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The exact magnitude of the carbon isotopic excursion (CIE) for the Palaeocene–Eocene Thermal
Maximum (PETM) is essential for our understanding of the carbon cycle perturbation. Global
compilation of the PETM CIE magnitudes indicates that the shallow-marine inorganic carbonate could
be a potential candidate to decipher the actual CIE magnitude. The present study, therefore, made an
attempt to explore the thick Palaeogene shallow-marine carbonate sequence of the Sylhet Limestone
exposed in the Jaintia Hills of northeast (NE) India, in terms of the preservation and magnitude
of the PETM CIE. Exploratory sampling carried out across the Sylhet Limestone suggests that this
sequence was deposited during the Late Palaeocene and Early Eocene, as evident from the age-diagnostic
foraminifera. The observed ∼3.40/00 CIE at the top of the Lakadong Limestone, resting above the
Miscellanea miscella and Ranikothalia nuttalli foraminifera-bearing horizon, can, therefore, be correlated
with the PETM CIE. Although the magnitude of the CIE from our limited data set agrees well with
the global compilation, the absence of a stepped profile questions the preservation of the CIE reported
elsewhere from the Tethyan sequence. Further work is needed for a better understanding of the PETM
interval in NE India.

Keywords. Palaeocene–Eocene thermal maximum; carbon isotope excursion; NE India; marine
carbonate; Sylhet Limestone.

1. Introduction

The long-term global warming trend from the
Late Palaeocene to Early Eocene interval was
punctuated by several short-lived hyperthermal
events. The Palaeocene–Eocene Thermal Maxi-
mum (PETM) (∼55.9 Ma; Westerhold et al. 2017)

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.
ias.ac.in/Journals/Journal of Earth System Science).

is the most prominent hyperthermal event among
all other recorded hyperthermal events, so far,
in the Earth’s Cenozoic history (Kennett and
Stott 1991; Aubry 2000). Geologically instanta-
neous, the PETM (∼200 kyr, Röhl et al. 2007) is
characterised by massive addition of 13C depleted
carbon to the exogenic (ocean, atmosphere and
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biosphere) carbon pool, and recorded as a
prominent negative carbon isotope excursion (CIE)
in various terrestrial and marine proxy records
(Dickens et al. 1995; Cui et al. 2011; McInerney and
Wing 2011; DeConto et al. 2012). The magnitude
of the carbon isotopic excursion (CIE), i.e., the dif-
ference between the pre-PETM and peak-PETM
δ
13C values of the proxy records being studied, is

very crucial to estimate the mass and source of car-
bon added to the exogenic carbon cycle. Therefore,
colossal effort has been made to understand the
magnitude of the PETM CIE from various proxy
records spanning foraminiferal carbonate, soil car-
bonate, tooth enamel carbonate, terrestrial organic
matter, plant lipid and many more. It is evident
from all of these studies that different proxy records
report different magnitude of PETM CIE. While
marine carbonates record a reduced PETM CIE
magnitude (∼2.7 ± 1.10/00; n = 105) because of
the shoaling of the carbonate compensation depth
(CCD) and associated carbonate dissolution, ter-
restrial records generally amplify the PETM CIE
magnitude (∼4.7 ± 1.50/00; n = 48; see a com-
prehensive review by McInerney and Wing 2011
and Sluijs and Dickens 2012) due to enhanced
precipitation or vegetation change.

Shallow-marine inorganic carbonates, deposited
well above the CCD, have therefore been increas-
ingly studied to understand the magnitude and
geometry of the CIE across the PETM. In this con-
nection, Tethyan shallow-marine carbonates have
been adjudicated to be one of the best candi-
dates to study the magnitude and pattern of the
PETM CIE (Li et al. 2017; Zhang et al. 2017). Dur-
ing the Late Palaeocene and Early Eocene, South
Tibet was located in the northern margin of the
Greater Indian (figure 1, inset). The thick carbon-
ate sequences of the Zhepure Shan Formation of
South Tibet were deposited on a tropical carbon-
ate ramp bordering the Tethyan Ocean (Willems
et al. 1996; Zhang et al. 2013). So far, four PETM
CIEs have been reported from the Zhepure Shan
Formation and the magnitudes of the CIEs vary
from section to section. One of the possible reasons
for this discrepancy in the CIE magnitudes could
be the alteration of the primary carbon isotopic
ratio during the burial diagenesis. However, less
attention has been paid to understand the burial
diagenetic history of the Zhepure Shan carbonate.
Compared to the sections situated in Tibet, the
Indian sections are less explored even in terms of
the presence of PETM. The only report of the sup-
posed PETM comes from the Khasi Hills of South

