with
traditional 2-D methods in our case study.

Various factors negatively impact the quality of imaging in
thrust fold belts. These include geometry, statics, and a poor
signal-to-noise (S/N) ratio. Unless these issues are minimized
or eliminated, the objectives of the survey may not be achieved.
Moreover, processing parameters are highly sensitive to such
complex data if the necessary remedies for the aforementioned
factors are not considered. Therefore, a systematic approach is
crucial to address these inherent problems. The fundamental
prerequisites for a good seismic image include a good S/N ratio,
a suitable and geologically compatible near-surface model for
accurate statics calculation, a good subsurface velocity model, STUDY AREA
and the best imaging algorithm that fits the geological
condition. However, processors in fold belt areas often face
challenges in obtaining these processing ingredients easily,
leading to significant challenges in processing. Efforts are
made to address these major challenges and issues to achieve
better data quality. However, no amount of processing effort
can fully replace the importance of acquisition efforts. Despite
advancements in seismic data processing and acquisition, the
improvement in imaging in structurally complex areas like fold
belts has been marginal. Traditional imaging methods have not
yielded satisfactory results in such geologically complex
locations. While 3-D surveys are preferred in these areas,
collecting 3-D land seismic data is not always feasible or
economical due to issues such as difficult terrain and limited

accessibility. The limitations of conventional 2-D land seismic The geomorphology of fold belt is typified by a succession of
data become especially apparent in _f0|d belt areas, where pijj| ranges and valleys of meridonial and sub meridonial trends
accurately capturing the anticlinal section can be a challenge. (Dasgupta and Biswas, 2000). The height of these ranges varies
from 200 to 500 m. The general elevation increases to the east
in the region. Fold-belt has complex evolution history and

The Assam and Assam Arakan basin is an onshore basin
situated in the north-eastern part of India and has been
categorized as a Category-1 basin (Rajkhowa et al.,2018). On
the basis of morphological characteristics, the Assam and
Assam-Arakan basin (A&AA Basin), is subdivided into a
foreland and a fold belt. The foreland comprises of area
including the Brahmaputra arch and it’s southern and northern
slopes and is commonly known as Upper Assam Shelf North
(UAN); the area encompassing the south eastern slope of
Shillong and Mikir Massifs is commonly known as Upper
Assam Shelf South (UAS). The A&AA Fold Belt comprises the
Naga Schuppen Belt and sigmoidal en-echelon folds of
Tripura-Cachar-Fold Belt.

The aim of the present study is to devise a workflow
specifically for the Tripura fold belts, making use of the
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characterized by series of parallel, elongated and doubly
plunging, asymmetric anticlines arranged in en-echelon pattern
and separated by wide and narrow synclines like Khowai and
Baramura, with the general trend of the anticlines being NNW
- SSE to N-S with slight convexity towards west and
longitudinal faults bounding the flanks. The intensity of folding
increases towards east with progressively older rocks being
exposed in the cores of the anticlines. Our study focuses on the
Baramura anticline, located in the western Tripura Fold Belt
(Figure 1).

Baramura field located in this area is an asymmetric doubly
plunging anticline trending roughly north-northeast-to-south-

a)
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southwest. Tectonically, Baramura falls in the frontal folded
belt of Tripura, which is the western continuation of the Surma
Valley folded belt. The eastern flank of Baramura structure has
been affected by a westward dipping thrust and with the main
hydrocarbon potential falling in Bokabil and Upper Bhuban
formations of Miocene age (Chattopadhyay and Ghosh, 2006).
Fold belts are regions where the Earth's crust has been
deformed and folded due to tectonic forces. These areas are
significant for petroleum exploration due to their complex
geological structures, which can create traps for hydrocarbons.
(Figure 2) depicts the Tripura fold belt area's stratigraphy and
petroleum system.
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Figure 1. Location of the study area in Tripura, India. (a) Regional tectonic elements of Tripura Fold Belt and adjoining areas on Digital
Elevation Model (DEM) (after Samal et al., 2017) and (b) Alternative anticlines and synclines of Tripura (after Bandyopadhyay et al.,
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Figure 2. Generalized stratigraphy of Tripura Fold Belt (after Brahma and Sircar, 2018).
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METHODOLOGY

To establish a fold belt-friendly workflow, several seismic
legacy data from nearby study areas have been reprocessed
with several quality checks. The effectiveness of this approach
is evident in addressing various challenges related to image
quality, including geometry, statics, noise, velocity, and
algorithms.

Geometry QC

Difficult logistics leads to relocation of shots/receivers from
planned pickets and if it’s not updated properly such positional
errors leads to incorrect geometry merging and further leads to
wrong CMP and offsets computation. These issues require
proper reconciliation, every shot record needs to be viewed and
checked for correct coordinate assignment. Misplaced shots
must be relocated to its correct position, shot by shot,

Manoj Kumar Bhartee et al.,

interactively. This problem is commonly observed while
reprocessing vintage data. Hence, these should be checked
during merging, (Figure 3) shows the correction of shot
position and its effect.

Solution for statics corrections

In conventional processing scenario, statics applied on the
geometry merged gather are actually supplied by field crews
and derived on the basis of near surface model estimated using
sparse uphole data or shallow refraction survey. But in case of
fold belt data in areas like Tripura; Assam and Assam Arakan
Basin, this is no longer valid due to highly undulated
acquisition surface and complex near surface geology
(Berryhill, 1979; Beasley and Lynn, 1992, Bhartee et al.,
2022).

Reconciliation shots

Model velocity (m/s)
1097

1721

2345

2969

Figure 4. A workstation screenshot showing the initial near-surface velocity model used for computation of refraction statics.
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First arrival turning ray tomography (Zhang and Toksoz, 1998:
Zhu et al, 2000) also called nonlinear tomography
(Tomostatics) based static solutions are more beneficial for
deriving both weathering statics as well as near surface velocity
model for proper imaging. Tomostatics is an iterative algorithm
designed to minimize the difference between observed and
predicted first arrival travel times, based on a user-supplied
initial near-surface model (Figure 4). Observations suggest that

L Y
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in fold belt areas, Conventional field statics often fail to
produce geologically plausible near-surface  models.

Conversely, tomostatic-derived models tend to provide a more
accurate fit. The efficacy of the tomostatics in fold belt areas
are shown on gather level in (Figure 5) and stack level in
(Figure 6). It is easily understood that the meaningful seismic
events have been shaped after application of tomography-based
refraction static solutions for near surface model.

e TP ——

Time (ms)

Time (ms)

e

TSN

> WM
) e.u..J:‘.M".-f.%\‘a 7\

Figure 5. Comparison of a shot gather from a single receiver line of swath-line with (a) no field statics applied, (b) after application of
field statics, and (c) after application of refraction statics the improvement in the coherency of reflection events is evident.

104



J. Ind. Geophys. Union, 29(2) (2025), 101-114

Manoj Kumar Bhartee et al.,

Neg I o

Figure 6. Comparison of stacks with application of field statics (left) to refraction statics (right)
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Figure 7. Progression from raw data (a) to denoised data (b), and finally to the removal of noise (c).

Noise Attenuations

Signal to noise ratio (S/N) in fold belt seismic data especially
over exposed anticlines is very poor (Dutta et al., 2015).
Reflection hyperbolae pattern is hardly observed. In
structurally complex areas out of plane reflections are very
common. Hence, it is important to get rid of masked noise in
data cautiously. Carried out frequency dependent noise
attenuation in narrow bands and thereby enabling searching of
anomalous amplitudes and subsequent attenuation (Yilmaz,
1987). (Figure 7) illustrates a shot gather before and after
denoising.
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Velocity Analysis

Velocity analysis plays a crucial role in the fold belt data (Dutta
etal., 2015). As the consistent reflection hyperbolae are nearly
absent in gather level, it becomes difficult to carry out velocity
analysis based on flattening of hyperbolae (Figure 8).
Semblance based approach on super gather also does not give
reliable estimate of the velocity.

