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Abstract

This article aims to present an overview of the Paleogene vertebrate faunal records, especially mammals, with an emphasis
on research conducted within the last 5 years i.e., from 2019 to 2023. Recent developments highlight the significance of
vertebrate fossil records (particularly that of mammals) in our understanding of the origin, evolution, and historical distribu-
tions close to the India-Eurasia docking phase. Overall, the fossil records of early Paleogene vertebrates indicate that India
was a hotspot for biodiversity for several orders of terrestrial (such perissodactyls, primates, and artiodactyls) and marine
mammals (like cetaceans and sirenians). The directions of biotic migrations between India and its surrounding continents
between the ~ 66 to ~50 Ma time slice remains to be fully understood; however, the sweepstakes and/or island-hopping
dispersal mechanisms were the most likely mode of migration for the small- and medium-sized mammals. Additionally,
according to a recent study, plausible existence of corridor(s) for secular migration allowed for faunal exchanges between
India and Eurasia close to ~56-57 Ma, particularly for the large-sized mammals (> 35 kg) (e.g., cambaythere perissodac-
tyls). Further, there is now a revived interest in the early Paleogene vertebrate palacontology of India due to recent data on
biostratigraphically constrained Paleocene and early-middle Eocene vertebrate records (such as fish, reptiles, and amphibians

along with associated coprolite ichnofossils) from the western and northeastern regions of India.
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Introduction

The Paleogene (Paleocene—Oligocene: 66 to ~23 Ma) inter-
val spans >40 million years of earth’s geological history
and gains importance in terms of several events of global
significance. For instance, continued Deccan volcanism
into the earliest Danian, its effects on the biota, recovery of
biota post Cretaceous-Paleogene (K-Pg) mass extinctions
(both in the terrestrial and marine realms), and records of
numerous hyperthermal events (e.g., PETM, ETM2 and oth-
ers) overprinting global temperature rise from the end of
the Cretaceous into the Ypresian followed by temperature
fall culminating into a cooling phase within the Oligocene
(Rupelian-Chattian) time interval (Gradstein et al. 2020).
Paleocene Epoch is the 10-million-year interval post-K-Pg
boundary (at 56 Ma) which includes the ‘last phase’ (sensu
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Prasad and Bajpai 2016) of India’s northward drift history
(Bardintzeff et al. 2010; Bajpai and Kapur 2020 and ref-
erences therein). The last phase of the collision between
India and Eurasia caused the Tethys Ocean to shallow and
eventually close. Taken together, the aforementioned geo-
dynamic variables are thought to have had a major impact
on the origin, evolution, and other associated elements of
the subcontinent’s biota, especially mammals, during the
Paleogene (Kapur et al. 2022 and references therein). The
significance of this fauna in the above-mentioned context
has been emphasized following concerted efforts by verte-
brate palaeontologists studying Paleogene fauna (including
mammals) of India. In order to improve our understanding
of the origin, early diversification, palacobiogeographic sce-
narios, and palaeoenvironment involving vertebrate records
(particularly mammals), this article aims to summarise the
last 5 years (2019 to 2023) of research in the field of Paleo-
gene vertebrate palacontology from India by highlighting
new discoveries as well as a variety of approaches utilized
by palaeontologists. The early Eocene Cambay Shale mam-
mal data has been emphasized in this article in the context
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of methodologies (e.g., body mass estimates) utilized to
infer the past habitat(s), timings, and scenarios of faunal
exchange(s) between India and Eurasia.

Final phase of India’s northward drift
and Deccan volcanism

The final phase of India’s northward drift gains significance
due to break-up of Madagascar from India—Seychelles close
to ~90-88 Ma, Deccan volcanism around ~72-65 Ma and
break-up of Seychelles from India close to 62 Ma (Bardintz-
eff et al. 2010 and references therein). During this phase, the
Indian landmass drifted rapidly i.e., at a rate of 15-20 cm/
year and subsequently docked with Eurasia~57-50 Ma ago
(Bardintzeff et al. 2010 and references therein). Thus, as the
subcontinent changed its latitudinal position from the south-
ern to the northern hemisphere it resulted in the shallowing
of the Tethys Ocean and finally its closure.

