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Abstract

The Eocene Epoch passed through multiple hyperthermal events and recorded highest temperatures in the
Cenozoic. Very few studies from Eocene palaeotropical sites have recorded changes in shallow marine foraminiferal
assemblages. The present study investigates the foraminiferal biofacies of shallow marine successions from a
palaeotropical site in western India (Kutch Basin) to understand the palaeoclimate and its impact on the ecology of
foraminifera. The sections were biostratigraphically constrained using planktic and larger benthic foraminifera. Four
biofacies are recognized by detrended correspondence analysis of the sample-wise distribution of foraminifera. Low
diversity and dwarfed foraminifera characterize Bulimina—Chiloguembelina biofacies (SBZ5/6-SBZ10), corresponding
to the interval of Paleocene—-Eocene Thermal Maxima (PETM) and Eocene Thermal Maxima 2 (ETM 2). Rectilinear
benthic foraminifera and biserial and triserial planktic foraminifera, typical of high runoff, upwelling or eutrophic
conditions, are dominant taxa in this biofacies. The specialist taxa increased significantly in Asterigerina—Cibicides
biofacies, corresponding to SBZ11 (Early Eocene Climatic Optimum, EECO), and the environment became
oligotrophic. The Jenkinsina—Brizalina biofacies (E12) is distinguished by foraminiferal assemblage ecologically like
that of Bulimina—Chiloguembelina biofacies. It is characterized by high abundance of rectilinear benthic foraminifera
and bloom of triserial planktic foraminifera, suggesting eutrophy and high runoff at the initiation of Middle Eocene
Climatic Optimum (MECQO). The foraminifera were more diverse and abundant in Cibicides—Nonion biofacies. The
highly diverse larger benthic foraminiferal assemblage in this biofacies, signify warm and clear-water oligotrophic
sea that promoted the development of platform carbonate in Kutch Basin and other basins in western India. The
EECO and MECO did not have an adverse impact on shallow marine foraminifera, and particularly the larger benthic
foraminifera attained high diversity, high abundance, larger size and wider latitudinal distribution in the middle
Eocene.

Keywords: Hyperthermal events, Shallow marine, Morphogroups, Carbonate platform, Stable isotopes, Eocene,
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1 Introduction

The palaeotropical, Eocene, shallow marine succession is
well exposed in Kutch Basin of western India (Biswas
1992; Khanolkar and Saraswati 2015). It is a highly fossil-
iferous, mixed carbonate—siliciclastic succession compris-
ing well-preserved foraminifera of early Eocene (shallow
benthic zones: SBZ5/6 to SBZ11) and middle Eocene
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(planktic zone: E11 to E13). Very few shallow marine
palaeotropical sites in the world consist of both early Eo-
cene and middle Eocene foraminiferal records which rec-
ord changes in palaeoenvironment and palaeodepositional
conditions (Hottinger 1998; Stassen et al. 2012; Boscolo
Galazzo et al. 2013) in a globally warm climate.

The Cenozoic rocks of Kutch Basin have been ex-
plored for oil in the offshore field in the past decade,
and numerous papers based on the exposed onland sec-
tions were published in reference to lithostratigraphy,
biostratigraphy and sequence stratigraphy (Biswas 1992;
Sarkar et al. 2012; Khanolkar and Saraswati 2015;
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Saraswati et al. 2018). However, the distribution of for-
aminifera across the Eocene succession has not been de-
tailed for statistical analysis to document the changes in
foraminiferal biofacies. Further, the Eocene Epoch is
punctuated by various hyperthermal events including
the Paleocene—Eocene Thermal Maximum (PETM), Eo-
cene Thermal Maximum 2 (ETM 2), Eocene Thermal
Maximum 3 (ETM 3), Early Eocene Climatic Optimum
(EECO) and Middle Eocene Climatic Optimum (MECO)
(Zachos et al. 2001; Whidden and Jones 2012), and thus
it would also be crucial to study this interval with re-
spect to the changes in foraminiferal assemblages. The
carbon isotope excursions (CIE) corresponding to the
early and middle Eocene hyperthermal events have lately
been established in Kutch Basin and the adjacent Cam-
bay Basin (Clementz et al. 2011; Samanta et al. 2013;
Saraswati et al. 2013; Khanolkar et al. 2017), and the
oxygen isotopic data of foraminiferal carbonates of
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Kutch Basin have been used to estimate the seawater
temperatures of the Eocene time (Saraswati et al. 1993).

The main objectives of this study are to i) recognize
the foraminiferal biofacies by statistical analysis of the
foraminiferal data of the onland and borehole sections of
Kutch Basin, and ii) record the palaeoecological changes
in response to the multiple episodes of warming during
the Eocene.