Shillong Plateau (Prasad et al. 2006). However,
in contrast to the carbonate-hosted PETM CIE
from South Tibet, the PETM reported by Prasad
et al. (2006) is from a siliciclastic unit (Lakadong
Sandstone) overlying the Late Palaeocene carbon-
ate (Lakadong Limestone) of the Sylhet Limestone.
The present study, therefore, aims at exploring
the thick Palaeocene–Eocene shallow-marine car-
bonates of the Sylhet Limestone exposed in the
adjacent Jaintia Hills of NE India, in terms of the
presence, preservation and nature of the PETM
CIE.

2. Regional geological setup

The Shillong Plateau in NE India is an uplifted
crustal block, considered to be the eastern-most
extension of the Precambrian Chhotanagpur Gneis-
sic Complex (figure 1). The sedimentary succes-
sion was deposited during the northward drift of
India after its final separation from Madagascar.
The whole succession is >4 km thick and com-
prises Late Cretaceous to Pliocene marginal marine
to fluvial–deltaic sediments. The succession starts
with the deposition of the Upper Cretaceous Khasi
Group of sediments of marginal marine to flu-
vial origin. Overlying Palaeocene to Middle–Late
Eocene, the Jaintia Group of sediments is domi-
nated mainly by carbonates with minor sandstone
intervals (figure 2). A major marine transgression
event at the beginning of the Palaeocene is thought
to be responsible for the deposition of the thick
limestone of the Jaintia Group. This event is des-
ignated as the incursion of the Eastern Tethys
based on the similar faunal assemblage reported
from the Shillong Plateau area, western India, Pak-
istan and Tibet (Nagappa 1959; Jauhri et al. 2006;
Gogoi et al. 2009). Apart from the siliciclastic-
dominated Early and Middle Palaeocene Langpar
and Therria Formations, a major part of the Jain-
tia Group consists of carbonate-dominated Sylhet
Limestone Formation. This is the reason why the
Jaintia Group is generally called as the Sylhet
Limestone. The Sylhet Limestone is further classi-
fied into Lakadong, Umlatodh and Prang Member
in the order of superposition (Misra et al. 2002;
Jauhri et al. 2006). Larger benthic foraminiferal
assemblage suggests a Late Palaeocene deposition
age for the Lakadong Member. This is followed by
the deposition of the Umlatodh and Prang Mem-
ber during the Early Eocene and Middle Eocene,
respectively (figure 2).
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Figure 1. Figure showing the geological map of the Shillong Plateau area in NE India (simplified from maps, Geological
Survey of India, 2009, 2011; Vadlamani et al. 2015). The filled star marks the study area on the National Highway 44. Inset
shows the palaeolatitudinal position of the India ∼56 Ma (using GPlates; Cannon et al. 2014). The filled star represents the
study area and open circles represent the studied localities from Tibet where G and T represent the Gamba and Tingri,
respectively.

3. Methodology

Excellent exposures of the Sylhet Limestone are
available in limestone mines situated close to the
National Highway 44. The present study was car-
ried out in the quarry section of Star Cement.
The Lakadong Sandstone crops out at the base
of the quarry and the quarry section encompasses
the Umlatodh Limestone. A ∼30 m drill core
retrieved ∼3 m above the base of the quarry
crosscuts the top of the Lakadong Limestone as
well as the Lakadong Sandstone. The Lakadong
Sandstone and Umlatodh Limestone have been
sampled from the outcrop section of the mine,
whereas the Lakadong Limestone has been sam-
pled from the core. Lithologs were prepared by
incorporating the observed grain size variations,
primary sedimentary structures and faunal com-
position. An exploratory low resolution sampling
was carried out at ∼5 m interval across the
Lakadong Limestone, Lakadong Sandstone and
Umlatodh Limestone for isotopic analysis. The
carbonate samples were broken into two halves
to expose the fresh surface. The sampling for
isotopic analysis was done using a dental drill.
Altered and re-crystallised carbonates as well as
fossil fragments were avoided during the sampling.
X-ray diffraction (XRD) analysis of the samples

