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transgression during ETM2 and H2 events
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Abstract

The early Eocene greenhouse Earth experienced several transient global warming events, indicated by sharp negative
excursions in the stable isotope ratios of carbon and oxygen. A huge amount of CO,, enriched with *C, was released
in the ocean—atmosphere system leading to warming. The Paleocene—Eocene boundary is demarcated by the most
significant and well-known hyperthermal event, Paleocene-Eocene thermal maximum (PETM). The PETM is docu-
mented to be accompanied by a transgression. The later hyperthermals are relatively less studied. Information on the
hyperthermals from the palaeo-tropical basins are relatively few. Here, we present a high-resolution litho-, bio- and
isotope-stratigraphic analysis of the early Eocene succession from the Kutch Basin, western India. Stable isotopes of
carbon and oxygen were analysed from sediments (6'°C,,;) and mollusc shells (6"°C.,, and 6'°0,,). The succession,
prevailingly with lignite, along with carbonaceous black shale and plenty of fossil plant remains, is primarily a product
of terrestrial environment. A pronounced marine transgression, characterised by marine mollusc bearing glauconitic
shale in the middle of the succession, indicates a coastal transitional setting between the ocean and land. The 53¢
curve of organic carbon reveals five negative excursions, which are identified as the PETM, Eocene thermal maximum
2 (ETM2)/H1, H2,11 and 12 in ascending order. The hyperthermal pair of ETM2-H2 corresponds with the marine inter-
val. §°C_,,, and 6'®0,,, from the middle part of the succession reveal concomitant negative excursions. The asso-
ciation between these hyperthermals and transgression appears to be regionally and globally valid, which strongly
suggests a causal link between them.

Keywords: Early Focene hyperthermals, Transgression, Fossil mollusc, 53¢, 8'0, Carbon isotope excursion, Kutch,
Western India

Introduction negative carbon isotope excursions (CIE) in the §C

The late Paleocene—early Eocene time period had expe-
rienced several short-pulse hyperthermal events. A large
amount of isotopically light carbon (**C) was released
in the ocean—atmosphere system, which is indicated by
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curve of various proxies, such as bulk sediment organic
carbon, bulk sediment carbonate, pedogenic carbonate
and calcium carbonate remains of marine organisms.
The Paleocene-Eocene thermal maximum (PETM) is
the most well-known of these hyperthermals and widely
reported from all over the world by a prominent excur-
sion of the 8'°C curve of marine sedimentary and car-
bonate records at the Paleocene—Eocene (P-E) epoch
boundary (~56 Ma) (Giusberti et al., 2007; Hontzsch
et al,, 2011; Sluijs et al., 2008, 2011; Stassen et al., 2012;
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Westerhold et al., 2018; Zamagni et al., 2012). Coupled
with the CIE, §'®0 from calcareous shells often showed a
concomitant negative excursion. A negative excursion of
880 indicates an increase in temperature (Wright, 2001).
A coupled negative excursion of §'%0 and §'C reflects an
event of warming caused by the release of a large quantity
of 13C-depleted carbon in the ocean—atmosphere system.

The PETM was followed by several relatively smaller
hyperthermal events during the early Eocene, which are
ETM2 or H1 (~54.09 Ma), H2 (~ 54 Ma), 11 (~53.65 Ma),
I2 (~53.55 Ma), J (~53.15 Ma) and ETM3 (~52.8 Ma)
(Dickens et al., 1995, 1997; Lauretano et al., 2015; West-
erhold et al., 2007, 2018). These hyperthermals are rela-
tively poorly documented, especially from the tropical
regions and terrestrial sites. Most of the known records
are from relatively high latitudes and marine sequences.

A marine transgression has been recorded in associa-
tion with the PETM from many parts of the world (e.g.,
Pujalte et al.,, 2014; Schulte et al., 2011; Sluijs et al., 2008,
2011, 2014; Speijer & Morsi, 2002). Although the trans-
gression is generally considered linked to the PETM,
there are records, where it has been observed to occur
before the initiation of the CIE (Pujalte et al., 2014; Sluijs
et al., 2008) posing questions as to their causal link. The
onset of the transgression ~20-200 Ky before the CIE
associated with the PETM indicates that other factors
were involved, such as a decrease of the sea basin capac-
ity due to tectonism and volcanism (Sluijs et al., 2008).
The proximal cause of the warming-induced transgres-
sion also remains equivocal. Thermal expansion of water
and melting of Antarctic ice sheet as a response to the
warming have been proposed to explain this transgres-
sion (Pujalte et al., 2014; Sluijs et al., 2008). The associa-
tion of transgression with other hyperthermals is only
tentative (Sluijs et al., 2008).

The Indian subcontinent was in the equatorial region
during the early Eocene, following plate movement from
the Southern Hemisphere to the Northern Hemisphere,
after separation from the Gondwanaland in the Early
Jurassic (Scotese, 2016; Smith et al.,, 1994). The Kutch
Basin provides a sedimentary record from the Jurassic
to Recent, punctuated by several stratigraphic breaks of
different magnitudes. A significant break was associated
with the emplacement of Deccan Traps during the Late
Cretaceous. The Paleogene succession of the Kutch Basin
rests upon the Deccan volcanics. Some other basins in
the coastal areas of western India, such as Jaisalmer, Bar-
mer and Bikaner of Rajasthan, and Cambay of Gujarat,
record thick successions of the Paleogene rocks.

The early part of Paleogene sedimentary successions of
most of the western Indian basins accommodates thick
seams of lignite, which are being mined in open-cast
mines. The recent geological investigations of these mine
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sections yielded well-preserved fossils of vertebrates, and
insects preserved in amber associated with the lignite
seams (Bajpai et al., 2005; Folie et al., 2012; Kumar et al.,
2007; Rana et al., 2013; Rose et al., 2009; Rust et al., 2010).
Besides, time-diagnostic microfossils, foraminifers and
palynomorphs, have also been reported from these mines
(Agrawal et al., 2017; Garg et al., 2008; Paul et al., 2015;
Rao et al., 2013; Singh, 2021). These fossils and a few iso-
topic analyses unambiguously indicate a Ypresian (early
Eocene) age of the lignitic succession found from most of
these mines (e.g., Khozyem et al., 2021; Punekar & Saras-
wati, 2010; Samanta et al., 2013). The middle part of the
lignite bearing succession of these mines are character-
ised by marine mollusc rich layers, indicating a coastal
marginal marine depositional setting. The marine inter-
val, sandwiched between terrestrial lignite seams in these
sections, indicates a transient transgression of the sea.

The first report of an early Eocene hyperthermal (EEH),
i.e.,, ETM2, from India came from the Vastan mine of the
Cambay Basin (Clementz et al,, 2011). Later, Samanta
et. al. (2013) reported five hyperthermal events, which
are PETM, ETM2/H1, H2, I1 and I2, from two mines of
the Cambay Basin, the Vastan and Valia mines. There
are three mines, where active lignite mining is going
on in the Kutch Basin near the localities of Panandhro,
Umarsar and Matanomadh. The Panandhro and Umar-
sar, two large open-cast mines, are in the north-western
part of the basin near Lakhpat Fort. The first report of
an EEH from Kutch, which was tentatively identified
as the ETM2, was from an outcrop section of the Ypre-
sian succession (Khozyem et al., 2013). Later, the ETM2
was reported from the Panandhro mine, with a nega-
tive excursion of 2.7%o (Agrawal et al., 2017). Recently,
Khozyem et. al. (2021) reported the PETM and ETM2
from the same mine section. They have also reported
these two EEH events from four other western Indian lig-
nite mine sections (Khozyem et al., 2021).

The present study involves a detailed stratigraphic anal-
ysis of the lignite bearing succession from the Umarsar
mine, Kutch, western India. The middle part of the suc-
cession includes marine mollusc bearing layers indicating
marine incursion in this coastal basin. The sedimentolog-
ical and palaeontological information are used to recon-
struct the depositional environment. The study aims
to find the early Eocene hyperthermals based on stable
isotopic analyses of sediments (613C0rg), and carbonates
(8"C,,yp, and 8'0,,,;) from fossil mollusc shells. Our
analysis presents the record of the early Eocene high-res-
olution 613Corg data from the entire succession deposited
in a transitional environment between the sea and land
from a tropical setting. This is important in view of the
very few available §'3C records from tropical terrestrial

sites for the early Eocene. We also present the §'*C_,
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and §'%0,,;, data from fossil mollusc shells from the mid-
dle part of the succession. Benthic and planktonic fora-
minifers have, so far, been predominantly used for such
analyses. This is, as far as we are aware, the first report of
8'3C and 8'0 data from fossil molluscs from the Ceno-
zoic. The present study also intends to investigate if the
transgressive marine interval of the sequence is linked to
any of the hyperthermal events. The study adds new data
on the relationship of the ETM2 and H2 with the marine
transgression during the early Eocene.