2 Geological setting

The Kutch Basin (Fig. 1) evolved in the Jurassic as a peri-
cratonic rift basin and transformed in the Cenozoic to a
passive-margin basin. It preserves a stratigraphic record of
Jurassic to Holocene age with breaks in deposition at vari-
ous intervals. The basin is delineated in the north by the
Precambrian inliers of Nagar Parker, in the south by
Saurashtra uplift and in the east by Radhanpur-Barmer
Arch (Biswas 1987). On the west is the Arabian Sea where
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Fig. 1 Geological map indicating Paleogene formations of Kutch Basin, western India (after Biswas 1992)
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a much thicker sequence of Cenozoic sediments is pre-
served on the present-day continental shelf than that ex-
posed on land. The Cenozoic sedimentation is represented
by about 900-m-thick sedimentary package, punctuated by
several basin-wide unconformities and interpreted as sev-
eral transgressive-regressive cycles. The Cenozoic succes-
sion is mainly developed in the western part of Kutch Basin
and exposed along a narrow coastal plain trending approxi-
mately NW-SE. It is tectonically undisturbed and does not
show signs of major folding or faulting. The beds are almost
flat to low dipping at 1°-3° towards WSW. The Cenozoic
sequence rests over Deccan Traps at some places and
Mesozoic successions at the others.

The Eocene succession of Kutch Basin is classified into
three lithostratigraphic units (Biswas 1992). The
Cenozoic sediments overlie the Deccan Traps and at the
base comprise of volcaniclastic sediments including
trap-pebble conglomerate, pyroclastics and laterite.
These terrestrial deposits constitute the Matanomadh
Formation of probable Paleocene age. The lithostrati-
graphic units of the Eocene age are described below:

2.1 Naredi Formation

The stratotype of early Eocene Naredi Formation is ex-
posed in Kakdi River section near the Naredi village.
The Naredi Formation comprises shale and limestone
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which is around 45m in the borehole B/3/4 and ap-
proximately 18 m in the type section (Figs. 2a, 3a and b).
It is subdivided into three members: i) the Gypsiferous
Shale Member consisting of fossiliferous green glaucon-
itic shales alternating with unfossiliferous red shales and
intercalated gypsum layers (refer to Fig. 2a); ii) the Assi-
lina Limestone Member consisting of bedded limestone
and marls (Fig. 4a); and iii) the unfossiliferous Ferrugin-
ous Claystone Member found at the top of the section.
The outcrops of the formation have yielded Nummulites
globulus nanus, N. burdigalensis kuepperi, N. burdigalen-
sis cantabricus, N. burdigalensis burdigalensis, Assilina
spinosa and A. laxispira. A thicker section of the forma-
tion is recorded in a borehole that comprises N. fraasi
and N. solitarius at the base. The sediments were depos-
ited in a shallow marine environment with water depths
ranging from 10m to 30 m and highly fluctuating sea
level in the lower part (Sarkar et al. 2012). The forma-
tion is overlain unconformably by Harudi Formation and
the contact between the two formations is characterized
by lateritic paleosol.

2.2 Harudi Formation

The total thickness of this formation is around 10 m.
The lower part of the formation consists of carbon-
aceous shale and lignite lenses, and is devoid of any age

Fig. 2 Field photographs of Eocene formations in Kutch Basin. a Shales and limestone of Naredi Formation in the type locality exposed near
Naredi village. Biostratigraphically the section extends from Zone SBZ8 to SBZ11 in Kakdi River section. Height of the person sitting is ~3ft; b
Contact between Harudi Formation and Fulra Limestone Formation, Rato River section. Height of the person is ~5.7 ft; ¢ Palaeokarst surface (red
line) between Fulra Limestone Formation and Maniyara Fort Formation. Length of the pen (circled) is 12 cm; d Close-up view of the upper part of
Fulra Limestone Formation containing Nummulites maculatus and Alveolina sp. Length of the red rectangle object is 6 cm
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Fig. 3 Detailed lithology with sample positions from a Borehole: B/3/4; b Naredi Cliff section; ¢ Rato River section; and d Berwali River section
from Kutch Basin

diagnostic microfossil. The carbonaceous shale is inter-
bedded with three coquina beds. The bioclasts found in
these coquina beds consist of randomly oriented articu-
lated bivalves and gastropods (Fig. 4b). The shales be-
tween the coquina beds contain a low abundance of
smaller benthic foraminifera Quinqueloculina and Cibi-
cides. The green shale occurs at the topmost part of the
formation. The lower part of the green shale consists of
larger benthic foraminifera namely Nummulites obtusus,
N. spectabilis and N. vredenburgi. The green shale also
exhibits planktic foraminifera (Orbulinoides beckmanni,
Acarinina rohri, and Streptochilus martini) belonging to
the Bartonian Age. Calcareous nannoplankton corrobo-
rates the Bartonian Age to this formation (Jafar and Rai
1994; Rai 1997). The grey shale and coquina beds were
formed in shallow waters of ~5 m depths while the green
shale was deposited at higher depths of ~15-60m
(Banerjee et al. 2012). A sharp change in lithology from
shale-dominated Harudi Formation to Fulra Limestone
Formation is observed (Fig. 2b).