was performed using a Rigaku desktop X-ray
diffractometer operating with Cu-Kα radiation
for 2θ from 15◦ to 45◦ at Department of Geol-
ogy and Geophysics, Indian Institute of Tech-
nology, Kharagpur. After performing the XRD
analysis ∼150−300 μg of carbonate powder was
analysed for its isotopic composition. All the
isotope data were measured using Gas Bench
(II) device attached with a Thermo DELTA-V-
ADVANTAGE� (Thermo Fisher Scientific, Bre-
men, Germany) continuous flow isotope ratio mass
spectrometer situated in the Department of Geol-
ogy and Geophysics, Indian Institute of Technol-
ogy, Kharagpur. The powdered samples were acid
digested at 72◦C by 100% orthophosphoric acid
in sealed, He (99.999%)-flushed vials. The pro-
duced CO2 then was allowed to pass successively
through a Nafion tube, Valco, gas-chromatographic
column to remove impurities such as moisture,
nitrogen, etc. The sample gas was then introduced
into the mass spectrometer through an open-split
device for measurement of its isotopic ratio (Bera
et al. 2010). The long-term internal reproducibility
(<0.10/00 for both δ

18O and δ
13C) for the Gas

Bench DELTA-V-ADVANTAGE system was moni-
tored by measuring two internal standards,
i.e., Z-Carrara marble (procured from Physical
Research Laboratory, Ahmedabad) and BDH
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Figure 2. Generalised stratigraphy, depositional ages and foraminiferal assemblage of the Jaintia Group of rocks compiled
from (1) Nagappa (1959), (2) Samanta (1968), (3) Samanta (1971), (4) Mehrotra and Banerji (1973), (5) Dutta and Jain
(1980), (6) Jauhri and Agarwal (2001), (7) Misra et al. (2002), (8) Jauhri et al. (2006), (9) Gogoi et al. (2009), (10)
Matsumaru and Sarma (2010) and (11) Kalita and Gogoi (2015).

(procured from University College, London). All
delta (δ) values are reported in parts per thou-
sand (0/00) with respect to the standard, i.e., Vienna
Pee Dee Belemnite (VPDB), where δ (in 0/00) =
(Rsample/Rstandard − 1) × 1000 and ‘R’ is the ratio
of the heavy-to-light isotope in the sample or
standard.

4. Results

The lithology of the Lakadong Limestone and
Umlatodh Limestone varies between the grainstone
and packstone. The allochemical components are
mostly dominated by biofragments. Only one sam-
ple of the Lakadong Limestone, showing oolites
as a dominant allochemical component, is situated

just below the Lakadong Sandstone. The Lakadong
Sandstone is mainly composed of medium-to-coarse
sandstone. However, there are some disperse coarse
(granular)-grained lenses present all through the
Lakadong Sandstone which contain fossil frag-
ments (figure 3A). Different types of primary sed-
imentary structures, e.g., low-angle trough cross-
stratification with soft sedimentary deformation
structures, gutters (figure 3B), hummocks, lensoid
bed geometry, and abundant vertical burrows
(figure 3C horizontal white filled arrows) were
found in the Lakadong Sandstone. However, the
underlying and overlying limestones are pure and
devoid of any periodic/non-periodic, thick/thin
siliciclastic units. Thin section of the Lakadong
Limestone reveals the presence of Miscellanea
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Figure 3. Representative lithologs for the core and mine-face were correlated using the stratigraphic position of the Lakadong
Sandstone Member (arrow marks the stratigraphic position of the diagnostic foraminiferal fossils). A relative sea-level curve
has been constructed based on the lithological change and interpretative depositional environment. Carbon isotopic ratio of
the carbonate phase showing a prominent broad, negative, excursion starting within the Lakadong Limestone and ending
just above the Lakadong Sandstone Member (D marks the dolomite sample). (A) Exposure of the Lakadong Sandstone
Member at the base of the mine showing the lensoid bed geometry and presence of gutters (B) and vertical burrows (C,
horizontal white filled arrows). Thin section micro-photograph of the Lakadong Limestone sample showing the presence of
M. miscella (d’Archiac and Haime 1853; D) and R. nuttalli (Davies 1927; E).

miscella (d’Archiac and Haime 1853; figure 3D)
and Ranikothalia nuttalli (Davies 1927; figure 3E).
The XRD analyses of the samples from the Laka-
dong Limestone (n = 5) and Umlatodh Limestone
(n = 3) suggest the presence of only calcite (fig-
ure 4A) except one sample from the top of the
Umlatodh Limestone which is composed entirely of
dolomite.