Geological setting

Kutch, a pericratonic rift basin in the western bound-
ary of the Indian subcontinent, hosts a thick succes-
sion of the Mesozoic and Cenozoic sedimentary rocks,
punctuated in the Late Cretaceous by the Deccan basalt.
The basin was developed during the separation of the
Indian subcontinent from the Gondwanaland in the
Pliensbachian (Early Jurassic, 185 Ma) (Catuneanu &
Dave, 2017; Scotese, 2016). It occupies a rifted graben in
between the Nagar—Parkar uplift to the North, Radhan-
pur—Barmer arch to the East and Saurashtra uplift to the
South (Biswas, 1992; Saraswati et al., 2018). The entire
basin was flooded by marine incursion during the Middle
Jurassic. The marine sedimentation continued in the Cre-
taceous before a fluvial system took over in the Late Cre-
taceous (Biswas, 2005). The Deccan Trap volcanics were
emplaced over predominantly fluvial deposits of the Bhuj
Formation. The sea began to inundate the basin again
during the early Eocene. The regional slope of the basin is
towards west—southwest (Catuneanu & Dave, 2017).

The Eocene succession of the Kutch Basin comprises
the Naredi Formation, the Harudi Formation and the
Fulra Limestone (Biswas, 1992). A fluvial flood—plain
deposit, named the Matanomadh Formation of the
Paleocene and characterised by clastics, volcanics, lat-
erites and conglomerates, occurs below this primar-
ily marine succession (Biswas, 1992). The Naredi and
Harudi Formations are predominantly argillaceous with
intercalations of carbonate and marl layers, and a few
layers of silt and sandstone. Thin lenses of lignite occur
locally in this argillaceous sequence. These two forma-
tions are separated by a phase of non-deposition and
subaerial exposure, represented by a prominent later-
ite unit at the top of the Naredi Formation (Saraswati
et al., 2016, 2018). The lower part of the Naredi For-
mation, the Gypseous Shale Member (Biswas, 1992),
comprises alternations between shale beds of varied
colours. Several levels containing mollusc fossils in this
part and a foraminiferal limestone composed mostly of
Assilina above it, the Assilina Limestone Member (Bis-
was, 1992), bear the signature of marine incursions in
the middle of the Naredi Formation. An alternation of
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ferricretised siltstone/sandstone and bioturbated shale
beds mark the upper part of the Naredi Formation—
the Ferruginous Claystone Member (Biswas, 1992).
The overlying Harudi Formation commences with an
unfossiliferous shale unit with thin partings of silt. A
30 cm thick mollusc shell bed in the lower part and a
meter-thick Nummulites obtusus bed in the upper part
characterise the Harudi Formation (Biswas, 1992). The
Fulra Limestone (Biswas, 1992), a carbonate platform
deposition, is easily distinguishable from its underly-
ing green—brown shale bed at the top of Harudi Forma-
tion, by its white-yellow colour and huge concentration
of larger benthic foraminifers (LBF) dominated by the
presence of Nummulites spp. and Discocyclina spp.
(Banerjee et al.,, 2018). The age of the Naredi Formation
is Ypresian (early Eocene), whereas that of the upper
two formations is mostly Bartonian (middle Eocene)
(Saraswati et al., 2016, 2018). The unfossliferous upper
part of the Naredi Formation and lower few meters of
the Harudi Formation, including the mollusc shell bed,
might include parts of the Lutetian (Banerjee et al.,
2019; Halder & Das, 2019; Saraswati et al., 2016).
Mineable quantity of lignite occurs in the Eocene of
Kutch. There are three active mines that exploit this lig-
nite. The open-cast mine near the Panandhro village is
well-studied, which yielded fossils of foraminifers, spore-
pollen, dinoflagellate cysts and vertebrates (Agrawal
et al., 2017; Bajpai & Theweissen, 2002; Khanolkar &
Saraswati, 2019; Khozyem et al., 2021; Mathews et al,,
2018; Sahay, 2011). The Umarsar mine lies about 5 km
east of the Panandhro mine (Fig. 1). Having a similar
lithologic succession, it is considered a lateral extension
of the Panandhro mine (Shukla et al., 2019). Most recent
studies support a Ypresian age of the lignite from the
Panandhro mine (e.g., Agrawal et al., 2017). The palyno-
morphs found from the lower part of the Panandhro
mine belong to the lower Eocene and have been reported
from the lower Eocene rocks of Cambay, Kutch and Bar-
mer basins of western India (Khozyem et al.,, 2021 and
references therein). Some age-diagnostic palynomorphs,
recovered from the upper part of this sequence, were
known from the early Ypresian to early Lutetian from
other parts of the world (Agrawal et al,, 2017 and ref-
erence therein). Bajpai and Theweissen (2002) found
a diverse assemblage of lower Eocene chordate fossils
encompassing fish, turtle, snake and mammals from the
Panandhro mine. All the lignite mine successions from
Kutch and Cambay are characterised by a marine interval
in the middle part. The presence of Nummulites burdi-
galensis, a LBF representing the Ypresian, in the marine
part of these mines constrains the age of the marine unit
to the early Eocene (Khozyem et al., 2021). This LBF is
present in the Panandhro mine section (Khozyem et al.,
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Fig. 1 Map of the study area in Kutch, India. a Map of India. b Position of the study area. c Location of the Umarsar and Panandhro mines. Nareda
village, the type locality of the Naredi Formation is also shown

2021). Well-preserved marine molluscs are often present
in the marine interval of these mines.

The lignites of Kutch were formed in a coastal swamp-
marsh during a transgressive phase (Singh et al., 2017).
Organic matters were derived predominantly from ter-
restrial or mixed terrestrial-marine settings (Khozyem
et al., 2021; Sahay, 2011; Singh, 2021). The presence of
rich coastal floral elements and diverse dinoflagellate
cysts in the intervening layers of the lignitic sequence
indicates a near shore environment (Mathews et al.,
2018).

Materials and methods

The present study is primarily based on a drill core from
the Umarsar mining area (23° 43’ 23" N, 68° 50’ 03" E)
(Fig. 1). The mine sections were also studied. Samples
have been collected from the drill core number 103 at an
interval of 1 m. Sampling have been done at closer inter-
vals, where lithology and/or fossil assemblage were found
to change within 1 m.

Stratigraphy and fossils

The rock succession has been studied in detail to docu-
ment the changes in lithological composition. The distri-
bution of plant macrofossils, amber, pyrite and glauconite
has been recorded. The stratigraphic distribution of mol-
lusc fossils has been documented. The mollusc fossils

have been identified, wherever possible. We have inter-
preted their palaeoecological preferences based on the
ecological affinities of their extant relatives and published
literatures on fossil assemblages. The depositional envi-
ronment and its changes through time have been inter-
preted using sedimentological and palaeontological
information.

8"3C,g and TOC measurement
Weighed samples of sedimentary rocks from the strati-
graphic layers of the entire succession were acidified with
2 M hydrochloric acid and oven heated at 60 °C for 2 h
and left for 24 h to allow all carbonate to be liberated as
CO,. The sample fractions were then isolated by centrifu-
gation and the acid was decanted. The samples were then
washed twice using distilled water and centrifugation.
The samples were analysed by the Elemental Ana-
lyzer—Isotope Ratio Mass Spectrometry (EA-IRMS)
using Europa Scientific 20-20 IRMS. The reference mate-
rial used during 613C0rg analysis was IA ROO1 (wheat
flour) having 8Cyppp of —26.43%0. Further control
materials analysed were IA R005 (beet sugar) and IA
RO06 (cane sugar) with 8Cyppp of —26.03%0 and
—11.64%o, respectively. These reference standards were
calibrated against and traceable to IAEA-CH-6 (sucrose,
8"3Cyppp = — 10.43%o0). IAEA-CH-6 is an inter-laboratory
comparison standard distributed by the International
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Atomic Energy Agency (IAEA), Vienna. Both references
and samples were prepared and analysed in the same
manner. The analysis proceeded in a batch process,
whereby a reference was analysed followed by a number
of samples and then another reference. The analysis was
repeated for 20% of the samples. The isotope analyses
were carried out by ISO Analytical, UK.