The voluminous outpouring of lava that presently is rep-
resented by the Deccan Volcanic Province (DVP) covers
an estimated outcrop area of about 5 million km? within
the subcontinent (Renne et al. 2015 and references therein).
Amongst the globally well-known five continental flood
basalts, the DVP of India is one of the youngest igneous
provinces with thick successions of chiefly tholeiitic basalts
of the DVP placed almost flat (1° or < 1° dip) on a mainly
Archaean crust (Mahoney 1988). The basaltic sequence of
DVP is quite thick (~2 km) in the western region of the
subcontinent (i.e., Western Ghats area) while it gradually
thins towards the eastern part of the subcontinent. The DVP
has been conventionally divisible into the following four
sub-provinces: Saurashtra—the north—west region, Main
Central Deccan—south of the Narmada River, Mandla—
the north-east region, and Malwa—north of the Narmada
River (Kapur and Khosla 2019 and references therein). Fur-
thermore, trap sequences may be found along the southeast
border of India inside the Krishna—Godavari (K-G) Basin
(Verma and Khosla 2019; Kapur and Khosla 2019 and refer-
ences therein). Three subgroups—Kalsubai, Lonavala, and
Wai—can be distinguished within the DVP lava succes-
sion based on the chemostratigraphic evidence. The earli-
est Paleogene volcanic activity in India is represented by
the youngest and most extensively exposed basalts of the
Wai Subgroup, including the Ambenali and Mahabalesh-
war formations (Jay and Widdowson 2008). The temporal
data from the DVP mainly comes in the form of radiometric
and magnetostratigraphic age ranges. It is generally argued
that the bulk of the Deccan volcanism occurred some point
between 65 and 69 Ma; however, this volcanic activity was
short lived i.e., within <1 million years (Courtillot et al.
1988; Duncan and Pyle 1988). Subsequently, in a sepa-
rate study it was proposed that Deccan volcanism bestrode

the Cretaceous-Paleogene Boundary (K-PgB) as it contin-
ued from 69 to 63 Ma (Pande 2002). Published research
suggest occurrence of continuous Deccan volcanism for
> 5 million years; however, the volcanic activity was epi-
sodic (in 3 phases) in nature (Fantasia et al. 2016; Font
et al. 2016; Khosla and Lucas 2020; Khosla et al. 2023 and
references therein). Magnetostratigraphically, the DVP has
been constrained to the three main polarity chrons, i.e., a
Normal-Reverse-Normal sequence corresponding to the
30 N-29R-29 N magnetochrons (Vandamme et al. 1991).
Vandamme et al. (1991) proposed that the Deccan volcanic
activity was initiated prior to 65.6 Ma, i.e., corresponding
to the normal magnetochron C30N and coinciding with the
Late Maastrichtian Abathomphalus mayaroensis plank-
tonic foraminiferal zone and that the bulk (~75%) of the
volcanic activity occurred from 65.5 to 64.7 Ma (i.e., for
approximately 1 million years) corresponding to the reverse
magnetochron C29R that transcends the K-PgB. In addition,
the final phase of volcanism was accomplished during the
normal magnetochron C29N phase, i.e., prior to the plank-
tonic foraminiferal zone P2 of the Paleocene (i.e., 60-64
Ma intervals (Courtillot et al. 1986; Fig. 2 in Jay and Wid-
dowson 2008). Subsequent works based on U-Pb chronology
have advocated that approximately 80-90% of the volcanic
contribution lasted for about 753 +38 thousand years (ky)
dominantly confined to the C29R interval (Schoene et al.
2015). According to palacomagnetic research conducted on
several dykes in the western DVP that cut across the origi-
nal lava flow, there are older reversed magnetochrons corre-
sponding to C30R and C31R. This suggests that the Deccan
volcanism began approximately 71 million years ago, but
further confirmations based on rigorous geochronological
data are necessary (Basavaiah et al. 2018). It is interest-
ing that the palaecomagnetic analysis of the Ambenali and
Mahabaleshwar formations (Wai Subgroup) are restricted
to the reversal chron C29R that spans the K-PgB (Schoene
et al. 2015). Thus, in order to analyse the large-scale and
short-term effect(s) of volcanism (if any) on biota in terms
of K-Pg extinctions, Lilliput effect, and other related aspects,
the fossil biota recovered from the DVSS sandwiched within
the aforementioned units of the Wai subgroup is essential
(Kapur and Khosla 2019 and references therein; refer to sec-
tion ‘Paleocene vertebrate records from India’).