Carbon and oxygen isotopic ratios (δ13C and
δ
18O) of all carbonate samples vary between −0.9

and 3.00/00 (VPDB) and −9.3 and −4.70/00
(VPDB), respectively (figure 4B). Both carbon
(1.480/00, VPDB) and oxygen (−4.70/00, VPDB;
uncorrected for acid fractionation factor) isotopic
compositions of the only dolomite sample do not
fall away from the rest of the calcite samples.
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Figure 4. (A) XRD pattern showing the presence of calcite in the studied samples. Only one sample (KMF-4/24) contains
dolomite (filled and open inverted triangles showing the position of pure calcite and dolomite phase, respectively). (B) The

δ
13C and δ

18O cross-plot of the studied samples (D marks the isotopic composition of the only dolomite sample) showing
crude negative correlation when only background data i.e., pre-PETM and post-PETM are considered (for details see the
text).

When plotted stratigraphically (against depth),
the δ

13C values of the samples show a promi-
nent, broad, negative-excursion at the middle of the
studied section, ending just above the Lakadong
Sandstone (figure 3). The average δ

13C value of
the excursion samples (−0.7 ± 0.30/00, VPDB)
is ∼3.20/00 (VPDB) depleted in 13C compared
to pre-excursion (2.6 ± 0.20/00, VPDB) samples.
A similar trend has also been observed for the
δ
18O, where the average δ

18O of excursion sam-
ples (−8.6 ± 1.00/00, VPDB) is depleted in δ

18O
compared to average δ

18O of pre-excursion (−6.6±
0.70/00, VPDB) samples.

5. Discussion

5.1 Depositional environment and age

Different types of primary sedimentary structures,
i.e., low-angle trough-cross stratification with soft
sedimentary deformation structures, gutters
(figure 3B), lensoid bed geometry, abundant ver-
tical burrows (figure 3C) hummocks suggest that
the Lakadong Sandstone was deposited in a near-
shore, marginal-marine environment. The Laka-
dong Limestone and Umlatodh Limestone were
deposited in a shallow-marine-carbonate ramp sys-
tem (∼40−80 m water depth; Hottinger 1997;
Zhang et al. 2017), as evident from the presence of
different types of foraminifera. In agreement with

the published literature (for details see references
in figure 2) and based on the presence of age-
diagnostic foraminifera, i.e., M. miscella (d’Archiac
and Haime 1853) and R. nuttalli (Davies 1927),
a Late Palaeocene depositional age has been esti-
mated for the Lakadong Limestone. Hence, there is
a distinct possibility that in the studied section, the
Late Palaeocene–Early Eocene interval is present
above this foraminiferal horizon. In that case, the
interval will be associated with a distinct negative
CIE, as has been observed globally.

5.2 Assessments of diagenetic alteration of stable
isotope data

Carbon and oxygen isotopic ratios of carbonate are
very susceptible to diagenetic alteration. Therefore,
before using the temporal variations in the isotopic
ratio for palaeoclimate study careful evaluation of
the data is necessary. The δ

13C and δ
18O cross-

plot of all studied carbonates (including dolomite)
shows an overall positive correlation and is indica-
tive of diagenetic alteration (figure 4B; Banner and
Hanson 1990; Bera et al. 2010). Since a prominent
negative excursion is present in the data set (see
the last paragraph of the Results section and strati-
graphic plot in figure 3), the possibility exists that
these excursion data points may force all the data
to show an overall negative correlation. When only
those data representing the background are consid-
ered (except those demarcating the excursion, i.e.,
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PETM in figure 4) these display a crude negative
correlation. This distinctly antipathic behaviour of
a part of the data set demands detailed discussion
on the possible diagenetic scenario of the sam-
ples from the studied section. Since the isotopic
ratio of the diagenetic carbonate depends upon
the isotopic ratio of initial/primary carbonate, the
formation temperature during diagenesis, isotopic
composition of the formation water and water–rock
ratio, the large spread observed in both δ

13C and
δ
18O can be explained in either ways (figure 4B):

(i) primary/early diagenesis just after the depo-
sition possibly induced by meteoric water influx,
or (ii) Late diagenesis at a higher burial tempera-
ture. Below we discuss the possible effects of these
processes on the primary isotopic ratio.