Under these circumstances constant velocity stack method
(CVS) of velocity analysis is helpful to get an initial estimate
of velocity (Figure 9).
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Figure 9. Constant Velocity Stack (CVS) for velocity picking

Multiple iterations of CVS velocity estimation need to be
carried out to get the optimal stack result. In order to pick CVS
based velocity, a prior knowledge of geological structure is
essential. Velocity analysis on post stack migrated output with
velocity perturbation is also provide better image quality in
some area where S/N is poor.

The quality of vintage data from the Tripura fold belt areas
improved significantly by implementing the special quality
control steps and parameters mentioned above during
processing. A comparison of the PSTM stack of the vintage
2D line is shown in (Figures 10). PSTM stack (10a) was
processed using field statics and semblance-based velocity
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estimation, while (10b) was processed following fold-belt-
friendly processing steps as discussed earlier.

Technological advancements in processing algorithms and
human efforts consistently yield high-quality results. However,
setbacks during data acquisition can never be fully mitigated.
Acquiring and processing new data with a geometry suited for
fold belt areas is crucial for a better understanding of the
subsurface. More importantly, implementing this geometry on
the ground while addressing the challenges of the fold belt area
is a significant task. An innovative geometry, the ‘2D swath-
line’ seismic data acquisition, could potentially alleviate these
imaging difficulties in the fold belt.
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Figure 10. Comparison of PSTM stacks of a vintage 2D line (a) of Tripura fold belt area and by adopting special processing steps (b)
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Figure 11. The swath-line recording geometry adopted in the seismic data acquisition.

The 2D swath-line acquisition geometry combines the concepts
of stack array with 3D acquisition techniques; here in this case
study, it consists of one additional receiver line on both sides
of conventional 2D seismic survey. This geometry provides
excellent protection against scattered and out-of-plane surface
noise, while permitting the use of limited crossline aperture and
3D swath processing techniques to preserve signal fidelity.
Swath-line seismic data were acquired as a practical alternative
to conventional 2D land data acquisition to map an anticline in
an area situated in the north-eastern part of India with rough
topography and difficult accessibility. The recording geometry
consists of three parallel receiver lines at 40 m separation and
a single shot line along central receiver line (Figure 11).
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The receiver interval was 10 m. Symmetrical split spread
geometry with 480 + 480 active channels in each receiver line
and total 2880 channels in an active temple was used. Full-fold
coverage along the CMP line is 720; significantly higher than
the fold that can be attained by conventional 2-D  surveys. (
Figure 12) shows the raw shot gather of the swath-line
acquisition geometry, while (Table 1) lists the important
recording parameters. A total of nine sets of 2D swath line data
were acquired: six aligned in the dip direction and three in the
strike direction, aimed at mapping the South Baramura
anticline. All these lines are illustrated on a Google Map and
Geological Map in (Figures 13a and 13b), respectively.
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Figure 12. Raw shot gather with swath-line acquisition geometry

Tablel. The swath-line acquisition parameters

Receiver line spacing 40m

Receiver interval 10 m

Shot interval 20m

Number of channels per receiver line 960
Number of receiver lines 3

Total number of channels 2880
Number of shot lines 1

Min/Max offset 5 m/4800 m
Fold along the CMP line 720

b %
o-——aa-‘-o\_.."t—-—

OBagafa

Figure 13. Swath line profiles shown on (a) Google Map and (b) Geological Map of the South Baramura Anticline.
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Data analysis

Swath-line data must be treated as 3D data during most of the
stages of processing, including near-surface modelling and
subsurface imaging. Topography variation is very high and
rapid in the survey area. An elevation profile of receivers along
the dip direction in a swath line shows the variation to be

Manoj Kumar Bhartee et al.,

between 10 and 130 m (Figure 14), and a profile of shots along
the central shot line shows the variation to be between 40 and
130 m (Figure 15). The nonlinear travel time tomography
(Zhang and Toksoz, 1998) was applied to the first-arrival times
picked from the shot gathers and estimated a near-surface
velocity model for statics corrections.

Elevation (m)
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Figure 14. The elevation profile of receivers along the swath lines showing the variation to be between 10 and 130 m.
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Figure 15. The elevation profile of shots showing the variation to be between 40 and 130 m.

The workflow mentioned in (Figure 16) was applied to process
the data, which included geometrical spreading correction,
followed by cascaded application of noise attenuation in the
shot and CMP domains, aimed at reducing the strength of
surface waves and guided waves. It is often found that in the
seismic data from fold belt areas, the signal-to-noise ratio (S/N)
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over anticlines is low due to complex geological structures,
shadow zones, out-of-plane reflections, and surface noise. The
coherent reflection hyperbolic patterns are usually not visible.
Therefore, it is important to eliminate noise to enhance the
reflection strength. A processing flow chart is depicted in
(Figure 16).
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Figure 16. Processing flow chart of swath line data.

Typically, noise removal algorithms assume that the signal
strength is significantly greater in magnitude than the
interfering noise. However, in this specific context, the signal-
to-noise ratio is small. As a result, we performed frequency-
dependent noise attenuation within narrow frequency bands.
This approach allowed us to identify anomalous amplitudes
and apply appropriate attenuation techniques. At the initial
stage, minimal noise removal is applied to preserve the signal.
Subsequently, signal enhancement occurs after velocity
refinements and on the post-stack level, as needed. In this
dataset, velocity analysis plays a critical role due to the scarcity
of consistent reflection hyperbolae in seismic gathers.
Consequently, traditional velocity analysis methods based on
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Velocity analysis (CVS) \’:>
41
[ ]

Velocity analysis (Semblance) at
200m
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Surface consistent residual
statics correction

Residual stack

—

hyperbola flattening become challenging. Even a semblance-
based approach with super gather fails to provide reliable
velocity estimates. Under these circumstances, the constant
velocity stack (CVS) method proves valuable for obtaining an
initial velocity estimate. We iteratively refined the velocity to
achieve optimal stacked results.

The comparison of seismic data stacks across different
processing stages, is denoted as (a) to (d) in the (Figure 17).
Notably, improvements have been consistently observed at
each processing stage. A detailed parameter testing and
comprehensive quality control checks have been meticulously
implemented across the entire processing workflow.
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Figure 17. A comparison of stacks at various processing stages, (a) brute stack with field statics applied, (b) brute stack with refraction

statics applied, (c) stack after initial denoising and first-pass velocity analysis and, (d) stack after applying surface-consistent deconvolution
and residual statics with finer velocity analysis.
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Figure 18. Comparison of 2D seismic profile segments from (a) vintage data, and (b) swath-line data. The segments have been included
from only the overlap portions of the two profiles.
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RESULTS

Significant enhancements have been observed in all nine swath
line seismic data, particularly in the dip lines. The anticline
features are now well-defined, showing clear fault boundaries
and other reflectors. Additionally, the strike lines have been
accurately resolved compared to the existing conventional 2D
seismic data. A comparison of swath line data with vintage 2D
is shown in (Figure 18), the improvement in the signal-to-noise
ratio by swath-line recording is markedly evident.

In order to compare the 2D swath-line geometry with
conventional 2D geometry in the study area, we processed the
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swath-line data twice. In the first case, we utilized all three
receiver lines, following the standard swath-line processing
approach. In the second case, we focused solely on the central
receiver line, resulting in a geometry resembling conventional
2D acquisition. All other parameters, including velocity,
deconvolution operators, and migration parameters, remained
consistent. The comparison of the final seismic stacks is
presented in (Figures 19 and 20), corresponding to the dip
direction and strike direction, respectively. Notably, the swath-
line processing with three receiver lines significantly improved
image quality, particularly over fault zones near the anticlinal
portion in the dip line. Additionally, events are clearly resolved
in the strike direction.

b)

Figure 19. Comparison of stacked sections from swath-line, with (a) single receiver line, and (b) three receiver lines along dip direction.
The image quality significantly improves, and faults are more distinct in (b).