2.3 Fulra Limestone Formation

It lies above the Harudi Formation and is distinguished
by its light-colored limestone, dominantly consisting of
larger benthic foraminifera (Fig. 2c, d). The middle

Eocene Fulra Limestone Formation as exposed along the
Berwali River section is 50 m thick. The Fulra Limestone
Formation sequence is a monotonous succession of car-
bonaceous mudstone, wackestone, packstone and grain-
stone varieties (Fig. 4c, d). It is a highly fossiliferous
limestone mainly comprising of different types of larger
benthic foraminifera including Assilina exponens, Nummu-
lites stamineus, N. beaumonti, N. discorbinus, N. vohrai, N.
praediscorbinus, N. pinfoldi, N. maculatus, Discocyclina
augustae, Discocyclina dispansa, D. sowerbyi, Discocyclina
kutchensis, Orbitoclypeus haynesi, Alveolina elliptica, Aster-
ocyclina alticostata and A. sireli (Saraswati et al. 2000; Ben
Ismail-Lattrache et al. 2013; Ozcan et al. 2016). It can be in-
ferred from foraminiferal assemblage that the Fulra Lime-
stone Formation was deposited at water depths of 30—60 m
(Chattoraj et al. 2012; Banerjee et al. 2018). The upper
boundary of Fulra Limestone Formation with the Maniyara
Fort Formation of Oligocene is an unconformity and
marked by a regionally extensive palaeokarst surface
(Fig. 2c). The Maniyara Fort Formation consists of shales
and limestone (Saraswati et al. 2018).

3 Materials and methodology
The outcrops along rivers and a borehole section were
selected for the present study. The positions of samples
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Fig. 4 Photomicrographs of a Assilina packstone, Assilina Limestone Member, Naredi Formation; b Molluscan packstone, Harudi Formation; ¢
Discocyclina packstone, Fulra Limestone Formation; and d Nummulitic grainstone, Fulra Limestone Formation
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in the lithologs of the traversed sections and the bore-
hole are given in Fig. 3. For extraction of foraminifera,
the samples were disaggregated by soaking in Na,COj3;
solution and gently heating for 30 min. The residue was
washed over 325 ASTM (44pm) and 35 ASTM
(500 um) sieves. The washed residue was then dried at
60 °C temperature in an oven.

The foraminifera were identified using the works of Singh
and Kalia (1970), Murray and Wright (1974), Kalia (1978),
Pearson et al. (2006), and Loeblich and Tappan (2015). The
identified species are listed in the Additional file 1: Table S1.
For quantitative analysis, a representative split comprising of
approximately 300 planktic—benthic specimens were ob-
tained from the >44 pm fraction using a microsplitter. The
relative abundance of the taxa was calculated (Fig. 5 and
Additional file 2: Table S2). The total foraminiferal number
per gram was then calculated and plotted. However, for stat-
istical analysis we have used the foraminiferal percentage
data. The most representative taxa were gold coated before
their observation by scanning electron microscope (SEM;
Fig. 6). The micrographs were taken using the SEM instru-
ment FEI QUANTA-200. The Fisher (), and Shannon-
Weaver (H) indices (Fig. 7) were calculated and detrended
correspondence analysis (DCA; Figs. 8 and 9) were carried
out using the PAST package (Hammer et al. 2001). We have
used the foraminiferal species >5% in any sample for statis-
tical analysis. The data were subjected to detrended

correspondence analysis, so that (i) samples with similar
taxonomic compositions and (ii) taxa with similar distribu-
tions across samples are placed close to each other. It is pos-
sible to place both samples and taxa on the same plot to
visualize taxa—samples association. However, to avoid clutter-
ing of data points we have plotted them separately (Figs. 8
and 9). The palaeoecological preferences of Eocene foramin-
ifera found in Kutch is compiled in the Additional file 3:
Table S3, which has been used for interpretations.