Since meteoric water is depleted in 18O, the
primary carbonate always gets depleted in 18O
during early diagenesis (Veizer et al. 1999). The
δ
18O values of the studied carbonate (calcite)

vary between −9.3 and −5.20/00 (VPDB). If the
Late-Palaeocene sea water δ

18O is assumed to be
−2.00/00 (VPDB; Huber et al. 2003; Ivany et al.
2008) even the most 18O depleted studied carbon-
ate can be explained by assuming a precipitation
temperature of ∼48◦C. We, therefore, can partially
rule out the possibility of any major modifica-
tion of carbonate δ

18O by early diagenesis. Since
the concentration of carbon is very high in car-
bonate compared to the meteoric water (present
as bicarbonate ion), chances of alteration of the
carbonate carbon isotope are further negligible
(Banner and Hanson 1990; Bera et al. 2010). In
agreement, the average δ

13C value of the studied
carbonate (1.2 ± 1.30/00, VPDB) falls very close
to the Late Palaeocene–Early Eocene foraminiferal
carbonate values recorded from different Deep Sea
Drilling Project-Ocean Drilling Program (DSDP-
ODP) sites (∼1.20/00 VPDB; Zachos et al. 2001).
Further, late diagenetic modification of the studied
carbonate can be ruled out based on the absence
of any secondary porosity in the studied samples.
The only diagenetic feature visible in the studied
samples is the stylolite.

However, the presence of dolomite is generally
indicative of early diagenesis of marine carbon-
ate. The only dolomite sample recovered in the
present study, therefore, demands some additional
discussion on the possible diagenetic environment
of the studied section. When precipitated together,
the dolomite gets enriched in 18O by ∼2.60/00
(VPDB; Vasconcelos et al. 2005) than the coex-
isting calcite. Further, the CO2 produced from

dolomite (by the orthophosphoric acid reaction
at 72◦C using the Gas-Bench device) is enriched
by ∼1.20/00 relative to calcite (Rosenbaum and
Sheppard 1986; Kim et al. 2007). We, therefore,
assumed that the only dolomite in the stud-
ied section was precipitated either from ∼3.80/00
(VPDB) 18O depleted water (i.e., meteoric water)
during early diagenesis or at a higher tempera-
ture (∼15◦C; assuming a 0.250/00/

◦C temperature-
dependent fractionation of 18O between the calcite
and water; Friedman and O’Neil 1977) during
the late burial diagenesis. Interestingly, δ

13C of
the dolomite (1.50/00, VPBD) is almost identical
to the rest of the calcite (1.2 ± 1.30/00, VPDB).
Therefore, it is evident from the data that despite
diagenetic alteration (possibly partial), at selected
stratigraphic levels, the δ

13 C of the studied car-
bonates still preserve its original isotopic com-
position and can be used for the palaeoclimate
study.

5.3 CIE magnitude and geometry

Temporal evolution of δ
13C of the studied

carbonates shows a large, prominent, negative
excursion in the middle of the Lakadong Lime-
stone. Resting above the stratigraphic occurrence
(marked by grey filled arrow in figure 3) of two
Late Palaeocene larger benthic foraminifera, i.e.,
M. miscella (d’Archiac and Haime 1853) and R.
nuttalli (Davies 1927), this large ∼3.40/00 excursion
can be correlated with the global CIE associated
with the PETM. Although this finding agrees well
with the earlier published biostratigraphic zona-
tion of the Lakadong Limestone and overlying
Umlatodh Limestone (figure 2), there is a strong
disagreement with the only published record of the
supposed PETM within the Lakadong Sandstone
from the adjacent Khasi Hills of South Shillong
Plateau (Prasad et al. 2006). It is important to
mention that apart from the stratigraphic position
of the PETM interval, the thickness of the lime-
stone and sandstone members vary considerably
across the basin. One possible explanation for this
discrepancy could be the time transgressive nature
of the facies boundaries across the basin, among
others.