Figure 20. Comparison of stacked sections from swath-line with (a) single receiver line, and (b) three receiver lines along strike

direction.
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Figure 21. Interpreted RC line trough intersection of two swath lines, (a) section of a line along strike direction in N-S direction from
intersection point, (b) section of a line along dip direction in E-W direction from intersection point, and (c) representation of lines on

location map.

(Figure 21) illustrates an interpreted RC line derived from the
intersections of a dip and strike line. Section (a) represents a
line along the strike direction in the N-S direction, originating
from the intersection point and section (b) corresponds to a line
along the dip direction in the E-W direction, also starting from
the intersection point. There is good match and continuity
observed on the both sections at intersection point. While 2D
swath line seismic data offers several advantages, it also comes
with some limitations that we address during geometry
planning. Due to the varying topography between receivers,
especially in the strike direction of the anticline, swath line
geometry often involves three receivers positioned at different
elevations, which may fall into the same bin. When this
elevation variation is more pronounced in the crossline
direction, midpoints may coincide within the same bin during
geometry merging. This arrangement occasionally results in
smeared reflection events, leading to a low-frequency
appearance in the output data. To address this limitation, it
becomes necessary to maintain an optimal offset for the
additional two receiver lines from the central line, especially
when elevation variation is substantial in that direction (such
as the lines parallel to the strike direction of the study area).

CONCLUSIONS

In areas with rough topography and difficult accessibility like
Tripura fold belt, high-fold swath-line data acquisition proves
more beneficial than conventional 2D land seismic methods.
This is especially true when 3D land seismic data acquisition is
cost-prohibitive. Treating swath-line data as 3D during most of
the processing stages, including near-surface modelling and
subsurface imaging, is crucial. Swath-line recording provides
significantly higher foldage compared to typical 2D surveys,
resulting in improved signal-to-noise ratios essential for
imaging in fold belt areas. Addressing image quality issues
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related to geometry, statics, noise, velocity and algorithms,
required a pragmatic approach. We employed a mix-and-match
strategy, drawing from various software suites, recognizing
that no single suite provides an optimal solution for all
challenges.
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ABSTRACT

Marcasite is a metastable phase in iron-sulphide solution. If, preserved, it can be used as a significant indicator phase to understand the physio-chemical
condition of its formation and associated sulphide system within ore deposits. The present study reports marcasite within the Proterozoic lamprophyre dyke,
intruded into the amphibolite of Nellore Schist Belt, Southern India. Marcasite commonly occurs in association with pyrite, chalcopyrite and pyrrhotite in
different textural associations. It shows development along the rim and fracture as an alteration of pyrrhotite at places forming characteristic bird eye
structure. Pyrite forms later than marcasite, typically occurring along the boundary between marcasite and pyrrhotite. The formations of both marcasites
followed by pyrite in the lamprophyre, suggest >100 °C and <240 °C temperature, at low pH during the replacement of pyrrhotite through dissolution-
reprecipitation-process under the influence of sulphur-rich hydrothermal solutions. However, the presence of both phases in different textural associations,
reveals that the formation conditions of both the Fe sulphide phases i.e. pyrite and marcasite polymorphs are of neutral to alkaline solutions and have an
influence on both hydrothermal as well as alkaline parental rock signatures.

Keywords: Pyrite, Marcasite, Pyrrhotite, Lamprophyre, Nellore Schist Belt, Dharwar craton.

INTRODUCTION al., 2014; Kusebauch et al., 2019; Wu et al., 2019; Xing et al.,

The two polymorphs of iron disulfide (FeS:) are represented by 2019) in hydrothermal deposits.

pyrite (cubic) and marcasite (orthorhombic). Marcasite is Nevertheless, intergrowth of pyrrhotite-pyrite-marcasite is also
metastable as compared to pyrite and formed by the alteration common in sedimentary settings (Ruppert et al., 2005;
of a monosulfide phase like mackinawite or pyrrhotite. Schieber, 2007, 2011), associated with the epithermal system
Marcasite formation is favoured by low pH on sulfur (Franchini et al., 2015; Rottier et al., 2016), Carlin as well as

geochemistry (Goldhaber and Reynolds, 1979). The low-T orogenic gold deposits (Fleet and Mumin, 1997; Cline, 2001;
weathering of pyrrhotite yields FeS: (pyrite and marcasite) Teal and Jackson, 2002: Emsbo et al., 2003: Muntean et al.,
with a typical replacement textures (especially bird's eye) 2011; Soares et al., 2018; Stromberg et al., 2019), in supergene
(Ramdohr, 1975). The main loss of iron from pyrrhotite and its  deposits (Petersen, 1965; Kelly and Turneaure, 1970; Nickel et

highly porous nature is responsible for its transformation into al., 1974; Einaudi, et al., 2003), VHMS deposits (Maslennikov
marcasite and pyrite (Kelley and Turneaure, 1970; Fleet, et al., 2013; Tessalina et al., 2017; Essaifi et al., 2019), and
1978). In contrast, marcasite to pyrite conversion occurs mineralization associated with hydrothermal vent in deep sea

around 157 and 331°C Temp. at sulfur fugacities buffered and (Goldfarb, 1983; Koski et al., 1984; Hannington and Scott,
represented by the pyrite-pyrrhotite assemblage (Rising, 1973). 1987; Schoonen and Barnes, 1991a, b, ¢; Goldfarb et al., 2005).

Likewise, Qian etal. (2011) explained pyrrhotite to pyrite and Its predominance is also reported from late-stage epithermal
marcasite replacement under low temperature (up to 220 °C) systems associated with hydrothermal breccias related
hydrothermal conditions. The recent experimental studies by~ mineralization e.g. Agua Rica deposit, Argentina (Franchini et

Yao et al. (2020) and Yao (2021) reveal the fast conversion of al., 2015).
marcasite to pyrite at higher-temp above 300 °C that restricted

the presence of marcasite in the geological records. Although In neutral to alkaline solutions polysulfides are stable at
marcasite has a large range of temperatures from >300 °C e.g. <240°C (Giggenbach, 1974; Schoonen, 1989). Several studies
black smokers (Graham et al., 1988) to a lower range <160 °C have explained the presence of pyrite and marcasite under
(Rising, 1973). Furthermore, the marcasite associated with the hydrothermal conditions (Schoonen and Barnes, 1991a,b,c;
mineralization of supergene origin has below pH5 at 25°C Murowchick, 1992; Qian et al., 2011), and supported marcasite
(Murowchick and Barnes, 1986). Likewise, several studies formation under acidic conditions (pH <5), or in S(-II)-
explain the formation of marcasite around temperatures deficient solutions (saturation index << 1000 concerning either
ranging from 80°C to 350°C in various deposits (Barnes, 1979; pyrite or marcasite). In contrast, pyrite generation is at
Anderson and Macqueen, 1982; Ohmoto et al., 1983; Hayba et relatively higher pH or S(-11)-rich solutions with saturation
al., 1985). Especially, the gold is associated with viz-a-viz index >1000 (for either pyrite or marcasite) (Murowchick and
hosted by pyrite and marcasite (Cook and Chryssoulis, 1990; Barnes, 1986; Qian et al., 2011). The occurrence of marcasite
Large et al., 2007, 2016; Rickard and Luther, 2007; Deditius et is a useful indicator of low-temperature environments
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(Schoonen and Barnes, 1991a, b, c; Qian et al., 2011 and
references therein).

In the present study, we discuss the mutual textural association
of pyrrhotite, pyrite, and marcasite that occur in calc-alkaline
lamprophyre intruded in the southern part of the Nellore Schist
Belt. This lamprophyre is intruded by the minor quartz veins
that generally carry sulfide mineralization. The lamprophyre
dyke have developed under the influence of the hydrothermal
system in the Nellore Schist Belt and the Eastern Dharwar
Craton. Here, we present the formation of marcasite from the
replacement of pyrrhotite in lamprophyre, to ascertain its role
in the formation of base-metal mineralization in the area and its
regional implication.