The morphogroups of foraminifera are widely used to
interpret the palaeodepositional conditions (Nagy 1992;
Preece et al. 1999; Nigam et al. 2007; Reolid et al. 2008;
Singh et al. 2015). Two morphogroups of foraminifera are
recognized: i) the rectilinear benthic foraminifera (RBF)
and the rounded benthic foraminifera (RoBF). The RBF
consist of genera with uniserial, biserial and triserial or uni-
serial chamber arrangements, and the RoBF include genera
with trochospiral or planispiral chamber arrangements.

4 Biostratigraphy

4.1 Early Eocene

The stratigraphic positions of the early Eocene
hyperthermal events are globally well constrained by
biostratigraphy and magnetostratigraphy (Agnini et al
2009; Whidden and Jones 2012). The planktic foramin-
ifera are few and long ranging in Kutch Basin, and hence
to provide a better estimate of age; the shallow benthic
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zone (SBZ; Serra-Kiel et al. 1998) is used. According to
the publications cited above, the PETM falls in SBZ5,
ETM 2 in SBZ8, ETM 3 in the basal part of SBZ10 and
EECO spans across the SBZ10-11. The SBZ5/6 in the
borehole section B/3/4 is delineated by the presence of
Nummulites fraasi and N. solitarius. The SBZ8 is delin-
eated in the Naredi Cliff section and the borehole B/3/4
by the presence of N. globulus nanus and N. burdigalen-
sis kuepperi. The SBZ11 is delineated in both the Naredi
Cliff section and the borehole B/3/4 samples by the
presence of N. burdigalensis cantabricus and Assilina
spinosa (Saraswati et al. 2012; Saraswati et al. 2018).

4.2 Middle Eocene

In the middle Eocene, Streptochilus martini, Acarinina
rohri and Globoturborotalita ouachitaensis define the
zone E11, and the total range of occurrence of Orbuli-
noides beckmanni defines E12. The shale and lignite
were deposited during E11, while the bulk of carbonates
formed in the zones E12 and E13. The larger foraminif-
eral assemblage refers the formation to SBZ17 and is
assigned to Bartonian age (Saraswati et al. 2018).

5 Results

The detrended correspondence analysis (DCA) assigned
the studied samples into four groups with distinct
correspondence scores (Fig. 8). The samples with similar
taxonomic compositions are plotted close to each other
and the respective groups represent distinct biofacies (I to
IV). The R-mode (row mode) DCA plots the taxa with
similar distributions across samples close to each other
(Fig. 9). The clusters A to E (Fig. 9) are present in varying
proportions in the four biofacies (Fig. 8). It is observed that
each of the four biofacies (Fig. 8) is characterized by the
most dominant occurrence of one of the clusters (Fig. 9)
from A to D, while the species of cluster E occur uniformly
in all biofacies, constituting on an average of 12% to 25% of
the assemblage. Further, ecologically characteristic and con-
sistently occurring taxa in samples corresponding to each
biofacies are used in naming the biofacies. The charac-
teristics of four biofacies, their ecological aspects and
their biostratigraphic positions are discussed below.

5.1 Bulimina-Chiloguembelina biofacies (Biofacies I; Fig. 10a)
The biofacies is defined by high row scores on axis 1
and low row scores on axis 2. It is typically character-
ized by a high percentage (>55%) of the cluster A
species (Fig. 9). Bulimina cf. thanetensis is consist-
ently abundant, forming >20% abundance in practic-
ally all the samples of this biofacies. The next
abundant species is triserial planktic foraminifer Chi-
loguembelina trinitatensis. The associated taxa include
infaunal foraminifera Rotalia, Brizalina and Sagrina.
The samples belonging to this biofacies correspond to
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shallow benthic zones SBZ5/6—SBZ8. The assemblage
is found in glauconitic shales of the early Eocene
Naredi Formation that is interpreted to have depos-
ited in lagoonal to marginal marine conditions. The
foraminifera in this assemblage are dwarf and are low
to moderate in abundance.

5.2 Asterigerina—Cibicides biofacies (Biofacies II; Fig. 10b)

This biofacies is defined by moderate row scores on axis
1 and low row scores on axis 2. The species of cluster B
(Fig. 9) in this biofacies is most abundant and constitute
about 43% of the assemblage. The biofacies is character-
ized by a more diverse assemblage of both epifaunal and
infaunal taxa as compared with that of the Bulimina—
Chiloguembelina biofacies. Asterigerina, represented by
two species, is most consistent and abundantly occurring
genus in this biofacies and constitutes 50% of the popu-
lations in several samples. The associated taxa include a
sizeable proportion of infaunal foraminifera Nonion,
Brizalina, Rotalia and Bulimina. The triserial planktic
foraminifera, Chiloguembelina and Jenkinsina, are
virtually absent. This foraminiferal assemblage was
found in the carbonates of lower Eocene Naredi For-
mation. The foraminiferal assemblage is indicative of
open marine conditions and was deposited in SBZ11.