X-ray diffraction (XRD) analysis

Fossil fragments of benthic mollusc shells were separated
from weakly indurated clay layers of the drill core con-
taining such fragments. Molluscan shell fragments were
left overnight within a solution of hydrogen peroxide
(H,0,) and de-ionised water in 3:7 ratio. The samples
were then cleaned in an ultrasonic bath of de-ionised
water and oven-dried at 50 °C.

Powdered shell samples of three bivalve species, Aph-
rodina sp., Caestocorbula sp. and Claibornicardia sp.,
which are common in different levels, were used for
the analysis. XRD analysis was performed in a Rigaku
Smartlab high resolution X-ray diffractometer (HRXRD)
machine at the central research facility of IIT-ISM Dhan-
bad, India. The HRXRD machine has 3 kilo-watt source
and Cu Ka radiation, and is equipped with a high resolu-
tion HyPix-3000 semiconductor detector. The optimum
scanning range in XRD is set between 5 and 60°. The data
was then analysed by comparing d-spacings with the help
of Profex 5.0.2 software (Doebelin & Kleeberg, 2015).

8'3C,,,, and 620, ,, measurement

Mollusc shells with known aragonitic composition were
used for this analysis. Weighed powdered samples of the
shell fragments were flushed with 99.995% helium and
then treated with phosphoric acid. The reaction with
acid was allowed to take place overnight in room tem-
perature. The CO, gas liberated from the samples was
then analysed by Continuous Flow Isotope Ratio Mass
Spectrometry (CF-IRMS) in Europa Scientific 20-20
IRMS. The reference material used during the analysis
was IA-R022 (Calcium carbonate, §"°Cy ppp=—28.63
%o and 8Oy, ppp=—22.69%0). Other control samples
used were NBS-18 (carbonatite, 8"Cy ppp=—75.01%0
and 80y ppp=—23.20%0) and IA-R066 (chalk, §"3Cy,.
ppp="+2.33% and 8Oy ppy=—1.52%0). IA-R022
was calibrated against and traceable to NBS-18 and
NBS-19 (limestone, 8“Cy ppp=+1.95%0 and &0,
ppp=—2.2%0). IA-R066 was calibrated against and
traceable to NBS-18 and IAEA-CO-1 (carrara marble,
8BCyppp=+2.5% and 8Oy ppp=—2.4%0). NBS-
18, NBS-19 and IAEA-CO-1 are inter-laboratory com-
parison standard materials distributed by IAEA. Repeat
measurements were done for 20% of the samples. The
analysis was done by ISO-Analytical, UK.
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Results

Lithostratigraphy and fossils

The studied section is a 94.5 m thick drill core of the
Umarsar lignite mine. The lithology is dominantly argilla-
ceous and composed of varied shale and mudstone beds
(Fig. 2). The mine sections, as well as the drill core, do
not exhibit any unconformity. The entire section records
fossil plant remains including leaf impressions (Figs. 2,
3a). Amber, in nodular and small granular forms, is also
found dispersed through the entire succession (Figs. 2,
3a, b). Here, the succession is informally divided into
four litho-units (Fig. 2). The lowermost 10.5 m thick unit,
unit 1, is dominated by mudstones, containing pyroclas-
tics and sand laminae (Figs. 2, 3c). Very small amount of
plant remains and amber are present in this basal unit.
The overlying 41 m thick (from 89.5 to 49.5 m) succes-
sion, unit 2, accommodates mainly light grey shale with
a 1-m thick unit of lignite at 66.5-65.5 m depth (Fig. 2).
Black shale beds are common in the middle part of this
grey shale unit. Two meters of brown shale with thin
laminae of sandstone has been recorded at 74.5-76.5 m
depth. This grey—black shale is rich in plant remains and
amber (Figs. 2, 3d, e). Glauconite has been found rarely
in this unit (Figs. 2, 3f). Pyrite, in small quantity, is pre-
sent in several layers of this unit (Figs. 2, 3g). The unit 3,
predominantly composed of green shale with fossils of
marine molluscs belonging to bivalves and gastropods, is
the next 22 m of the depositional sequence (Figs. 2, 3h—j,
4, 5). A 2-m thick lignite seam is present in this unit at
38.5-40.5 m depth (Fig. 2). Two thin mollusc shell beds
(limestone) are present in the upper part of this unit
(Figs. 2, 3k, 4, 5g). Pyrite is abundant at 33.5 m to 34.5 m
depth (Fig. 3j). Amber and plant remains are scarce in
this green shale unit except at the vicinity of the lignite
seam and its bounding layers. The overlying unit 4 begins
with a meter-thick lignite unit at 26.5 m depth (Fig. 2).
The unit 4, the uppermost 21 m of the succession, is pre-
dominantly an alternation between lignite, black shale
and grey shale beds (Figs. 2, 3m, n). A layer of ferricrete is
present at the top of this unit (Figs. 2, 30).

The green shale unit (unit 3) contains marine fos-
sils of bivalves and gastropods. The bivalves in the drill
core are commonly broken and disarticulated. How-
ever, several identifiable specimens—large fragments
or entire shells—have been recovered. The shells do not
exhibit any preferred orientation but are commonly par-
allel to the bedding plane. The lowest part of the unit 3
is characterised by the members of Pteriidae (Pteria
sp.), Anomiidae (Anomia sp.), Nuculanidae (Nuculana
sp.) and Corbulidae (Caestocorbula sp.) families (Figs. 4,
5a—f). Venerid (Aphrodina sp.) and carditid (Claibor-
nicardia sp.) bivalves (Figs. 4, 5g—j), along with mem-
bers of Corbulidae dominate the rest of the sequence.
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Fig. 2 Lithostratigraphic section of the Umarsar mine as revealed from the 103 no. drill-core. The four informal units of the succession are marked.
Relative quantities of amber, plant matter, pyrite and glauconite in different levels are indicated
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The proportion of Claibornicardia increases in younger
parts, whereas Aphrodina is more common in the lower
parts (Fig. 4). Members of the family Corbulidae are uni-
formly present throughout the unit 3 (Fig. 4). The shell
beds are dominantly composed of Claibornicardia, Aph-
rodina and Caestocorbula (Figs. 3m, 4, 5g). Gastropods
are mostly broken. However, based on a few identifi-
able specimens, the common gastropod fossils have been
identified as belonging to the genus Turritella (Fig. 5k, 1).

Total organic carbon

The content of TOC (%) varies from <1 to ~50% (Fig. 6d,
Additional file 1). The lignite units have highest level of
TOC (>35%). The TOC content varies between 10.28 and
35% in the carbonaceous black shale layers. The green
shale layers record very low values (<3%). The colour of
grey shale darkens with increasing value of TOC, which
ranges from ~1.8 to 12%. The shell limestone units also
yielded very low values (0.27 to 0.88%) of TOC. The thinly
laminated sandstone units have TOC of 0.28-3.19%.

Isotope stratigraphy

613Corg

The bulk sediment organic carbon §C (613Corg) has
been plotted against the lithostratigraphic column of
the drill core no. 103 of the Umarsar mine (Fig. 6b). The
mean 613C0rg value of the entire sequence is —26.87%o
and the standard deviation is 0.56%0 (1o, »=103). The
data set forms a bell-curve (Fig. 7). 69.90% (72 out of 103)
of the data fall within the range of 1o from the mean. The
control samples wheat flour, beet sugar and cane sugar
have shown a standard deviation of 0.07%o (10, n=14),
0.04%o (1o, n=10) and 0.11%o (10, n=10), respectively
The repeat measurements of our samples exhibit an
average deviation of 0.04%o with maximum data falling
between 0.02%o (25 percentile) and 0.05%o (75 percentile)
(Additional file 1).

Five major negative excursions have been observed in
the sequence (Fig. 6b). The first major negative CIE of
2.01%o has been observed at 72.5 m depth in the stud-
ied section. This CIE occupies 20 m thick succession and
comprises two pulses. The second CIE (=2.12%o) occurs
at 38.5 m depth and also consists of two pulses. The third
CIE (=1.25%o) is at 33 m depth and lies only 5.5 m above
the second CIE. The fourth (=1.83%o, at 24.5 m depth)
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and fifth (=1.38%o, at 20.5 m depth) CIEs are very close.
A small negative excursion of 1.03%o0 has been observed
at 58.5 m depth lying between the first and second major
CIEs.