GEOLOGY OF THE AREA

The Dharwar Craton represented one of the prominent
Archean cratons of the Indian shield located in southern India
which can be divided into eastern Dharwar and western
Dharwar cratons with the boundary demarcated by N-S
trending Closepet granite. The eastern Dharwar Cratons is
covered by the granite/gneisses/TTGs of Neoarchean age with
the presence of NNW-SSE trending greenstone belts
(Chadwick et al., 2000; Jayananda et al., 2000). The study area
is located in the eastern Dharwar Cratons and close to the
vicinity of the contact zone of Neoarchean Nellore Schist Belt

J. Ind. Geophys. Union, 29(2) (2025), 115-123

and Eastern Ghats Belt. Nellore Schist Belt subdivided into
Udayagiri and Vinjamuru groups, are situated juxtaposed to
Nallamalai Fold belt and Cuddapah basin having thrust contact
(Figure 1c) (Saha, 2011; Meshram et al., 2021, 2022). The
Vinjamuru group predominantly contain metasedimentary
rocks composed mainly of phyllites and quartzites along with
the subordinate volcanics. Whereas, Udayagiri group is
dominantly composed of amphibolite/meta-basalt.

The reported lamprophyre with sulfide mineralization is
situated in the southern most extent of the NSB (Meshram et
al., 2021, 2022) (Figure 1la-c). The studied lamprophyre is 2.3
Ga old, intruded into amphibolites of Udayagiri domain and it
has taken part in the deformation and metamorphic processes
associated with the Nellore Schist Belt (Figure 2a) (Meshram
et al., 2021). It also exhibits late hydrothermal imprints
represented by mineralized sulphide -rich quartz veins. There
are number of quartz veins associated  with sulfide
mineralization which intruded along the Nellore Schist Belt
(Figure 2b). The Garimanipenta, Venkatadripalem,
Masayapeta and Tirumalapuram areas are well-known for
potential sulphide mineralized occurrences along Nellore
Schist Belt, which has been explored by the Geological Survey
of India. This sulphide occurrence is situated almost 80 km
north of the lamprophyre of the study area.

Eastern Dharwar Craton and
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Figure 1. (a) Inset map of India showing location of Cuddapah basin. (b) Regional geological map showing location of study area in the
its relationship with the Cuddapah basin, Nellore Schist Belt and Nalamallai Fold Belt (NFB). (c) Study

area showing the location of lamprophyre within Udayagiri meta-basalt (after Meshram et al., 2021, 2022).
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PETROGRAPHICAL STUDY

The lamprophyre is foliated in nature and shows preferred
orientation of amphibole and feldspar and secondary quartz
along with sulphides (Figure 2b and Figure 3a,b). Detailed
petrographical studies reveal the presence of primary
porphyritic to panadiomorphic textures. The phenocryst phase
is predominantly represented by phlogopite set in the fine-
grained groundmass (Figure 3a,b). It contains principal
sulphide minerals like pyrrhotite, marcasite, pyrite and
chalcopyrite in association with silicates. The marcasite shows
pale yellowish colour compared to pyrite and show
anisotropism in shades of light yellow (Figure 3c-e ). The
marcasite veinlets have a thickness of a few cm, and occur in
association with the pyrrhotite. It forms criss-cross veinlets,
develops along fractures, and rims of the grain boundaries
(Figure 3f). Pyrrhotite appears as grains up to a few centimeters
in diameter, with all grains replaced by marcasite. Marcasite
seams are consistently found along the borders of pyrrhotite
grains. In some areas, pyrite occurs as euhedral grains up to a
few millimeters in diameter, embedded within marcasite.The
chalcopyrite grains in the lamprophyre do not show any
alteration and sharp contact with both pyrrhotite and marcasite.
Limonite/siderite of a reddish-brown colour is seen under
transmitted light.

The replacement textures show development of remiform
borders of marcasite, whereas, formation of tiny rounded to

Tushar Meshram and Srinivasa Rao Baswani

spheroids shapes with double marginal zone is more common
and significant. A worm-like body of marcasite along pre-
existing microfissures, such as cracks and cleavage planes in
the original pyrrhotite, is also observed. At places, a series of
concentric layers of marcasite (bird's-eye structures, (Figure
3e, f), are separated from each other by open voids, and finally
the whole pyrrhotite grain is transformed to marcasite.
Pyrrhotite is showing skeletal texture due to the replacement of
entire grains by marcasite.

MINERAL CHEMISTRY OF PYRRHOTITE,
CHALCOPYRITE AND PYRITE

A total of 28 EPMA spot analyses were carried out, on the
pyrrhotite 12 numbers (nos.), chalcopyrite 06 nos., marcasite
05 nos. and pyrite 05 nos. The instrument was set under 15 kV
accelerating voltage, one pm beam diameter, and 20 nA beam
current for the measurements. The counting times for peak and
background were the 40 s and 20 s, respectively. The precisions
of the analyses were £0.5% element concentrations. The ZAF
matrix corrections were carried out using the CAMECA
supplied Peak sight program. The major element compositions
are listed in Tables 1-3. The general representation is shown in
the binary plot S against Cu+Fe in Figure 4a and also plotted
Fe and S variation in box plot (Figure 4b). They show
systematic variation in copper, iron and sulphur.

Lamprophyre
- \m\\\ TR

Figure 2. (a) Field photograph showing the lamprophyre intruded within Udayagiri meta-basalt, Note-extensive intrusion of intense quartz
veining parallel to the lamprophyre intrusion. (b) Close-up view photograph showing porphyritic texture in lamprophyre with the presence
of sulfide mineralization (Location: quarry section west of Rapuru near Gilakapadu area)

117



Tushar Meshram and Srinivasa Rao Baswani J. Ind. Geophys. Union, 29(2) (2025), 115-123

WO: 12.52 mm " VEGAS TESCAN| BE11.00 WO: 12.52 mm
Det: BSE 20pm SEM MAG: 446 x Dot: BSE
Paiasostology v GS! Hyderabad View fleid: 310 pm Bt 11.00 Palaeostology D GS1 Hyderabad

Birds eye
structure

4, L = 3 1
| wWon27tmm Bt 11.00 WO: 12.52 men
6% Det: BSE 200 um SEM MAG: 500 x Det BSE

View eld: 943 um BE11.00 Palasoatoiogy O 6! Hyderabad View fied: 277 pm BE11.00

Figure 3. (a) Photomicrograph showing presence of sulphide along the foliation plane within lamprophyre; note- alignment of amphibole
defining foliation. (b) Back scattered electron image showing presence of sulphide and its replacement within lamprophyre. (c)
Photomicrograph showing replacement of pyrrhotite with the marcasite and formation of chalcopyrite. (d) Photomicrograph showing
replacement of pyrrhotite to marcasite and formation of chalcopyrite as inclusion along with late phase pyrite. (e) Photomicrograph showing
replacement of pyrrhotite to marcasite with development of characteristic birds eye structure. (f-i) False color composite images illustrate
the various textural associations of pyrrhotite replacement by marcasite, along with the formation of chalcopyrite and pyrite.

=4 70
@ = ®
g o Chalcopyrite 60 =t
-
) 55 -
2 - i i =
2 ‘ Pyrrhotite 50 1
==
uc: @ 45 4
+ 8 1
=
5] 40 :
| B
35 4
Pyrite ==
o
4 1 30 o
Marcasite -
N 30 3]5 4'0 is st 55 = : :
Fe S

S

Figure 4. (a) Binary variation plot of S against Cu+Fe. (b) box plot for pyrite-chalcopyrite-pyrrhotite and marcasite show behaviour of Fe
and S.
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In general, pyrrhotite contains 56.78-60.63 wt% Fe (average
59.51 wt%), 38.33-39.68 wt% S (average 38.99 wt%), with
higher concentrations of Ni, Co, and Mo, while the remaining
elements are below detection limits. Chalcopyrite has 28.89—
31.13 wit% Fe (average 30.40 wt%), 34.20-34.98 wt% S
(average 34.51 wt%), and 33.81-34.45 wt% Cu (average 34.25
wt%), with higher levels of Mo and the remaining elements
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below detection limits. Pyrite shows 46.09-46.31 wt% Fe
(average 46.20 wt%), 51.10-51.94 wt% S (average 51.45
wt%), and 0.009-0.076 wt% Cu, with other elements either
insignificant or below detection limits. Marcasite contains
43.71-44.11 wt% Fe and 48.43-49.07 wt% S, with higher
concentrations of Ni, Co, and Mo, while the remaining
elements are below detection limits.