5.3 Jenkinsina-Brizalina biofacies (Biofacies Ill; Fig. 11a)

It is defined by low row scores on axis 1 and high row
scores on axis 2. The species of cluster C is most abun-
dant in this biofacies and constitutes about 52% of the
assemblage (Fig. 9). Jenkinsina columbiana, a triserial
planktic foraminifer, is most abundant and constitutes
up to 65% of the foraminiferal population in some sam-
ples. Brizalina is the next common foraminifer in this
biofacies that is associated with a few other infaunal taxa
including Trifarina, Nonion and Reussella. This biofacies
corresponds to planktic zones E11-E12 and shallow
benthic zone SBZ17.

5.4 Cibicides-Nonion biofacies (Biofacies 1V; Fig. 11b)

This biofacies is defined by low row scores on both the
axes 1 and 2. The species of cluster D is most abundant
(43%) in this biofacies (Fig. 9). The biofacies is distin-
guished by its most diverse assemblage of benthic foram-
inifera in the entire Eocene succession of Kutch Basin.
Cibicides is represented by several species and it is the
most abundant taxon in the assemblage. The other taxa
include Nonion, Nonionella, Florilus and Miliammina
that occur in varying proportions in the biofacies. The
planktic foraminifer Acarinina is present in several sam-
ples, but triserial taxa including Jenkinsina are absent.
This foraminiferal assemblage was found in the shales
and carbonates of middle Eocene Harudi and Fulra Lime-
stone Formations. The foraminiferal assemblage indicates
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Biofacies |

Fig. 6 The foraminiferal taxa in Eocene sections: a—e Biofacies 1: a Chiloguembelina trinitatensis; b Brizalina cf. oligocaenica; ¢ Rotalia sp.; d
Praebulimina spp.; e Rosalina spp.; f-k Biofacies II: f Pararotalia curryi; g Asterigerina.; h Asterigerina bartoniana.; i Quinqueloculina contorta.; j Sagrina
sp.; k Buliminella pupa; 1-n Biofacies lll: | Jenkinsina columbiana.; m Brizalina sp.; n Triloculina architectura; o-z Biofacies IV: o Cibicides lobatulus; p
Florilus sp.; q Acarinina topilensis; ¥ Reussella sp.; s Glabratella ubiqua.; t Neoeponoides schrebersii; u Pijpersia coronaeoformis; v Trifarina advena
rajasthanensis; w Robulus sp.; x Cibicides punjabensis; y Textularia halkyardia; z Miliammina cf. fusca

—
100 pm

Biofacies IV

open marine environmental conditions and deeper
water-depths compared with that of the Biofacies II. The
samples of this biofacies correspond to the middle Eocene
planktic zones E12-E13 and shallow benthic zone SBZ17.

6 Discussion

The Earth’s climate was perturbed by multiple episodes
of greenhouse and icehouse conditions during the
Paleogene. It fluctuated from the extremes of warming

during the late Paleocene—early Eocene to glaciations
during the late Eocene—early Oligocene (Kennett and
Stott 1991; Miller et al. 1991; Zachos et al. 2001; Lou-
rens et al. 2005; Nicolo et al. 2007; Stap et al. 2009).
Some of these hyperthermal events have been delineated
from Kutch Basin and adjacent Cambay Basin in western
India (Clementz et al. 2011; Samanta et al. 2013; Saras-
wati et al. 2013; Khanolkar et al. 2017). It is interesting
to study about the foraminiferal assemblages from
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Fig. 7 Variation in diversity of (planktic + benthic) foraminifera across the Eocene in a Borehole B/3/4; b Naredi Cliff section and ¢ Combined
Rato—Berwali River section from Kutch Basin, western India

shallow marine palaeotropical sites such as Kutch Basin
that how did they respond to the globally warm climate
of the early and middle Eocene.

The Kutch Basin, on the western coast of India, has
well-preserved and stratigraphically expanded sections
of early and middle Eocene rocks containing shallow
marine foraminifera (Khanolkar and Saraswati 2015;
Khanolkar et al. 2017). The quantitative analysis of the
foraminiferal data in the present study recognizes four
biofacies across this succession. Each of the biofacies is
characterized by typical assemblages of foraminifera
signifying distinct ecological conditions. These are dis-
cussed below.