When compared with the published global
carbon isotopic record, the magnitude of the PETM
CIE (∼3.40/00, VPDB) from the Lakadong Lime-
stone is slightly larger than the average global
carbonate record (∼2.7±1.10/00, VPDB; figure 5)
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Figure 5. Figure showing the Box-and-Whisker plot of the published CIE magnitudes (1) benthic foraminifera, (2) Planktonic
foraminifera and (3) bulk carbonate from McInerney and Wing (2011). The present compilation (4) is also shown where
square marks the average CIE magnitude. Circles represent outliers. The open star represents the PETM CIE magnitude
reported from the NE carbonate. Frequency distribution of the compiled data for 0.50/00 bins is also shown in a frequency
plot in the right panel.

compiled by McInerney and Wing (2011).
McInerney and Wing (2011) classified their car-
bonate data into three broad categories, i.e., ben-
thic foraminiferas, planktonic foraminiferas and
bulk carbonates (figure 5). As discussed earlier,
foraminiferal carbonate records show extensive dis-
solution because of the shoaling of the CCD
and register a lower CIE magnitude. It is, there-
fore, increasingly being felt that the shallow-
marine inorganic carbonate could possibly record
the actual CIE magnitude. However, when compil-
ing the data, McInerney and Wing (2011) incor-
porated all inorganic carbonate CIE values from
the published literature (n = 33) without any
careful evaluation of the primary data. In the
present study, we found that many of the data
reported in these 33 primary references are inap-
propriate due to the following reasons. In many of
the studied sections, the PETM onset is marked
by different lithologies, where chances are there
that different porosity and different water–rock
ratio in these different lithologies will drive dia-
genesis of the primary carbonate in different ways,
therefore resulting in either reduction or amplifi-
cation of the CIE magnitude. Even some original
references are taken from foraminiferal carbonate
data. Moreover, there were some repetitions. We,
therefore, carefully evaluated the existing compi-
lation and added few new and missed references
to the PETM CIE magnitude dataset. Our new
compilation consists of only 13 clean data where

both the PETM onsets and CIEs are present
within the same lithology (figure 5; Supplemen-
tary material). The new average CIE magnitude
∼2.9 ± 0.60/00 (VPDB) from the inorganic shallow-
marine carbonate agrees well with the present CIE
magnitude of 3.40/00 (VPDB). However, it is lower
than that of the maximum reported CIE magni-
tude of 3.80/00 (VPDB) from the shallow-marine
carbonate (Höntzsch et al. 2011) and generally
accepted atmospheric CO2 CIE of ∼4.50/00 (VPDB)
(Diefendorf et al. 2010). High-resolution sampling
of the PETM interval and more careful evaluation
of the isotopic values for the diagenetic phases are
necessary to find the exact CIE magnitude for this
PETM from the NE section.

A recent study from the Tethyan shallow-marine
carbonate from the Tingri area showed complete
preservation of the CIE but with the unusually
high magnitude of ∼70/00 (Zhang et al. 2017) and
a prominent stepped profile. Along with the CIE
thickness, the presence of this stepped CIE profile
has been put forward in support for the complete
and true (unaltered) preservation of the PETM
CIE profile. When comparing the thickness of the
PETM CIE for the preservation, both the sec-
tions show comparable thickness wherein the NE
carbonates display ∼18 m thick CIE and the Tin-
gri carbonates record a ∼17 m thick CIE interval.
Furthermore, the presence of the oolite-bearing
carbonate at the top of the Lakadong limestone
indicates minimal wave-induced erosion of the
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Lakadong Limestone by overlying the Lakadong
Sandstone. Therefore, in terms of preservation of
the CIE profile, both these sections record com-
plete preservation of the CIE profile. However, in
contrast to what observed in the Tingri carbon-
ate, the present dataset, although limited, does not
show any stepped CIE profile. Most importantly,
the successive depletion in δ

13C of the carbonate
within the Tingri PETM CIE body starting at step
c (onset) and all through the PETM main body up
to step g (beginning of the recovery, see figure 8
of Zhang et al. 2017) has not been found in the
present section. The possibility exists that these
Tingri nodular carbonates suffered considerable
diagenetic modification as proposed by the recent
study focusing on the detailed field, microfacies and
stable isotopic observation (Kahsnitz and Willems
2017). In contrast to the Tingri area, PETM CIE in
NE India has been arrested in a monotonous grain-
stone and packstone lithology, and therein exists
the possibility that this section would have faith-
fully recorded the actual geometry of the PETM
CIE. Further, high-resolution multi-proxy isotopic
analyses are needed for a better understanding of
the PETM CIE magnitude and the CIE geometry
in this section.