Table 1. Representative EPMA analysis of Pyrrhotite from meta-lamprophyre dyke.

Point |1/1  [2/1 [3/1 [e/1 J7r/1 Josn [a1/1 J12/1 [1371 [1s5/1 [16/1 [ 20/1
Pyrrhotite
Cu 0.037 0] 0101] 0029 0 0] 0021] o0.003 0 0 0] 0042
Co 0.258 | 0.245 027 | 0.256| 0237 022 | 0.265| 0.266 025 | 022] 0215 0.25
Ni 0176 | 0212 | 0231] 0153 | 0233 | 0246 | 0.27 019 | 0262[ 0212 0198 0217
Fe 59.982 | 59.863 | 59.608 | 56.789 | 59.11 | 59.989 | 59.263 | 59.625 | 60.304 | 59.765 | 59.462 | 60.363
Zn 0 0 0 0 0] 0172 0| 0025 0] 0012 0 0.01
s 38.758 | 38.796 | 39.38 | 38.332 | 39.579 | 38.771 | 39.093 | 39.685 | 39.134 [ 38.645 | 39.123 | 38.65
Te 0.037 | 0.022 0] o001 0 0 0 0| 0048 | 0036 0012 0
Au 0 0 0 0 0 0 0 0 0 0 0 0
Mo 054 | 0636 | 0532 0424 | 0643| 0501| 0727 | 0681 | 0657 0649 | 0661 0.489
Bi 0143 | 0029 | 0056| 0279 | 0431| 0.475[ 0051 0135| 0277 | 0086 [ 0.101 0.21
Se 0.013 | 0.007 0| 0048 | 0039 0.003] 0013 0 0| 0015| 0051 0002
Ag 0.001 0 0] 0.031 0 0| 0039 002 0| 0.035 0 0
Sb 0 0 0 0 0 0 0 0 0 0 0 0
Sn 0| 0042 | 0.044 | 0.031 0 0.07 | 0029 | 0.055 005| 001 0141] 0.055
Pb 014 | 0218 0097 | 0055| 0.133| 0.266] 0101| 0427 | 0062 0.188 026 | 0.153
As 0 0 0 0 0 0 0 0 0 0 o[ o0.017
Total | 100.086 | 100.07 | 100.319 | 96.439 | 100.104 | 100.413 | 99.872 | 100.817 | 101.044 | 99.874 | 100.314 | 100.458

Table 2. Representative EPMA analysis of Chalcopyrite from meta-lamprophyre dyke.

Point |4/1  |s5/1 |81 10/1  |18/1  |19/1
Chalcopyrite

cu 34373 | 33813 | 34423 | 34452 341 | 34353
Co 0.1 0| 0013| 0017 | 0035 | 0019
Ni 0| 0039 0| 0008] 0013 0012
Fe 30514 | 28.801 | 30.749 | 30.378 | 3L139 | 30.756
Zn 0| 0083]  0.039 0 0| 0075
S 34204 | 34278 | 34.34 | 34402 | 34894 |  34.98
Te 0.029 0 0 0 0 0
Au 0 0 0 0 0 0
Mo 0.695 | 0437 | 0.587 074 | 0614 | 0621
Bi 0.256 | 0024 | 0.022 002 | 042 0337
Se 0| ool 0| o0.104 0 0
Ag 0 0 0 0| 0078 0
Sb 0 0 0 0 0 0
sn 0| 0018 0| 0054] 0034 0
Pb 0| 0296 | 0141 0188 |  0.258 | _ 0.083
As 0 0 0 0 0 0
Total | 100172 | 97.89 | 100315 | 100.363 | 101.307 | 10L.235
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Table 3. Representative EPMA analysis of Marcasite and pyrite from meta-lamprophyre dyke.

Point 14/1 |15/1 [16/1 [17/1 Ja7sa [171 [2/1 [3/1 |er1 [7/1
Marcasite Pyrite
Cu 0 0 0 0 0| 0.076| 0.024| 0.009| 0.032 | 0.029
Co 0.388| 0.295| 0.312| 0376 | 0.423| 0.034| 0076 | 0.025| 0.044 | 0.081
Ni 0.765| 0.798 | 0.894 | 0.889 | 1.052 | 0.047 | 0.021 | 0.016 0| 0.021
Fe 43.714 | 43.961 | 43.887 | 44.065 | 44.118 46.09 46.22 46.23 46.15 46.31
Zn 0.05 | 0.031 0| 0.045 0 0| 0.032 0| 0.027 0
S 49.078 | 49.12 | 48.976 | 48.538 | 48.438 | 51.48 52.1 | 5192 | 5232 | 5194
Te 0.008 | 0.005 0| 0.006 0| 0.024 0| 0.083 0 0
Au 0 0 0 0 0| 0.009 0 0 0 0
Mo 0.84 0.81 0.79 | 0.812 | 0.826 0 0 0 0 0
Bi 0.241 0 0 0 0 0 0 0 0 0
Se 0.036 | 0.028 | 0.007 | 0.031 | 0.005 0 0 0 0 0
Ag 0 0 0 0 0 0| 0.014 0| 0.015| 0.002
Sh 0 0 0 0 0 0 0 0 0 0
Sn 0.085| 0.083 | 0.057 | 0.064 | 0.066 0 0 0 0 0
Pb 0.044 0.03 | 0.078 | 0.041| 0.304 0 0 0 0 0
As 0 0 0 0 0 0 0| 0.006 0 0
Total 95.25 | 95.161 | 95.001 | 94.867 | 95.233 | 97.76 | 98.487 | 98.289 | 98.588 | 98.383
DISCUSSION (Giggenbach, 1974; Schoonen, 1989). The formation of both

Conditions of formation of marcasite

The pyrrhotite-marcasite transformation is common in the
supergene zone and association of secondary pyrite with the
marcasite may point to higher confining pressures during the
transformation process, or to the direct precipitation of pyrite
from solution under conditions of high Fe and S activity
(Schoonen and Barnes, 1991a,b,c). The transformation of
pyrrhotite to marcasite with the presence of chalcopyrite in
alkaline rocks in southern India is akin to many ore deposits
(e.g., Einaudi, 1971; Fleet, 1970, 1978). The pyrrhotite
transformation to marcasite and/or pyrite, also develops large
porosity (Murowchick, 1992). Distinct replacement textures of
pyrrhotite conversion to either pyrite or marcasite are ilustarted
in (Figure 3). During the evolution of solution, the overgrowth
and formation of marcasite happened by direct viz-a-viz
simultaneous pyrrhotite conversion and their association
chalcopyrite reveals the crystal growth of marcasite as a
precipitation mechanism from same solution.

The experimental study of Qian et al. (2011) suggested that the
pyrrhotite to Fe disulfide reaction supports the dissolution-
reprecipitation mechanism under hydrothermal conditions and
temperature below 220°C preferentially at low pH. Schoonen
and Barnes (1991a,b,c)’s experimental studies suggest that at
< 100°C, pyrite and marcasite are formed by sulfidation of FeS
with polysulfides, and > 100°C, they are formed via sulfidation
with the loss of iron and release of earlier FeS phases. They are
only stable in neutral to alkaline solutions < 240°C
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phases under hydrothermal conditions suggests its genesis in
acidic conditions (pH<5), or in S(-11)-deficient solutions while
pyrite is formed at relatively higher pH or S(-11)-rich solutions
(Murowchick and Barnes, 1986; Schoonen and Barnes, 1991a,
b, ¢; Murowchick, 1992; Qian et al., 2011). Experimental study
of Yao (2021) has shown rapid transformation from marcasite
to pyrite at higher temperatures (>300 °C).