Chiloguembelina—Bulimina biofacies (Biofacies I;
Fig. 10a) is referred to the SBZ5/6—SBZ10. The Biofacies
I comprises of the shales belonging to the Naredi For-
mation which were deposited in four low-amplitude and
low-frequency depositional cycles in an inner shelf envir-
onment (Saraswati et al. 2016). In the contemporaneous

Cambay Basin (south of Kutch Basin; refer Fig. 1), two
hyperthermal events, PETM and ETM 2, are recorded
(Clementz et al. 2011; Samanta et al. 2013). The magni-
tude of negative CIE as recorded in the Cambay Basin is
approximately ~5%o for the PETM and 3%o—4%o in the
ETM 2. An extensive coal formation in the Cambay
Basin during the PETM and ETM 2 (Sahni et al. 2006;
Samanta et al. 2013) and the biomarkers of Dipteocarpa-
cea vegetation in the resins of lignite (Dutta et al. 2011)
support a hot and humid climate with tropical rainforest
in this region. The oxygen isotope data of Nummulites
from these facies suggest temperatures of 32 °C (Saras-
wati et al. 1993). The Chiloguembelina—Bulimina biofa-
cies (Biofacies I) records low Fisher Alpha and Shannon
Weaver (H) diversity values as compared with Asteriger-
ina—Cibicides biofacies (Biofacies II). Dwarfed biserial
and triserial planktics (Chiloguembelina and Jenkinsina)
and rectilinear benthic foraminifera (Bulimina and Prae-
bulimina) dominate the foraminiferal assemblage. C.
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Early Eocene'

trinitatensis indicates upwelling, high runoff and low
oxygen conditions of deposition. The associated B. tha-
netensis occurs in a good abundance and further indi-
cates low oxygen conditions. Bulimina is a detritivore

decay of organic matter. The presence of palyno-
morphs (angiosperms: Spinizonocolpites echinatus,
Retipollenites echinulatus, Proxapertites sp., Psilatri-
colporites eocincus and pteridophytes; personal com-
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a SBZ5/6-SBZ10
Biofacies |

8

Early Eocene

Asterigerina-Cibicides biofacies (Biofacies Il; SBZ11)

Nummulites, Assilina §§ Chiloguembelina, Jenkinsina @ Bulimina @ Cibicides, Rotalia, Asterigerina @ Miliolids

Fig. 10 Pictorial depiction of foraminiferal biofacies during the early Eocene. a Bulimina—Chiloguembelina biofacies (Biofacies I, SBZ5/6-5BZ10); b

b sBz11
Biofacies Il

L

and Jenkinsina indicate prevalence of high precipita-
tion and surface runoff conditions which brought in
the organic detritus from the landward side to the
basin. The occurrence of Rotalia (~20%) and Rosalina
(~10%) within this biofacies is indicative of marginal
marine—hypersaline lagoon conditions (Khanolkar and
Saraswati 2015). Dinoflagellates are also found in a
low to  moderate  abundance  within  the
shale-dominated Biofacies I compared with the above
limestone-dominated Biofacies II (Garg et al. 2011). The
dominance of algae (dinoflagellates), high percentage of
biserial and triserial planktics, increase in surface runoff,
and high precipitation probably led to increase in turbidity
of the sea waters which created stressful conditions for the
growth of algal-symbiont-bearing larger benthic foramin-
ifera (LBF). The LBF, represented mainly by Nummulites,
was low to moderate in abundance and confined to rare
layers in this biofacies. The asexually reproduced, megalo-
spheric generation (A-form) of Nummulites is domin-
ant in this biofacies. Repetitive asexual reproduction
might have caused dominant population of megalo-
spheric generation (Dettmering et al. 1998) which is
indicative of stressful environmental conditions like
increase of nutritive supply in the basin, or a speedy
increase of population in marginal environments

(Lipps 1982; Beavington-Penney and Racey 2004). The
eutrophic condition during the PETM (SBZ5/6) also
prevailed regionally as evidenced by the foraminifera
of the Indus Basin. This makes the eastern Tethys
(Kutch, Cambay, Rajasthan and Indus basins), mark-
edly different from oligotrophy-dominated coeval shal-
low marine carbonates of the west Tethys (Scheibner
and Speijer 2008). In the Kutch and Cambay basins,
the eutrophic conditions prevailed upto the SBZ10.
The Asterigerina—Cibicides biofacies (Biofacies II;
Fig. 10b), was deposited during the SBZ11, correspond-
ing to the warming in EECO. The negative CIE of ~2%o
recorded from the Kutch Basin probably corresponds to
EECO (Saraswati et al. 2014). There is a marked increase
in diversity and abundance of foraminifera (Fisher
Alpha: 10-11; Shannon Weaver H: 3.5) in comparison
to Biofacies I. This Biofacies II, comprising of mudstones
and grainstones was deposited at a water depth of about
30m and constituted the maximum flooding surface
within the early Eocene depositional sequence in the
Kutch Basin (Saraswati et al. 2016). Miliolids and
rounded benthic foraminifera including Quinquelocu-
lina, Spiroloculina, Cibicides, Asterigerina, Nonion and
Florilus became dominant in this biofacies indicating
open marine conditions. The samples of this biofacies
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Middle Eocene

a E11-E12: MECO
Biofacies Il

b E12-E13
Biofacies IV

Larger benthic foraminifera
(e.g.: Nummulites, Assilina)