XRD analysis

The diffraction angle (20) and X-ray intensity obtained
from the analysis of three shell fragments are plotted
(Fig. 8) and given in the Additional file 2. The peaks coin-
cide with the standard d-spacings of aragonite, which are
superposed on the plot (Fig. 8).

613Ccarb and §' 8ocarb

The reference and control materials have shown standard
deviations in the range of 0.01-0.02%o for §"*C_,, and
0.00-0.07%o for §'%0,,,;, (Additional file 1). Our samples
also exhibit similar standard deviations in repeat meas-
urements ranging from 0.00 to 0.06%o for §'3C_,, and
0.04 to 0.11%o for §'*0, ..

Fossil molluscs were found only from the unit 3 of the
studied section. A few layers of this unit (lignite and adja-
cent grey shale) spanning about 4 m were barren. §*C_,
and §'0,,,;, data have been plotted against the litho-col-
umn of this part of the succession (Fig. 6¢). The curves
show concurrent negative excursions. The curves exhibit
two pronounced negative excursions on either sides of
the lignite seam (Fig. 6¢). However, the values fluctu-
ate rapidly in this part and there are slight mismatch in
the details of peak positions in the two curves by 0.5 to
1 m. The first CIE below the lignite layer is -2.37%o. The
value of the CIE above the lignite layer cannot be prop-
erly assessed because of the absence of data in this part.
These two excursions mimic the two pulses of excursion
in 613C0rg associated with the ETM2, with slight differ-
ence in the position of the upper peak (Fig. 6b, c). The
total excursion of §'°C,, is —2.5%o. The corresponding
excursion in 880, is — 1.86%o.

There is a positive shift in the average value of §'°C_,;,
in the upper part of the marine interval, which is not rep-
licated by §'*0,,,,, (Fig. 6c). However, the relative excur-
sions in both the curves in this part, albeit short, conform
to each other. An excursion of —0.80%o in §"3C_,,;, and
—0.51%o in §'®0,,,, match the CIE in §'3C,,, identified

org

as H2 (Fig. 6b, c). Another shorter excursion between H2

(See figure on next page.)

Fig. 3 a Amber, plant fossil and glauconite pocket within shale indicated by yellow, blue and green arrows, respectively. b Granular amber within
black shale. ¢ Pyroclastics of unit 1. d Grey shale with amber (yellow arrow) and plant fossils (blue arrow) in unit 2. e Black shale with amber (yellow
arrow) and plant fossils (blue arrow) in unit 2. f Grey shale with glauconite pocket (green oval) in unit 2. g Grey shale with pyrite (yellow oval) and
plant matter (blue arrow) in unit 2. h Green shale in unit 3, glauconite indicated by green arrow; white dots are fragments of fossil molluscs. i Grey
shale with pockets of glauconite and mollusc fragments in unit 3. j Green shale with pyrite (yellow arrow) in unit 3. k Shell limestone with mollusc
fossils in unit 3; yellow and green arrows indicate Caestocorbula sp. and Claibornicardia sp., respectively. | Mollusc concentration in upper part of unit
3. m Black shale with plant fossil (blue arrow) in unit 4. n Lignite in unit 4. o Ferricrete in unit 4. Scale bars 10 mm
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Fig. 3 (See legend on previous page.)
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Discussion

The early Eocene is a time of global warmth. A eustatic
sea level rise associated with the PETM is known glob-
ally. However, a causal link between the warming and
transgression is not straightforward, because there are
evidences of mismatch in their onset timings from some
areas (Pujalte et al., 2014; Sluijs et al., 2008). The other
early Eocene hyperthermal events are relatively less
explored in comparison to the PETM. However, Sluijs et.
al. (2008) reported a transgression from New Jersey, USA
possibly linked to the ETM2. Sea-level curves published
in recent times depict a sharp increase in the sea level
near 54 Ma, and a higher sea level during the ETM2 than
that corresponding to the PETM (Kominz et al., 2008;
Miller et al., 2005, 2020).

On its long journey from the Southern Hemisphere
to its current position in the Northern Hemisphere, the
Indian plate was positioned on the palaeo-equator during
the early Eocene. It collided shortly afterwards (~ 50 Ma)
with the Eurasian plate. An anticlockwise rotation and a
sudden slowdown of the tectonic plate are known to be
associated with the collision (Copley et al., 2010).
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These tectonic, climatic and eustatic situations form
the backdrop of an exploration of the evolution of the
Kutch Basin during the early Eocene.

Stratigraphy and depositional environment

The overall plane-laminated, argillaceous succession
in the studied section from the Umarsar mine of Kutch
reflects a low-energy depositional environment. The
presence of lignite and carbonaceous shale beds along
with preserved plant remains and amber through the
entire succession indicates the proximity of the basin to
a forest-covered land. The green glauconitic shale with
marine fossils in the middle of the succession represents
a marine interval. Hence, the succession was developed
in a coastal marginal marine setting. Pyrite is recovered
from several levels including some from the green shale
part, which indicates that the level of oxygen fluctuated
in the basin.

The unit 1, which contains pyroclastics and thin lami-
nae of sandstones (Fig. 2), is a wash-over product from
the Deccan Traps. This part is correlatable with the
Matanomadh Formation (Biswas, 1992), which outcrops
well in the Matanomadh area and is composed mainly of
bright, variegated muds produced from pyroclastics and
Deccan wash-overs.

The unit 2 is primarily an alternation of grey and car-
bonaceous black shale beds (Fig. 2). A 1 m thick lignite
seam is also present in this part. The colours of these lay-
ers primarily reflect their organic carbon content. The
grey shale contains the lowest and the lignite the highest
amount of organic carbon (Fig. 6). The range of 813C0rg
values obtained from the succession indicates that the
primary sources of organic carbon in this basin are C3
plants (Hare et al., 2018; Kohn, 2010). The deposition
took place in a coastal swamp or lagoon that received
sediments mainly from the weathering of terrestrial
rocks. A recent geochemical analysis based on an 86 m
drill core from the Matanomadh mine of Kutch Basin
indicated a terrestrial source of organic carbon for the
Naredi Formation (Chaudhuri et al.,, 2022). Palaeobot-
anical evidences vindicate the presence of a tropical for-
est in a coastal swamp, which was inundated by extreme
tides (Mathews et al., 2018; Singh, 2021). The TOC con-
tent is dependent on the relative rate of accumulation of
plant matter, i.e., the balance between the rate of accu-
mulation of plant matter and the rate of sedimentation.
A high rate of sediment supply would lower the TOC
value. The relative rate of accumulation of plant matter
depends mainly on the rate of precipitation. In the warm
tropical climate of the time the hydrological cycle was
intensified (Samanta et al.,, 2013, 2016). The black shale
and lignite units represent phases of relatively low pre-
cipitation, which allowed accumulation of huge amount
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Fig. 5 Mollusc fossils from unit 3 a Broken shell of Pteria sp. b Partially preserved Anomia sp. c—e Nuculana sp. ¢ within green shale, d external view
of left valve, e internal view of left valve. f Articulated specimen of Caestocorbula sp. g Aphrodina sp. (white arrow) and Claibornicardia sp. (yellow
arrow) in shell limestone h—-j Claibornicardia sp. h internal view of left valve, i external view of left valve, j internal view of right valve. k, | Turritella sp.
Scale bars 10 mm
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obtained curves of the respective samples and green lines indicate

the standard d-spacings of aragonite (based on Profex 5.0.2 software)

of plant matter. In contrast, a high precipitation resulted
in intense weathering and high rate of sedimentation.
However, the relationship between the rate of precipita-
tion and the relative rate of accumulation of plant matter
could be more complex. For example, a high precipita-
tion would tend to encourage plant growth causing more
plant-covered land area. This would diminish weath-
ering. This argillaceous unit, i.e., unit 2, is more or less
similar in nature to the lowermost part of the Gypseous
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Shale Member of the Naredi Formation (Biswas, 1992).
This part of the formation, however, does not contain any
prominent lignite layer in the outcrop.