It is obvious that the formation of marcasite in alkaline rocks is
the replacement of pyrhotite by dissolution-reprecipitation
mechanism under hydrothermal conditions and also by
enrichment of sulphur from solution through sulfidation
processes progressively more sulphur-rich phases pyrite and
chalcopyrite. Therefore, the temperature ranges of formations
of marcasite in the alkaline rocks are above 100°C and below
220°C and replacement of pyrrhotite through dissolution-
reprecipitation process under the influence of sulphur rich
hydrothermal solutions. In the present study, it is observed that
the formation of both pyrite and marcasite indicate similar
conditions. However, the presence of both phases in different
textural associations reveal that the formational conditions for
them are of mixed nature and have the influence of both
hydrothermal as well as alkaline parental rock signature. The
mineral typically forms under low-temperature, sulfur-rich
conditions, often associated with hydrothermal fluids that
interact with the host rock. The alkaline environment plays a
crucial role in stabilizing marcasite, facilitating its precipitation
from the circulating fluids. These fluids, rich in sulfur, promote
the replacement of pyrrhotite and other minerals, allowing
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marcasite to crystallize in fractures and intergranular spaces.
This process often occurs in proximity to base metal
mineralization, further indicating the influence of the
hydrothermal system in the formation of marcasite.

CONCLUSIONS

The Nellore Schist Belt hosts potential base metal sulphide
occurrences along its southern extension. Present study
reported the marcasite within the lamprophyre dyke intruded
into the amphibolite of Nellore Schist Belt, Rapuru, India.
Marcasite commonly occurrs in association with pyrite,
chalcopyrite, pyrrhotite in different textural association.
Marcasite is metastable phase in iron-sulphide solution
significantly used as an indicator phase to understand the
physio-chemical conditions of sulphide system associated with
ore deposits. The textural evidence shows its development
along the rim and fractures as an alteration of pyrrhotite with
characteristic bird eye structure. Mutual association of
marcasite-pyrite in the lamprophyre is generally restricted to
<240°C temperature, neutral to alkaline solutions at low pH
during dissolution-reprecipitation process under the influence
of sulphur rich hydrothermal solutions.
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ABSTRACT

Indian subcontinent has been experiencing intraplate seismicity since historical times having witnessed a number of damaging
earthquakes. Recently, on December 4, 2024, Godavari graben was rocked by a moderate earthquake (M=5.0) close to Mulugu town
in Telangana state of India. It has a focal depth of around 10 km. Earlier too, this graben has experienced a number of moderate-
magnitude destructive earthquakes. We have analyzed high-resolution satellite gravity data over this region in order to identify the
active faults and genesis of this intraplate earthquake. The residual gravity anomaly, deduced using Finite Element Method, brought-
out a clear expression over different geologic and tectonic features. Eastern flank of Godavari graben is seen to be characterized by
extremely high-gradient gravity anomalies corresponding to a deep-seated crustal-level fault, over which the hypocenter of the
Mulugu earthquake lies. Similarly, western flank is also associated with high gravity gradients, corresponding to a fault structure
which also reaches to mid-crustal depth. These seismogenic faults are getting reactivated due to neo-tectonic activities caused
possibly by underlying thermal anomaly. It appears that all the major intra-plate earthquakes of Indian shield have occurred along
the prominent rift structures, which are associated with high heat flow and thin lithosphere, and have undergone quaternary uplifting
and crust-mantle thermal interaction.

Key Words: Intraplate seismicity, Deep-seated crustal fault, Godavari graben, Mulugu earthquake; Gravity field; FEM (Finite
Element Method); Heat flow.

INTRODUCTION name a few (Krishnabrahmam and Negi, 1973; Liu and
Zoback, 1997; Mandal and Pandey, 2010; Catchings et al.,
2015; Mukherjee et al., 2017; Oliva et al., 2019; Xu et al.,
2020). The rift-valleys are often characterised by elongated
narrow extensional features with a central depression and
shoulder uplifts, which are commonly bordered by normal
faults. Apart from this, the continental rifts are also typically
associated with magmatic activity (particularly at the early
stages of rifting), alkali basalts, bimodal volcanism, crustal
thinning, magmatic underplating across the Moho and
relatively high heat flow (McKenzie and Bickle 1988; Dixit et
al., 2010; Pandey, 2020). In the present study, high-resolution
satellite gravity data over Godavari graben has been analyzed
to understand the genesis of Mulugu earthquake, which
occurred recently in this graben. It has a focal depth of 10 km
and epicenter, 18.45° N and 80.33" E.

Some of the Stable Continental Regions (SCR) have been
experiencing moderate to large intraplate seismic activity since
historical times. Indian subcontinent is one of the finest
examples. It has a dynamic past of active rifting, and has
undergone multiple plume interaction and continuous uplifting.
During the last 50 years, it has witnessed more than 20 events
of magnitude five and above, many of which have been
destructive and led to the loss of human life and property. This
includes, 1819 Kachchh (M=7.7), 1927 Son-valley (M=6.4),
1967 Koyna (M=6.3), 1969 Bhadrachalam (M=5.7), 1970
Broach (M=5.4), 1993 Killari (M=6.2), 1997 Jabalpur (M=5.8)
and 2001 Bhuj (M=7.7) earthquake (Gupta et al. 2001; Pandey,
2020; Vasanthi, 2022). In general, intraplate earthquakes are
caused by sudden movement along pre-existing weak zones or
faults in response to the perturbation of the local stress regime
due to plate boundary forces, surface and sub-surface loading, GEOLOGY AND TECTONIC FRAMEWORK
localized strength weakening of the crustal rocks as well as
reservoir loading (Kuang et al., 1989; Gupta, 1992; Mandal,
1999; Ramalingeswara Rao, 2000). Despite several extensive
geoscientific studies (Mandal et al., 1997; Singh et al. 1999;
Rajendran et al., 2008; Kayal, 2008; Mandal and Pandey, 2011,
Vasanthi and Sathish Kumar 2016), the genesis of these
intraplate earthquakes is yet to be clearly understood.

Godavari graben is a NNW-SSE trending intra-cratonic rift
basin, flanked by Bhopalpatnam high-grade granulitic belt in
the east, and Karimnagar granulites to the west (Figure 1). The
graben is roughly 400 km in length, and 50 km in width, and
separates the Dharwar and Bastar cratons. This graben having
a thick sedimentary succession with several cycles of
deposition that began in Late Carboniferous period, was
Usually, major intraplate earthquakes, are known to have formed after the closure of Proterozoic period. The Gondwana

intimate relationships with rift valleys, like New Madrid outcrops occur primarily as a linear belt along the axial part,
(USA), Baikal (Siberia), East African region, Shanxi rift zone that separate the Proterozoic outcrops. Both Proterozoic and
in China and Koyna, Jabalpur, Bhuj and Broach in India to Gondwana formations maintain similar depositional and
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structural trends (Chaudhuri et al., 2012). These sediments are
underlain by Archean crystalline basement. Tectonically, it is
known to contain various NW-SE deep-seated fault structures
that include, Godavari Valley Fault (GVF) on the eastern flank,
and the Kaddam (KF) and Kinnerasani Godavari Faults (KGF)
on its west. This graben is bifurcated by Bhadrachalam ridge
into two major parts, Pranhita-Godavari basin in the north and
Chintalpudi sub-basin in the south. Deccan volcanics are
spread over the north-western part, while the south-eastern part
is covered by Paleoproterozoic Eastern Ghats Belt (EGB).