Agglutinated benthic foraminifera
(biserial; e.g.: Textularia)

Larger benthic foraminifera
(e.g.: Discocyclina)

Agglutinated benthic foraminifera
(milioline; e.g.: Milliamina)

9
®

Rounded benthic foraminifera
(e.g:. Cibicides, Rotalia)

Larger benthic foraminifera
(e.g.: Alveolina)

Nonion biofacies (Biofacies IV; E12-E13)

Fig. 11 Pictorial depiction of foraminiferal biofacies during the middle Eocene. a Jenkinsina-Brizalina biofacies (Biofacies Ill; E11); b Cibicides—
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Biserial benthic foraminifera Planktics .
(e.g.: Bulimina) ﬁ% (e.g.: Acarinina, Subbotina,
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@ Biserial and triserial planktics
(e.g.; Chilc g belii Jenkinsina) )
Planktics
- (e.g.: Orbulinoides,
@ Miliolids Globigerinoides)

correspond to SBZ11. The LBF consists of species of
Nummulites and Assilina (Khanolkar and Saraswati
2015). The LBF increased in diversity, abundance and
size signifying the change from eutrophic conditions of
Biofacies I to oligotrophic in the Biofacies II (Fig. 12).
The dinoflagellates, pollen and spores are scarce to ab-
sent in this biofacies (Garg et al. 2011). The drastic reduc-
tion and total absence of dinoflagellates, and biserial and
triserial planktic foraminifera compared with Biofacies I
indicate the prevalence of clear waters which promoted
the growth of LBF (size of Nummulites, refer Fig. 12).
There is a substantial depositional gap (~7 myrs; Saras-
wati et al. 2018) between Naredi Formation (early Eocene:
SBZ5/6—SBZ11) and Harudi Formation (late middle Eo-
cene: E12) which has been recorded not just within the
Kutch Basin but also in Indus Basin, Pakistan and Austra-
lian basins (McGowran et al. 2004; Saraswati et al. 2018)
and is referred to as the Lutetian Gap. The sedimentation
started after a major marine transgression during the late
middle Eocene (E12) known to have flooded several basins
in Australia, Pakistan and India, and is referred to as the