The unit 3 is primarily a green glauconitic shale unit
bearing marine fossils and with intercalations of thin
molluscan shell beds (Fig. 2). Glauconite forms only in
very quiet marine waters with slow sedimentation, near
the sediment—water interface, under a transgressive sys-
tems tract (TST) (Hesse & Schacht, 2011; Pietsch et al.,
2016; Velde, 2014 and references therein). This interval
was developed mostly below the wave base in a marine
condition. The molluscs were found mainly from the
green shale beds, and also from the shell beds. The shells
are more fragmentary and concentrated in the shell beds.
However, similar fossil forms as of the shale layers, when-
ever identifiable, are found from the shell beds. The shell
beds formed at or above the wave base, under relatively
agitated waters, which caused fragmentation of shells and
winnowing of sediments (see also Samanta et al., 2016). It
may be pointed out that glauconitic shell beds from the
Eocene of Gulf Coastal Plain, USA are also commonly
associated with TSTs and developed close to marginal
marine environments (Pietsch et al., 2016).

The mollusc assemblage of the unit 3 is dominated by
bivalves. A species of Anomia (family Anomiidae), along
with Pteria sp. (family Pteriidae), are the most common
forms in the lowermost part (Fig. 4). They are quickly
followed up the sequence by members of Corbulidae
(Caestocorbula sp.), Carditidae (Claibornicardia sp.) and
Veneridae (Aphrodina sp.) (Fig. 4). These three forms are
the most abundant in the marine interval. Turritella sp.
appears in the upper part of unit 3 (Fig. 4). Caestocor-
bula gujaratensis Halder & Bano, 2015 and members of
Carditidae (Baluchicardia and Claibornicardia) are also
common in the early part of the marine mollusc bear-
ing green shale layers of the Naredi Formation (Baner-
jee et al, 2019). Members belonging to these families
also dominate the marine interval of the lignite-bear-
ing succession of the Mangrol and other mines of the
nearby Cambay Basin (personal observation; also Roy &
Mukherjee, 2017). These corbulid and carditid bivalves
along with some oysters and anomiids were the pioneers
in the marine sequences of the early Paleogene in the
western Indian basins (e.g., Halder & Mitra, 2021). Cor-
bulids and anomiids, along with oysters are well-known
representatives of marginal marine, often brackish, and
sheltered environments, characterised by low selec-
tion pressure (Anderson, 2001; Bayne, 2017; Etim et al,,
1998). Several corbulids including the extant Corbula are
known to flourish in restricted, often hypoxic and pol-
luted, environments as opportunists (Dominici, 2001;
Etim et al., 1998). Corbulids are common, often the most
predominant group, in the early Eocene marginal marine
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muddy deposits from western India. Anomiids also have
a wide range of salinity tolerance and are often associated
with oysters, which are a well-known eurytopic group
(Bayne, 2017; Castagna & Chanley, 1973). Pteriids can
also tolerate wide range of salinities and prefer intertidal
to subtidal waters (Gervis & Sims, 1992). Carditids com-
monly live in shallow burrows within muddy substrates
(Coan & Valentich-Scott, 2012). The carditids found in
this part of the succession represent early members of
the “alticostate group” (Pérez, 2019). They preferred to
live in very shallow burrows just below the sediment—
water interface (McClure & Lockwood, 2015; Pérez,
2019) in shallow, subtidal parts of clastic-supported
shelves (Dominici & Kowalke, 2007; Stanley, 1972). Bal-
uchicardia and Claibornicardia are most common in the
Eocene rocks of the Gulf Coastal Plain (Heaslip, 1968),
where they are also often associated with glauconitic
shales. Other molluscs recorded from this interval are
Aphrodina sp. (family Veneridae), Nuculana sp. (Family
Nuculanidae) and the only identifiable gastropod Tur-
ritella (family Turritellidae), and some unidentifiable
fragments. Aphrodina and Nuculana are shallow-bur-
rowing bivalves, living in soft-substratum shelf environ-
ment (Coan & Valentich-Scott, 2012; Moussavou, 2015).
Aphrodina is an opportunist and known to form mono-
specific shell beds (Ahmad, 2005). Nuculanids, like cor-
bulids, prefer a muddy, organic-rich substrate (Coan &
Valentich-Scott, 2012). All these bivalves are commonly
found in shallow, warm tropical seas (Coan & Valentich-
Scott, 2012). Turritella, shallow-burrowing gastropod,
generally prefers a shallow shelf with normal marine
salinity and adequate supply of nutrients from upwelling
or terrestrial sources (Allmon, 2011). While present-day
representatives of Turritella prefer relatively cold waters
early representatives from the Cretaceous and Paleo-
gene were commonly known from warmer tropical areas
(Allmon, 2011). The first to disperse in this part of the
basin were epibenthic bivalves from anomiid and pteriid
lineages. Later, with the establishment of a quiet marine
environment, shallow burrowing bivalves and gastropods
dominated the area. The predominance of eurytopic taxa
and low diversity of the mollusc fauna indicate the preva-
lence of a restricted marginal marine environment.

The marine incursion during the deposition of this 3rd
unit represents a transgression. The mollusc and benthic
foraminifera bearing green shale in the middle to upper
parts of the Gypseous Shale Member of the Naredi For-
mation mimics this succession. A similar succession with
green shale beds containing marine molluscs and fora-
minifers is found in the Mangrol and Vastan mines of the
nearby Cambay Basin (Clementz et al., 2011; Halder &
Mitra, 2021; Samanta et al., 2013, 2016). Similar marine
intervals have been recorded in most of the lignite mine
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sections of western India (see also Khozyem et al., 2021).
This sedimentary motif of marine mollusc bearing green
shale, sandwiched between lignite and carbonaceous
shales, indicates the regional nature of the green shale
unit and the transgression responsible for its deposition.

The unit 3 with marine molluscs can be correlated
with fossiliferous parts of the outcrop sections of the
Naredi Formation. The type section of the Naredi For-
mation is characterised by alternation between green
shale and grey/brown shale in the lower part (Gypseous
Shale Member). The green shale beds of this stratigraphic
unit with marine molluscs and foraminifers occur a few
meters above the base of the outcrop. Based on the pres-
ence of Nummulites globulus nanus, the green shale
was assigned to SBZ 8 (Saraswati et al., 2012), which is
~54 Ma (Mochales et al., 2012; Serra-Kiel et al., 1998).
The Assilina Limestone Member (Biswas, 1992), overly-
ing the Gypseous Shale Member, was assigned to SBZ 11
based on its foraminiferal content, especially Nummu-
lites burdigalensis cantabricus (Saraswati et al., 2012). An
analysis of strontium isotopes (¥’Sr/®¢Sr) from foraminif-
eral tests also vindicates this age assignment (Anwar
et al.,, 2013). Garg et. al. (2011) demonstrated a similar
age range for the Gypseous Shale Member (~55-54 Ma
or younger) based on its dinoflagellate assemblage. The
green shale of the Naredi Formation commonly fea-
tures bivalve specimens of Caestocorbula gujaratensis
along with some carditid forms. In contrast, the mol-
lusc assemblage from the overlying Assilina Limestone
unit lacks these forms. The unit 3 of Umarsar mine sec-
tion studied here is broadly correlatable with the Gyp-
seous Shale Member. Having a similar lithology and
mollusc assemblage the unit 3 is correlatable with the
green shale from the middle-upper part of the Gypseous
Shale Member. Therefore, the green shale of unit 3 from
the Umarsar mine can be assigned to SBZ 8. The Assilina
Limestone and its mollusc assemblage are absent in the
mine section.

The unit 4 is dominantly composed of carbonaceous
black shale and lignite beds (Fig. 2). A swampy/lagoonal
condition resumed during the deposition of this unit. The
relative rate of accumulation of plant matter was higher
than that in the unit 2 as indicated by the predominance
of layers with high TOC (Fig. 6, Additional file 1). A fine
sandstone layer with sharp lower and upper surface con-
tacts represents an event deposition (Fig. 2). The top is
demarcated by a ferricrete (Fig. 2). This is likely to be
equivalent to the lateritic top of the Naredi Formation,
indicating subaerial exposure.