REGIONAL GRAVITY FIELD

The satellite-derived gravity data for the entire Godavari
graben and the surrounding region is derived from the
XGM2019e Model (Zingerle et al., 2020). This is a combined

J. Ind. Geophys. Union, 29(2) (2025), 124-131

global gravity field model with lesser artifacts that uses the
spheroidal harmonics up to degree and order 5399,
corresponding to a spatial resolution of 2’ (~4 km). It is
composed of three data sources, the satellite-only model
GOCOO06s, the 15’ ground gravity anomaly dataset, and the 1’
min augmentation dataset consisting of gravity anomalies
derived from altimetry over the oceans and topography over the
continents. The Bouguer gravity map of the present studied
region is shown in Figure 2. It can be seen from this figure that
the Gondwana sediments in the axial part are characterized by
high-order gravity low of -100 mGal. Similarly, the peripheral
Proterozoic sediments are associated with moderate gravity
low of around -60 to -80 mGal. In comparison, the prominent
gravity high on the eastern flank corresponds to Bhopalpatham
granulitic belt.

Adilabad

°
Karimnagar

Proterozoic Sediments
Tertiary Deccan Basalt
Gondwana Sediments
7] Alluvium

Eastern Ghats Granulites
[ ] Karimnagar Granulites

[ ]Bhopalpatnam Granulites
- Khammam Schist
Precambrian Granite

[ ] Archean Rocks

Bengal

Figure 1. Generalized geotectonic map of the Godavari graben (modified after Chaudhuri et al., 2012). Location of the present study area
is marked by red box in the Inset map. Location of DSS profile along Kallur-Polavaram (K-P) that cuts across the basin is shown by maroon
solid line. KF: Kaddam fault, KGF: Kinnerasani-Godavari fault, GVF: Godavari valley fault, BR: Bhadrachalam ridge. Epicenters of 1872
Sironcha (M=5.0), 1969 Bhadrachalam (M=5.7) and 2024 Mulugu (M=5.0) earthquakes which occurred in this graben, are also shown and

numbered as 1, 2 and 3 respectively.
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Figure 2. Bouguer gravity anomaly map of the Godavari graben and adjacent region, as prepared using the recent and advanced Model:
XGM2019e_2159 (Zingerle et al., 2020). KF: Kaddam fault, KGF: Kinnerasani-Godavari fault, GVF: Godavari valley fault, BR:
Bhadrachalam ridge, EGB: Eastern Ghats Belt, KB: Khariar sub-basin, IB: Indravati sub-basin, SB: Sabari sub-basin. Epicenters of 1872
Sironcha, 1969 Bhadrachalam and 2024 Mulugu earthquakes are shown and numbered as 1, 2 and 3 respectively.

Similarly, Eastern Ghats Belt is well reflected by conspicuous
E-W and NE-SW gravity high trends. In the southeastern part
of Bastar craton, the major sub-basins, like Khariar, Indravati
and Sabari, are in good correspondence with low-gravity zones
(Figure 2).

As the observed Bouguer gravity data represent the combined
response from deeper (regional) as well as shallower (residual)
geological structures. However, in practice, the terminology of
a regional gravity anomaly varies according to the target of the
investigation, and therefore does not necessarily refer to the
fields generated at lower crustal depths. If the target is a
mineral deposit located at the depths of 100 to 200 m, the
basement rocks will form the regional structure. In case of
hydrocarbon accumulation, the target sources are a few
kilometers deep, and the regional field is generated by the rocks
at the base of the sedimentary columns. In the studies
involving large-scale structures like subduction zones, large
sedimentary basins etc. the regional field originates at lower
crustal depths or still greater depths at Moho (Mallick et al.,
2012). The regional and residual, therefore, are relative terms.
These vary from problem to problem, and from place to place.
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The separation of these two components is thus crucial in
further interpretation of the gravity data. For this purpose, we
have used the Finite Element Method (FEM), developed by us,
to compute the regional gravity anomaly (Mallick et al., 2012;
Vasanthi and Santosh, 2021a, b), which is subsequently
subtracted from the observed gravity field to obtain the residual
gravity anomaly, as shown in Figure 3. This figure clearly
brings out Gondwana and Proterozoic sediments having NW-
SE trending high-order gravity low. This low is sandwiched
between a conspicuous gravity high (+60 mGal) on the east,
which corresponds to Bhopalpatnam granulitic belt, and a
relatively moderate gravity high zone (+35 mGal) on the west
that is associated with the Karimnagar granulites. It is
interesting to observe a bifurcation in this NW-SE trending
gravity low anomaly at around 81° E, that may have been
caused due to Bhadrachalam ridge dividing Pranahita-
Godavari basin in the north, and Chintalpudi sub-basin on the
south. In correspondence with Bouguer anomaly, residual
gravity anomalies also bring out different gravity low zones in
the Bastar craton, corresponding to various sub-basins, like
Khariar, Indravati and Sabari. The SE part of the study area is
associated with a significant gravity high anomaly zone, which
can be correlated with the Eastern Ghats Belt rocks.



A Vasanthi

J. Ind. Geophys. Union, 29(2) (2025), 124-131

23°
N
22°
mGal
21°
55
20° 35
15
19° 5
25
18°
-45
65

78° 79° 80° 81° 82° 83° 84°E

Figure 3. FEM deduced residual gravity anomaly map of Godavari graben and the adjacent region. KF: Kaddam fault, KGF: Kinnerasani-
Godavari fault, GVF: Godavari valley fault, BR: Bhadrachalam ridge, EGB: Eastern Ghats Belt, KB: Khariar sub-basin, I1B: Indravati sub-
basin, SB: Sabari sub-basin. Epicenters of 1872 Sironcha, 1969 Bhadrachalam and 2024 Mulugu earthquakes are shown and numbered as
1, 2 and 3 respectively. Location of the profile, AA’, is also shown, along which 2.5D modeling is carried out.
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Figure 4. Velocity model along Kallur-Polavaram DSS profile. P-wave velocities are in km/s. ++ denotes crystalline basement (modified

after Kaila et al., 1990).
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Figure 5. Density model along Profile AA’ using residual gravity field. 2024 Mulugu earthquake is shown by red star. KGF: Kinnerasani-
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2.5D GRAVITY MODELING

In order to understand the crustal architecture of any region, it
is essential to image the density variations up to Moho depths
(Lachenbruch and Morgan, 1990). As the precise interpretation
of gravity anomalies is non-unique, and often depends on direct
inputs like the nature of the underlying rocks and their in-situ
densities, we have used the available geophysical constraints in
this region for different crustal layers in terms of their
thicknesses and densities based on DSS profile along Kallur-
Polavaram (Kaila et al., 1990) and studies of Pandey and Rao
(2006) and Kindangi and Subramanyam (2025) in order to
model the NE-SW profile AA’ (location shown in Fig. 3),
which cuts across the graben structure.

2-D velocity model and crustal configuration along Kallur-
Polavaram deep seismic sounding (DSS) profile (Kaila et al.,
1990), is shown in (Figure 4). It can be seen from this figure
that all the earthquakes that occurred in this graben (Figure 1),
fall in the mafic middle crust (Vp: 6.3-6.4 km/s) which has
upwarped to an extremely shallow depth below the graben axis.
It appears that it is a common feature of almost all the recent
damaging earthquakes in India. Further, the second lower
crustal high velocity layer (6.85-6.9 km/s) (which is underlain
by first lower crustal layer having velocity 6.6-6.7 km/s), may
be magmatically infected, similar to underplated magmatic
layer that is found in almost all young grabens).