Kirthar/Wilson Buff transgression (Nagappa 1959; McGow-
ran 1977, 1979; Raju 2008; Saraswati et al. 2018). This re-
gional marine transgression was probably a result of the
MECO warming event which has also been recorded in the
Kutch Basin of India (Khanolkar et al. 2017). The negative
CIE recorded in this biofacies is ~1.5%o corresponding to
MECO (Khanolkar et al. 2017). The Jenkinsina—Brizalina
biofacies (Biofacies III; Fig. 11a) belonging to Harudi For-
mation (E11-E12) was deposited during the middle Eocene
warming phase (Dutta 2007) and records the sudden in-
crease in bathymetry as a response to this event (Khanolkar
et al. 2017). The foraminiferal and palynomorph assem-
blages of the middle Eocene lignite deposits of Panandhro
and Matanomadh mines within the Kutch Basin also indi-
cate hot and humid conditions at the onset of the MECO
(Saraswati et al. 2014; Khanolkar et al. 2017). The palyno-
morph analysis of the middle Eocene lignite mine sections
of Kutch Basin further indicates angiosperm-dominated
vegetation and an increase in diversity and abundance of di-
noflagellates compared with the early Eocene lignite mine
section of Cambay Basin (Sharma and Saraswati 2015;
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Khanolkar and Sharma 2019). The Biofacies III, consisting
of glauconitic shales was deposited at about 60 m water
depth (the maximum flooding surface in the section) and
constitutes a part of high-amplitude depositional cycle (Sar-
aswati et al. 2016, 2018). The dominance of triserial and bi-
serial planktics (Jenkinsina and Chiloguembelina) and high
RBF% (25%—43%), in this biofacies are indicative of low oxy-
gen, upwelling, high runoff and eutrophic conditions of de-
position. Several new species such as Nummulites obtusus,
N. vredenburgi, N. spectabilis, Linderina sp., and Halkyardia
sp. appear in this biofacies. Megalospheric generation
(A-forms) of Nummulites dominate the biofacies, nonethe-
less the microspheric generation (B-forms) are also common
unlike the Biofacies I and II of early Eocene. There has been
an increase in size and diversity of LBF in Biofacies III com-
pared to Biofacies I and II, however, it remains less than in
Biofacies IV. The high percentage of dinoflagellates, and or-
ganic input from land because of high runoff and upwelling
conditions indicate eutrophic depositional conditions with
increase in turbidity of water like Biofacies I. This probably
has given rise to stressed conditions for the growth of LBF
which otherwise flourish in clear and warm waters. The over-
all environment was like that of the Biofacies I (early Eocene)
but it was somewhat less stressful for larger foraminifera as
evidenced from a more diverse and larger size assemblages.
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The oxygen isotope derived temperature was also signifi-
cantly less at 26 °C for the seawater (Saraswati et al. 1993).
The most marked change in the Eocene succession oc-
curred in the Cibicides—Nonion biofacies (Biofacies IV;
Fig. 11b). This biofacies comprised of seven depositional
cycles of high frequency out of which four were of low
amplitude in inner shelf and three of high amplitude in
middle shelf (Saraswati et al. 2016). The biofacies com-
prised mainly of mudstones, packstones and grainstones.
The diversity and abundance of LBF community increased
by several orders in comparison to the remaining biofacies
of the area (refer to Fig. 7c). The common genera of LBF
include Nummulites, Assilina, Alveolina, Discocyclina,
Dictyoconoides, Pellatispira and Asterocyclina. The sym-
biont bearing LBFs are extremely sensitive to changes in
light conditions (Hottinger 1983, 1998) and hence their
depth distribution in the photic zone is dependent on the
amount of nutrient flux (Hallock 1987, 1988). During the
deposition of Cibicides—Nonion biofacies, the nutrient flux
in the basin must have reduced giving rise to clear waters
which facilitated the growth and diversity of LBF commu-
nity. The size of the test of larger foraminiferal species and
the number of microspheric generation (B-forms) in spe-
cies of Nummulites increased, implying reduction in
stressed conditions. This biofacies is dominated by larger

Characteristics of foraminiferal assemblage
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Fig. 12 Summary of stable isotope characteristics and corresponding foraminiferal biofacies in the Kutch Basin, western India
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benthic foraminifera and there is a significant reduction in
the percentage of biserial/triserial planktics and RBE, indi-
cating prevalence of oligotrophic conditions. The warm
climate and the oligotrophic environment of the middle
Eocene facilitated a regional growth of platform carbon-
ates in Kutch Basin and the adjoining basins of Jaisalmer
and Bombay offshore all of which are dominated by larger
foraminifera.

7 Conclusions

The early to middle Eocene succession of Kutch Basin
comprises of four foraminiferal biofacies, two of them
correspond to early Eocene and the remaining two belong
to the middle Eocene. The palaeoclimatic and palaeoeco-
logic significance of the biofacies are as follows:

1) The Bulimina—Chiloguembelina biofacies (Biofacies
I, SBZ5/6-SBZ10), corresponding to PETM and
ETM 2, is characterized by low diversity assemblage
of dwarfed foraminifera. The opportunistic triserial

planktic foraminifera and rectilinear benthic
foraminiferal morphogroup occurred in moderate
to high abundance. This biofacies suggests

eutrophic and dysoxic to suboxic environments.

2) The abundance and diversity of foraminifera increased
significantly in  Asterigerina—Cibicides  biofacies
(Biofacies II, SBZ11) of the EECO. The larger benthic
foraminiferal genera increased in size, diversity and
abundance. The transition from  Bulimina—
Chiloguembelina biofacies to Asterigerina—Cibicides
biofacies was marked by a switch from eutrophic to
oligotrophic environments and intermittently dysoxic
to consistently suboxic conditions.

3) There is a bloom of triserial planktic and rectilinear
benthic foraminifera in Jenkinsina—Brizalina biofacies
(Biofacies III). It suggests eutrophy and high runoff
associated with the initiation of the warming in
middle Eocene (MECO). This biofacies is somewhat
comparable to Biofacies I of the early Eocene but
possibly less stressful for the larger foraminifera.

4) A marked increase in size, diversity and abundance of
foraminifera is observed in Cibicides—Nonion biofacies
(Biofacies IV). The warm and oligotrophic sea
supported the growth of larger benthic foraminifera,
the major source of carbonates in Kutch.
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