The succession encompassing the units 2 to 4 is litho-
logically equivalent to the Ypresian Naredi Formation
(see also Singh, 2021). The outcrop of the formation
mainly in and around the type section near the village



13 Page 14 of 22

Nareda contains only thin lenses of lignite and black
shale. The outcrop, in contrast to the mine section
explored in this study, accommodates a prominent inter-
val of limestone composed chiefly of the larger benthic
foraminifera Assilina, The Assilina Limestone Member
(Biswas, 1992). The absence of this unit, and the preva-
lence of lignite and carbonaceous shale layers in the
Umarsar mine section indicate a relatively restricted
nature of this part of the basin. The restricted nature is
also evident by the presence of considerable quantity of
pyrite, even in the marine green shale unit.

Isotope stratigraphy and hyperthermal events

613Corg

The range of SBCorg values obtained in this analysis var-
ies between —25.40 and —28.15%o. The values show a
normal distribution with a mean of —26.87%0 (Fig. 7).
The stable isotopic studies so far carried out in differ-
ent lignite mines from western Indian basins reported
similar values (Agrawal et al.,, 2017; Clementz et al., 2011;
Samanta et al, 2013). A very recent record reported
613C0rg from five early Paleogene lignite mines of west-
ern India (Khozyem et al., 2021). It also reported similar
values except from the Tadkeswar mine of the Cambay
Basin, where the authors found a lower range of values.
Our study on a lignitic sequence from the Cambay Basin
also yielded similar values (Halder & Mitra, unpublished
data). Agrawal et. al. (2017) and Khozyem et. al. (2021)
reported 613C0rg and its negative excursions from the
Panandhro mine lying only about 5 km from Umar-
sar. Agrawal et. al. (2017) reported only the presence of
ETM2, whereas Khozyem et. al. (2021) found the PETM
and ETM2. Both these studies are based only on the
upper 11-12 m of the succession, which became exposed
by mining. The present study is the first to report 613C0rg
from the entire argillaceous sequence of the Umarsar
mine having a thickness of 94.5 m, which rests on the
Deccan Traps.

The range of 813Corg values obtained from the Umarsar
mine falls in the range of modern C3 plants (Kohn, 2010).
The palynological analyses carried out in all the Eocene
lignite bearing successions of western India including
the Kutch and Cambay basins of Gujarat, and the Bar-
mer Basin of Rajasthan exhibit a prevalence of tropi-
cal C3 plant types, such as palm, dipterocarps etc. (e.g.,
Mathews et al., 2018; Paul et al., 2015; Sahay, 2011). Singh
(2021) recently reported a similar palynological assem-
blage from the Umarsar mine.

The 613Corg curve from the data from the Umarsar mine
succession exhibits five prominent negative excursions
and a few smaller ones indicating hyperthermal events.
The PETM at the boundary between the Paleocene
and Eocene is globally the most widely documented
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hyperthermal event, whereas studies on several other
events are at a relatively early stage. Lauretano et. al.
(2015) recorded six major negative CIEs after the PETM
within the time period of 54 to 52 Ma, which correspond
to ETM2, H2, 11, 12, ] and ETM3. Among these hyper-
thermal events, the ETM2 and H2 are considered paired
events, because only a small time gap separates them
(Lauretano et al., 2015). The recorded time gaps between
them ranges from 0.05 to 0.3 Ma. Similarly, the I1 and 12
are separated only by 0.15—0.2 Ma, and are paired. A time
gap of ~0.4 Ma separates the two pairs (Lauretano et al.,
2015; Westerhold et al., 2018). The reported ages of the
PETM and ETM2 fall in the ranges of 55.93-55.53 Ma
and 54.09-53.69 Ma (Westerhold et al., 2007, 2018),
respectively. There is no independent age data available
from the Umarsar mine. However, the fossiliferous green
shale part of the section can be correlated with SBZ 8,
which ranges in age from 54.7 to 53.4 Ma (Serra-Kiel et
al.,, 1998; Mochales et al., 2012). There are two closely
spaced CIEs in this interval separated by only 5.5 m of
the succession. The older of this pair is preceded by the
first CIE at an interval of 34 m. The younger of the pair
is followed by the fourth CIE at an interval of 8.5 m. The
last CIE is very close to the fourth and forms another pair
with it. It appears, from the relative positions of the CIEs
and distances between them, that the first CIE from the
Umarsar mine succession is the PETM, which was fol-
lowed by the paired hyperthermal events, ETM2-H2 and
[1-12. The ETM2-H2 pair is associated with the fossilif-
erous green shale part (Fig. 6).

The previous reports of EEH events from western
India support this identification. Khozyem et. al. (2013)
recorded the ETM2, albeit tentatively, from the marine
fossil rich green shale part of the Gypseous Shale Mem-
ber of the Naredi Formation, with which the green shale
(unit 3) of the Umarsar mine has been correlated. The
CIE associated with the ETM2 was initiated from the
marine fossil bearing marl sandwiched between two
main lignite seams of the Panandhro mine section also
(Khozyem et al., 2021). The mines from the nearby Cam-
bay Basin show a similar pattern of marine green shale
occurring in the middle of a largely terrestrial lignite
bearing succession. The ETM2 excursion initiated in this
marine interval in most of these mines (Clementz et al.,
2011; Khozyem et al., 2021; Samanta et al., 2013). Our
analysis also yielded a similar 513Corg trajectory having
paired CIEs from the green shale of the Mangrol mine of
the Cambay Basin, preceded by one near the base of the
mine and followed by another pair up the sequence (Hal-
der & Mitra, unpublished data).

The first CIE, recorded from the lower part of the
grey shale, i.e., unit 1 of the Umarsar mine, corresponds
to the PETM. This CIE occurs in a relatively wide zone
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containing two peaks and features a relatively small nega-
tive excursion compared to most other known PETM
records of the world. Samanta et. al. (2013) reported
a similar PETM, which corresponds to a thick strati-
graphic interval of the Vastan mine from the Cambay
Basin, Gujarat. The entire PETM, including initiation
and recovery phases, represented by a thick sedimentary
unit, is also known from other areas (e.g., Stassen et al.,
2012). The value of the negative CIE (5.2%0) documented
by Samanta et. al. (2013) from Cambay Basin, however,
was higher than that we have recorded at Umarsar. The
negative excursion associated with the PETM from the
neighbouring Panandhro mine of Kutch (~2%o) is how-
ever, consistent with our data (Khozyem et al, 2021).
Khozyem et. al. (2021) also recorded similar short excur-
sions from the Tadkeswar and Bhavnagar mines of the
Cambay Basin.

The terrestrial sites commonly record a larger negative
shift of 8'3C compared to the marine sites. The differ-
ence, however, essentially reflects the carbon archive ana-
lysed. Marine carbonates commonly show shorter CIEs
than terrestrial and marine organic carbon (McInerney &
Wing, 2011). However, there are a few terrestrial records
from other parts of the world, which reported a short
CIE. For example, the lignite bearing successions from
Schoninger, Germany and Cobham, UK recorded nega-
tive CIEs of 2.6%o and 3%o, respectively (Collinson et al.,
2003; Lenz et al, 2021). A French record of the PETM
also exhibits a relatively small negative excursion of 2.8%o
(Storme et al., 2012). These values of negative CIEs and
also the peak values of 613Corg recorded from these basins
are comparable to that recorded in the present study.

The magnitudes of the CIEs associated with the other
hyperthermal events in our analysis are also often slightly
lower than global terrestrial records. The terrestrial
records of the ETM2 are few and the negative excursion
ranges from 1.7 to 3.5%o (Chen et al., 2014; Lenz et al,,
2021). Our record of the negative excursion of the ETM2
(2.12%o) falls in the lower half of this range. The previ-
ously recorded excursions associated with the ETM2
from western Indian localities are, however, similar to
ours (Agrawal et al., 2017; Khozyem et al.,, 2021; Samanta
et al., 2013). The reports of other younger hyperthermal
events from the terrestrial environment are fewer than
that of the ETM2. The values of these negative CIEs are
commonly slightly over 2%o, although lower values are
also recorded (e.g., 1.6%o0 from the Vastan mine, Cam-
bay Basin, India; Samanta et al., 2013). We have recorded
negative excursions of 1.25, 1.83 and 1.38%o for the H2, I1
and 12, respectively.