For the modelling purpose, we use the GM-SYS Profile
Modeling Software, in which the number of iterations with less
RMS error provides the best-fit model. Initially, the layers and
their insitu densities are fixed following initial constraints. In
further iterations, the densities and layer thicknesses are
changed in such a way that the calculated anomaly matches
well with the observed gravity field. The best fit between the
observed and calculated gravity fields is obtained by
minimizing the difference in a least-square sense.-The resultant
best-fit density model (with an error of 0.42) along the profile
AA’ is shown in Figure 5. The top layer, corresponding to
sediments, is assigned a density 2.45 g/cm®. This layer is
directly followed by mid-crustal layer (2.79 g/cm?®) which is
further underlain by a relatively high density lower-crustal
layer (2.9 g/cm?). This layer is underplated by a thick magmatic
layer above the Moho (Pandey and Rao, 2006) having density
3.01 g/cm®. Lithospheric mantle is assigned a density of 3.3
g/cm?®. Moho along this profile varies from 41 km in the central
part corresponding the graben structure, to 37 km on its either
sides. A high gravity gradient on the eastern flank categorically
indicates presence of a deep-seated crustal fault that possibly
reaches till Moho. This fault coincides with the Godavari
Valley fault. It is important to note that the epicenter of recently
occurred Mulugu earthquake falls on this fault. Earlier, it is
reported that this fault may have been responsible for the
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destructive 1969 Bhadrachalam earthquake as well. Location
of 1872 Sironcha also falls in the vicinity of this fault,
indicating the reactivation of this deep-seated crustal fault time
and again due to neo-tectonic activities. Similarly, the mid-
crustal level delineated fault on the western flank (KGF)
(Figure 5), is also apparently active, as indicated by Sangode et
al. (2013).

DISCUSSION AND CONCLUSIONS

Entire Indian peninsular shield is tectonically active majorly
due to its ongoing collision with the Eurasian Plate, that causes
frequent earthquakes, particularly in regions like the Indo-
Gangetic Plain and the northeastern states. Additionally, India
is also affected by intraplate seismicity, especially in areas like
the Narmada-Son lineament and the Kutch rift, where tectonic
forces are creating weak zones in the crust. Intraplate
seismicity is often associated with intra-plate stresses, which
are typically the result of rifting, or the process where the
Earth's lithosphere is stretched and pulled apart. This stretching
of the lithosphere can lead to faulting and the release of
accumulated stress in the form of earthquakes. Such seismic
events in the interior region of the plate are although less
frequent, but can cause significant damage, for example, 1819
Kachchh, 1927 Son-valley, 1967 Koyna, 1969 Bhadrachalam,
1970 Broach, 1993 Killari, 1997 Jabalpur and 2001 Bhuj
(Gupta et al., 2001; Vasanthi, 2022).

Recently on December 4, 2024, an earthquake of magnitude 5.0
had occurred, close to Mulugu in the Telangana state, which is
located in the Godavari graben. It has a focal depth of around
10 km. Earlier too, this graben has experienced a number of
moderate-magnitude destructive earthquakes, like 1969
Bhadrachalam (M=5.7) and 1872 Sironcha (M=5.0). We
analyzed high-resolution satellite gravity data over this region
in order to identify the active faults and genesis of these
intraplate earthquakes. The residual gravity anomaly computed
in this study not only brought out the major tectonic units of
this region very clearly, but delineated a deep-seated crustal-
level fault on the eastern flank of Godavari graben. It is
important to note that the epicenter of the Mulugu earthquake
falls on this fault. Earlier, it is reported that this fault may have
also been responsible for the destructive 1969 Bhadrachalam
earthquake (focal depth ~11 km) as well. Further, the location
of 1872 Sironcha also falls in the vicinity of this fault,
indicating the reactivation of this deep-seated crustal fault time
and again due to neo-tectonic activities. Earlier studies too have
confirmed the neo-tectonism by identifying siesmites, a
sedimentary bed deformed by seismic shakings developed in
the Quaternary sediments of this region (Sangode et al., 2013).

It is well known that the small to large magnitude deep crustal
earthquakes keep on occurring in many Indian rift zones, like
Narmada-Son and Kachchh rift regions. In view of the
occurrence of a deep crustal fault on its eastern flank of
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Godavari graben that reaches Moho and where all the three
earthquakes apparently fall (Fig. 3), it is likely that in future,
this graben may experience lower crustal earthquakes as well.
In Figure 6, we have shown the epicentral locations of the
major intraplate destructive earthquakes (M>5, shown by blue
stars) occurring in Peninsular India (Ramalingeswara Rao,
2000), along with the topography, heat flow values (red solid
circles) (Gupta and Rao, 1970; Rao and Rao, 1983; Sunder et
al., 1990; Pandey and Rao, 2006; Pandey, 2020) and the major
rift valleys. It can be seen from this figure that almost all the
major earthquakes fall on the rift axes. Major intraplate
earthquakes, do have intimate relationships with rift valleys
(Vasanthi, 2022), as mentioned before. Besides, most
continental rifts are characterized by thick magmatic
underplating (Edel et al., 1975; Maguire et al., 1994; Dixit et
al., 2010). Our 2.5D density model across Godavari graben also
delineated around 5 km thick underplated layer beneath the
graben. Similarly, mafic crustal exhumation, substantial
removal of the crystalline upper crust and thin lithosphere are
also common in such areas (Pandey, 2020).

It is also felt that the mantle metasomatism could be one of the
plausible reasons for the occurrence of intraplate earthquakes.

J. Ind. Geophys. Union, 29(2) (2025), 124-131

In this process, a fluid-aided mass transfer occurs in the
uppermost mantle and overlying lower crust, due to the
hydrothermal fluids and halogens generated by sub-crustal
erosion, magmatic underplating and delamination (Vasanthi
and Sathish Kumar, 2016; Pandey et al., 2016; Liu et al., 2020;
Vasanthi, 2022). This causes widespread chemical alteration,
partial replacement and further additions of elements under
high stress and strain conditions. Such a zone is likely to
enhance stress concentration in the upper crust, which in turn
results in a mechanical failure resulting in to the initiation of
the earthquakes. There are now reports that emphasize the role
of entrapped CO: fluids emanated from the mantle during
magmatic infusion, in triggering the earthquakes (Miller et al.,
2004; Mandal and Pandey, 2010). Several studies in different
seismic prone areas, like, Koyna (Vasanthi and Sathish Kumar,
2016), Killari (Tripathi et al., 2012a, b), Bhuj (Karmalkar and
Rege, 2002; Sen et al., 2009), the Son-Narmada rift zone (Desai
et al., 2004) and India’s western margin (Desai et al., 2004),
support  pervasive mantle metasomatic activity in these
regions. In view of the substantial mafic crustal exhumation,
magmatic underplating and Deccan volcanism, it would appear
that the Mulugu earthquake may not be any different.

21.28)
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Figure 6. Relationship of intra-plate earthquakes (M>5) (Ramalingeswara Rao, 2000), which occurred in Indian Peninsula since historical
times, with the topography (Radhakrishna et al., 2019), major rift valleys and measured heat flow (red solid circles ; >50 mW/m?) (Gupta
and Rao, 1970; Rao and Rao, 1983; Sunder et al., 1990; Pandey and Rao, 2006; Pandey, 2020). Kurduvadi, Koyna and Koyna-Coimbatore

rift axes are shown by black dashed lines.
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Further, it can also be observed from the (Figure 6) that the
majority of the earthquakes, often occur in the continental rift
zones where the heat flow values are higher. In the Godavari
graben, measured surface heat flow varies from 46 to 104.1
mw/m? with a mean of 66.3+19.1 mW/m? (Pandey, 2020).
Negi et al. (1987) earlier indicated presence of a hotspot below
the Godavari graben. In general, the high heat flow within the
Earth’s crust causes thermal expansion and weakening of the
lithosphere. Actually, the areas associated with mantle plumes,
young rifted zones, have increased subsurface temperatures in
the crust that causes the crust to become more ductile, reducing
its ability to withstand tectonic stresses. As a result, the existing
faults in the crust may get reactivated allowing for the release
of accumulated stress in the form of earthquakes (Molnar,
2020). It is observed that high heat flow plays a significant role
in triggering intraplate seismicity by facilitating fault
movements within the interior of tectonic plates. Higher heat
flow in and around this graben is supported by thermal
manifestations in the form of thermal springs. Thus, it is felt
that the intraplate seismicity is related to the reactivation of
faults, mantle metasomatism, Quaternary uplift, crust-mantle
thermal interaction, high heat flow, lower-crustal magma
underplating, thin lithosphere and regional geodynamics
associated with these rift structures.
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