6. Conclusions

Sedimentological studies carried out across the
Lakadong Limestone, Lakadong Sandstone and
Umlatodh Limestone Member of Sylhet Lime-
stone Formation suggests that this sequence was
deposited in the shallow (∼40−80 m water depth)-
marine setup. While larger benthic foraminifera-
bearing grainstone and packstone lithology of the
Lakadong Limestone and Umlatodh Limestone
indicate that these units were deposited in a
carbonate ramp settings, overall sandy lithology
and primary sedimentary structures, i.e., low-
angle trough-cross stratification with soft sedimen-
tary deformation structures, gutters (figure 3B),
lensoid bed geometry, abundant vertical burrows
(figure 3C) and hummocks suggest that the
Lakadong Sandstone was deposited in a mixed sili-
ciclastic carbonate near-shore environment. The
presence of age-diagnostic foraminifera, i.e., M.
miscella (d’Archiac and Haime 1853) and R. nut-
talli (Davies 1927) at the middle part suggests
a possible Late Palaeocene depositional age for
the Lakadong Limestone Member. Careful evalu-
ation of the diagenetic condition, using combined
thin section petrography, XRD and stable isotopic

analysis, reveals that despite early and possibly
late burial diagenesis at the selected stratigraphic
interval, the carbonate preserves its original carbon
isotopic composition and is suitable for palaeocli-
mate study. The only large negative CIE of ∼3.40/00
(VPDB) occurring above the M. miscella- and R.
nuttalli-bearing horizon can, therefore, be corre-
lated with the globally reported CIE associated
with the PETM. Although the magnitude of the
excursion from our limited data set agrees well
with the global compilation, it strongly differs from
the earlier reported magnitude and geometry from
the Tethyan shallow-marine carbonate by previ-
ous workers. As has been suggested by the recent
study, the unusually large magnitude and geom-
etry of the Tethyan CIE is possibly an artefact of
diagenetic alteration (Kahsnitz and Willems 2017).
While Tethyan nodular-shaley carbonates suffered
extensive diagenetic modification by percolating
meteoric fluids, thereby altering its carbon isotopic
composition, NE grainstone/packstone carbonate
lithology suffered minimal diagenetic modification
possibly due to the early cementation. Further,
high resolution and detailed isotopic work are
needed for a better understanding of the PETM
interval from this NE section.

Acknowledgements

MKB thanks IIT Kharagpur for funding the
fieldwork through its Professional Development
Fund. This work forms part of the Ph.D. thesis
of SPS, who thanks the Council of Scientific and
Industrial Research (CSIR), New Delhi, for the fel-
lowship. We thank IIT Kharagpur for funding the
Stable Isotope Analytical Facility through its Dia-
mond Jubilee Laboratories Grant where all isotope
data used in this work were generated. The paper is
a result of a pre-decision effort in connection with a
prospective research grant proposal on identifiable
PETM section in the Jaintia Hills for submission to
MoES. The authors acknowledge the help extended
by the Star Cement authority, particularly by H R
Singh and A J Singh.

References

Aubry M P 2000 Where should the global stratotype section
and point (GSSP) for the Paleocene/Eocene boundary be
located?; B. Soc. Geol. Fr. 171 461–476.

Banner J L and Hanson G N 1990 Calculation of simul-
taneous isotopic and trace element variations during



105 Page 10 of 11 J. Earth Syst. Sci. (2018) 127:105

water–rock interaction with applications to carbonate
diagenesis; Geochim. Cosmochim. Acta 54 3123–3137.

Bera M K, Sarkar A, Chakraborty P P, Ravikant V and
Choudhury A K 2010 Forced regressive shoreface sand-
stone from Himalayan foreland: Implications to early
Himalayan tectonic evolution; Sedim. Geol. 229 268–281.

Cannon J, Lau E and Müller R D 2014 Plate tectonic
raster reconstruction in G Plates; Solid Earth 5 741–755,
https://doi.org/10.5194/se-5-741-2014.

Cui Y, Kump L R, Ridgwell A J, Charles A J, Junium
C K, Diefendorf A F, Freeman K H, Urban N M and
Harding I C 2011 Slow release of fossil carbon during
the Palaeocene–Eocene Thermal Maximum; Nat. Geosci.
4 481–485.

d’Archiac A and Haime J 1853 Description des animaux
fossiles du groupe nummulitique des Indes, précédée d’un
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