A probable explanation of the short negative excursions
of §'3C,,, from Umarsar is the possible mixing of organic

Org
matter (OM) from different areas with varied chemical
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natures. Mixing is common in a coastal transitional envi-
ronment like the current study area, especially under an
intensified hydrological cycle. The mixing could dampen
the isotopic signatures. The water use efficiency of plants
is affected by the salinity of water (Lomax et al,, 2019).
The 613Corg value of bulk OM, thus, can be affected as
well by the changing salinity of the marginal marine set-
ting of the Kutch Basin. 613corg depends on several other
factors, such as atmospheric pCO,, mean annual precipi-
tation, intensity of seasonality, decomposition of OM, etc.
(Schubert & Jahren, 2012, 2013 and references therein;
Kohn, 2010; Wang et al., 2015). Independent measures of
the controlling factors are needed to assess their probable
roles on SBCorg, which are beyond the scope of this study.
For example, the decomposition of OM depends on sev-
eral factors, such as the quality of the litter, the redox
potential of the environment, etc. The quality of the lit-
ter, in turn, is dependent on several factors, such as the
ratio between carbon and nitrogen (C/N), the quantity
of lignin and other components, etc. (Wang et al., 2015).
So, future investigations are required to assess possible
causes of the relatively short negative CIEs associated
with the hyperthermal events here.

A sharp increase of 613C0rg just before the equally sharp
initial fall associated with the ETM2 is worth noticing
(Fig. 6). We cannot explain this positive excursion with
the present set of information available to us. Another
short negative excursion midway between the PETM
and ETM2 is present in our data (Fig. 6). A pre-ETM2
excursion has been recorded from a few other localities
(D’Onofrio et al., 2016; Willard et al., 2019). We have also
found a similar excursion from the Mangrol mine (Cam-
bay Basin) data (Halder & Mitra, unpublished data).

613Ccarb and &' 8ocarb
Marine carbonates from benthic and planktonic fora-
minifers are the most commonly analysed archives, used
for recognition of EEH events (MclInerney & Wing, 2011;
Westerhold et al., 2018). While 880 from benthic fora-
minifers give palaeotemperatures of the sea floor, that
from planktonic foraminifers is a proxy for the sea sur-
face temperature. The measurement of §'%0 and §'3C
values from the same carbonate sample is the most fre-
quently employed method in the studies for PETM and
other EEHs. Such studies have so far been carried out
commonly on marine sedimentary rocks, often derived
from ocean drilling programmes of various Atlantic and
Pacific sites. These drilled materials predominantly yield
foraminifers. Hence, a plethora of isotopic studies on
these organisms was done.

The marginal marine shales and claystones of our stud-
ied core did not yield any foraminifer specimen. We have
found predominantly fragmentary mollusc shells from
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most of the layers of unit 3. Shells of three bivalve spe-
cies, Claibornicardia sp., Caestocorbula sp. and Aphro-
dina sp., have been analysed, because they are abundant
at certain levels that almost cover the entire marine
interval. The fossil shells retain pristine aragonite (Fig. 8,
Additional file 2). This is the first report of §'30 and §'*C
analyses on fossil benthic mollusc shells from the Ceno-
zoic. A single species/genus analysis was not possible
for the entire unit. Therefore, we relied on mixed species
analysis. Aphrodina and Claibornicardia provided the
bulk of samples for the lower and upper parts, respec-
tively. The §'%0,,,;, and §'*C_,,; values co-vary through
the entire marine interval with more or less concurrent
negative excursions, although mean 8'°C_,, exhibits a
positive shift in the upper part of the interval (Fig. 6c).
The CIEs in 613C0rg and 8"3C_,,, coincide with the nega-
tive excursions of 'O (Fig. 6b, c). These features reflect
the robustness of this record in spite of the use of mixed
species in the analyses. The negative excursions of §'%0
along with 613C0rg and 8"3C_,, indicate warming events
during the marine interval of the Umarsar section caused
by the injection of a large quantity of lighter carbon.
This general conformity of isotope data from carbon-
ate and organic carbon supports the recognition of CIEs
in 613Corg beyond the marine interval as representing
hyperthermal events.

The negative excursions recorded from many areas of
the world are strongly variable. The magnitude of the
ETM2 CIE we report here from benthic mollusc carbon-
ate is relatively higher than most of the recorded data
from marine benthic, planktonic or bulk carbonates (e.g.,
Barnet et al., 2019; Coccioni et al., 2012; Cui & Schubert,
2017; D’haenens et al., 2014; D’Onofrio et al., 2016; Gale-
otti et al., 2010; Leon-Rodriguez & Dickens, 2010; Lou-
rens et al., 2005; Slotnick et al., 2012; Westerhold et al.,
2018). The §"3C_,,;, values are also, on an average, more
depleted in '*C in our analysis than marine foraminif-
eral carbonate values. The §'0_,, values are also more
negative than global records, although the magnitudes of
excursions are comparable to other reports.

The §'3C_,,;, value is primarily a function of the dis-
solved inorganic carbon (DIC) of the water. A small
value indicates enrichment of lighter carbon in DIC. In
the open pelagic part of the oceans §'3Cp; decreases
with depth, because !*C-enriched organic matter
descends to the deep, where its oxidation releases
lighter carbon enriched CO, (Katz et al., 2010). In the
quiet shallow marine environment of the Kutch Basin,
adjacent to a swamp, terrestrial plant derived organic
matter was never in short supply. Its oxidation would
enrich the DIC with '2C. Terrestrial C3 plants com-
monly have lower §'°C than marine phytoplanktons
(Kumar et al., 2016 and references therein). This is also
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reflected in the low 8'3C values of mollusc carbon-
ate from this marginal marine setting. The low values
of 8'®0 were also resulted from mixing of fresh and
marine waters. The freshwater has a lower §'%0 than
marine water (Katz et al., 2010; Wright, 2001). Diagen-
esis can alter isotopic signatures to a certain extent.
However, the diagenetic effect on the analysed mollusc
shells is negligible in a clay-dominated depositional
environment. Pristine aragonitic shells are preserved
as revealed from the XRD analysis (Fig. 8). There can
be other factors, especially related to difference in
fractionation by different organisms. Species-specific
difference in fractionation by benthic and planktonic
foraminifers is widely appreciated (Katz et al., 2010
and references therein). Whether molluscs broadly dif-
fer in isotopic signatures from foraminifers needs to be
explored in future.

The positive shift of §'3C_,,,, curve after the ETM2,
which is not reflected in 80, curve (Fig. 6c), is
intriguing. This may happen due to several factors, a
few of which are discussed here. (1) Differences in spe-
cies-specific isotope fractionation may be important.
Interspecific fractionation is significantly more variable
in carbon isotopes than oxygen isotopes (Lécuyer et al.,
2004). These authors demonstrated only negligible frac-
tionation differences in oxygen isotopes between dif-
ferent recent mollusc species from a tropical basin. (2)
Microhabitats within the benthic habitat differ in geo-
chemical environments and hence, the shells that grow in
different microhabitats differ in isotope signatures. This
is especially pronounced in carbon isotope fractiona-
tion between epi- and infaunal forms, and also between
shallow- and deep-infaunal forms. The §"*Cp¢ is lower
within the sediment layer than on the substrate because
of the oxidation of organic matter inside the sediment
(Katz et al., 2010). It further decreases with sediment
depth (Katz et al., 2010). In an organic rich sedimentary
environment of the marginal marine setting, as in the
studied section, this factor might have played an impor-
tant role. Aphrodina, which is primarily used for the iso-
tope analysis for the lower part of the marine interval of
the Umarsar mine section, has the potential to live in rel-
atively deeper burrows than Claibornicardia. The former
is more elongated and has a deeper pallial sinus than the
latter. The latter was chiefly used for the isotope analysis
for the upper part of the interval. (3) The marine influ-
ence might have increased in the upper part of the sec-
tion than in the lower part. This change is also likely to
influence carbon isotope ratios more than oxygen isotope
ratios (Lécuyer et al., 2004). One or more of these factors
may be responsible for the difference in oxygen and car-
bon isotope signatures from the upper part of the marine
interval of this mine section. A proper appraisal of the
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proximal cause requires future studies on interspecific
differences in isotopic signatures of benthic molluscs.

Hyperthermal and transgressive events

A transgression associated with the PETM is docu-
mented globally in areas dispersed from high southern to
high northern latitudes and palaeo-tropics (Gibson et al.,
1993; Harding et al., 2011; Pujalte et al., 2014; Schulte
et al., 2011; Sluijs et al, 2008, 2011, 2014; Speijer &
Morsi, 2002). Transgressions were recorded based on
sedimentological and palynological evidences. However,
the causal link between the PETM and transgression are
not straightforward as evidenced from some areas. For
instance, the New Jersey shelf, USA recorded a transgres-
sion 20—200Kky prior to the PETM (Sluijs et al., 2008). The
sea level continued to rise during and after the PETM
(Pujalte et al., 2014). Ambiguity also prevails regarding
the causes of the transgression on two accounts. First, it
is generally believed that the earth lacked a cryosphere
during the Paleocene—Eocene. However, only a thermal
expansion of water could not account for the extent of
transgression coincident with the PETM (Sluijs et al,,
2008; Speijer & Morsi, 2002). Hence, the thermal expan-
sion of water and the melting of a possible thin Antarctic
ice cover have been invoked by researchers to explain this
transgression (Miller et al., 2005, 2011; Sluijs et al., 2008;
Speijer & Morsi, 2002). Second, an initiation of the trans-
gression before the PETM also calls for a mechanism
other than those related to warming. Tectonism and vol-
canism, especially related to the North Atlantic Igneous
Province, were proposed to have played some roles in
this transgression (Pujalte et al., 2014; Sluijs et al., 2008).
However, the global nature of the transgression and com-
mon coincidence with the PETM are generally consid-
ered as an indication of the eustatic rise related to the
warming (Sluijs et al., 2008, 2014).

The other early Eocene hyperthermal (EEH) events are
much less studied from this point of view. However, Sluijs
et. al. (2008) tentatively associated the palynological
and sedimentological evidences from a slightly younger
stratigraphic level in New Jersey, USA and some other
sites with a later transgression related to the ETM2 or
another temporally close hyperthermal event (see also
Willard et al., 2019). There is, so far, no other report of
a transgression associated with any other hyperthermal
events of the early Eocene.

The first ever reported EEH from the Indian subconti-
nent, ETM2 from the Vastan mine of the Cambay Basin,
falls within the marine interval (Clementz et al., 2011).
Our unpublished data also revealed the ETM2-H2 pair
from within the marine interval of the Mangrol mine,
adjacent to the Vastan mine (Halder & Mitra, unpub-
lished data). Other studies often revealed the initiation
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of the CIE associated with the ETM2 within the marine
interval, whereas the peak within the lignite seam overly-
ing it, in the Kutch and Cambay basins (Khozyem et al.,
2021).

The present study documents the PETM from a pri-
marily coastal terrestrial setting. Here, the PETM is fol-
lowed by the first lignite seam of the Umarsar mine.
Marine inundation of the basin coincident with the
PETM, if any, was not reflected in the rocks from this
part of the basin. However, a transgression, demarcated
by the appearance of marine mollusc bearing layers, is
associated here with the pair of EEH events of ETM2
and H2. The marine inundation began slightly before the
onset of the CIE associated with the ETM2 and retreats
after the end of the CIE of H2 (Fig. 6). The marine sed-
imentary units appear to precede the CIEs on both the
occasions. This pattern is consistent with the transgres-
sions associated with the PETM reported from several
areas of the world, where sedimentary and palaeontologi-
cal evidences of transgression in the rock record appear
slightly before the negative excursion of §3C (Sluijs
et al,, 2008, 2011). Such offset between the transgression
and the biochemical response of warming led to invok-
ing association of other local or regional factors with the
transgression. The offset, now documented also for the
ETM2 and H2, needs further attention. There are reports
of warming preceding the PETM (Secord et al., 2010;
Sluijs et al., 2007). Future research should be directed
to documenting if this offset is global in nature and also
associated with other hyperthermal events.

The association of the Ypresian transgression and
ETM2-H2 hyperthermal pair in two contiguous basins
of western India suggests a causal link between these
events. However, the absence of any marine incursion
related to the PETM, which is a stronger warming event
than the ETM2-H2, and somewhat irregular position of
the latter hyperthermal events with respect to the marine
interval in the lignite mines make the relationship slightly
ambiguous. A detailed regional correlation of the western
Indian basins with respect to the hyperthermal events
and marine incursion is needed to confirm the purported
relationships. This study is a part of the bigger plan of
such a regional survey. The recent report by Khozyem
et. al. (2021) strongly suggests the regional nature of the
association between the transgression and the hyperther-
mal events.

The recently published global mean sea level (GMSL)
curve based on §'%0 from the Pacific benthic foramini-
fers and Ca/Mg estimates (Miller et al., 2020) reveals
a sharp increase in the sea level and a higher sea level
near ~ 54 Ma than that near the P-E boundary at 56 Ma.
Other sea level curves obtained earlier by ‘backstripping’
estimates from continental margins (Kominz et al., 2008;
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Miller et al., 2005) also support this. The current consen-
sus about the ages of the PETM and ETM2 are 56 Ma and
54.09 Ma, respectively (Westerhold et al., 2018). Hence,
the transgression recorded in the Kutch and Cambay
basins reflect a global event. Only this high elevation of
the sea could inundate this coastal and largely terrestrial
basins, whereas the earlier shorter rise of the water level
was not registered here (Fig. 6e). A global increase in the
mean sea level requires a global cause. The coeval global
warming due to the ETM2-H2 pair is the strongest can-
didate in explaining this transgression.

Alternatively, or additionally, tectonism could be
responsible for the transgression. The Indian plate was
going through a phase of strong tectonic activity during
the Paleogene. The Indian plate collided with the Tibetan
plate in the Ypresian after a long journey from the south-
ern hemisphere since the Cretaceous. The collision was
accompanied by a sudden slowdown of the plate move-
ment (Copley et al,, 2010). The western Indian basins
could have experienced the transgression due to this
sudden slowdown in a manner similar to a vehicle that
experiences sudden gusts of wind on its rear with sud-
den brake in speed. An anticlockwise sense of rotation
of the Indian plate might also have played some roles in
the transient Ypresian transgression on its western mar-
gin. The onset timing of the collision and mechanisms
involved in the suturing of the two plates are, however,
strongly debated. The documented age of the collision
falls anywhere between the Late Cretaceous and Oligo—
Miocene (Hu et al., 2016). Most recent researches put the
onset at 61-56 Ma (An et al., 2021; Jadoon et al., 2021).
However, the main collision event is often considered to
have taken place around 50 Ma (e.g., Copley et al., 2010;
Patriat & Achache, 1984), which post-dates the transgres-
sion. It is difficult to conclusively link the tectonic factor
with the transgression at the present state of knowledge
about the timing. Furthermore, the global nature of the
transgression is difficult to accommodate in this tectonic
scenario.

Conclusions

The early Eocene sedimentary rocks containing lig-
nite from the Umarsar mine, Kutch, western India have
been analysed from sedimentological, palaeontologi-
cal and geochemical aspects. The deposition took place
primarily in a coastal marginal marine environment. The
813C0rg data depicts five negative excursions, which have
been identified as the PETM, ETM2/H1, H2, I1 and I2
from an older to younger sequence based on their strati-
graphic positions and relative distances. The trajectories
of 8'3C_,,;, and §'®0,,,, from pristine shells of molluscs,
derived from the middle part of the succession, conform
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to 513C0rg in that interval and reveal two hyperthermal
events. This marine interval is correlatable to a similar
interval from the outcrop of the Kutch Basin, which was
constrained to SBZ8. The two hyperthermal events from
this part of the succession have been identified as ETM2
and H2. The discovery of the early Eocene hyperthermal
events from Kutch is important, because most of the
available reports of the EEH are from marine sequences
of relatively high latitudes, whereas the present one
comes from a marginal marine transitional environment
of a tropical basin. The study finds the co-occurrence
of ETM2 and H2 with the marine incursion. This asso-
ciation appears to be regionally valid, which suggests a
causal link. It is also supported by the global mean sea
level curves. Future studies from other parts of the world
need to be directed towards it for the confirmation.

There are several scientific questions that need to be
addressed in future. For example, the discrepancy in
GMSL coeval to the PETM and ETM2 is intriguing,
because the former is a stronger warming event than the
latter. The fact that the sea water responded to the warm-
ing before the negative shift of SBCorg also requires atten-
tion from future studies, if warming events were solely
responsible for the transgressions. The presence of two
or more pulses in a hyperthermal event is an interesting
feature that also needs attention from future investiga-
tors. This study, being the first to report §'3C and §'%0
from benthic molluscs, cannot be compared with other
records of early Eocene. Global records are seriously
biased towards foraminiferal carbonates. Future studies
need to carry out isotopic analyses on molluscs and other
carbonate sources than foraminifers.
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