Timing of India-Eurasia docking

Numerous publications have cited examples that highlight
the significance of the early Paleogene (Paleocene) time
interval regarding India—Eurasia docking event. The timings
of beginning and final docking are vehemently debated in
published literature, with estimated age ranges from 70 to 34
Ma (Hu et al. 2016; Kapur 2020 and references therein). The
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generally accepted age of the initial collision event is 55-50
Ma, which has been constrained primarily by changes in
the rate of northern drift of the Indian subcontinent (Acton
1999; Besse and Courtillot 2002 and references therein),
pre-collision size of the Indian plate (Guillot et al. 2003 and
references therein), as well as geological evidence from the
suture zone between the Indian plate’s northern and Asian
plate’s southern margins. (Henderson et al. 2010; Zhang
et al. 2012; Zhu et al. 2015 and references therein). Based
on a thorough evaluation of past research and the availability
of new datasets from geological and palacomagnetic inves-
tigations, Aitchison et al. (2007) proposed a substantially
younger (34 Ma) age for the initial continent-continent col-
lision. The authors considered several factors, including
the pre-collision size of the Indian subcontinent (popularly
known as “Greater India”), its motion history, the reviewed
position of stable Eurasia and Asia’s southern margin, the
structure of the Neo-Tethys Ocean, and the inferred age of
the Tethyan region’s youngest marine sedimentation. The
majority of geophysical models indicate that in the late
Paleocene (~57 Ma), the Indian plate’s northward motion
abruptly slowed down from ~21.1 cm/yr to ~9.5 cm/yr
(Acton 1999; Klootwijk et al. 1992). The Indian subconti-
nent and the Neotethyan intra-oceanic arc system collided at
a “57 Ma event,” according to Ali and Aitchison (2008). Hu
et al. (2016) suggested Asian-derived detritus was deposited
onto the India Plate within this region as a result of “colli-
sion onset” between the two landmasses during the late Pale-
ocene, despite offering a robust chronology based on com-
bined data from detrital zircons and biostratigraphy (using
radiolarians and nannofossils) from the suture zone (Sang-
danlin area, Central Himalaya). Considering the above, the
early Paleogene vertebrate records from India have allowed
to infer the timing of secular migrations between India and
Eurasia (Kapur 2020; refer to section ‘Palaeobiogeographic
scenario(s)’).

Paleocene vertebrate records from India

Although, the Deccan Volcano-Sedimentary Sequences
(DVSS) i.e., infratrappean and intertrappean deposits are
largely considered to be Maastrichtian in age based mainly
on the recovery of non-avian dinosaur skeleton and associ-
ated egg remains; however, given that the Deccan volcanic
activity continued into the Danian, it is anticipated that a few
intertrappean localities may have straddled the Cretaceous-
Paleogene transition (Kapur and Khosla 2019 and references
therein). For instance, the approximately 3 m thick sandy
marl intertrappean succession at Bamanbor locality (Sau-
rashtra sub-province) (refer to Fig. 5 in Kapur and Khosla
2019). It is noteworthy that recorded fish remains including
articulated skeleton of a percomorph have been recorded
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within the Bamanbor intertrappean sediments (Arratia et al.
2004 and references therein). A few dominantly lacustrine
Deccan-volcano sedimentary deposits localities namely
‘Papro’ (Malwa sub-province), and ‘Ninama Hill” (Saurash-
tra sub-province) are generally considered as Paleocene in
age based on palynological and faunal evidences (refer to
“Sect. 4” in Kapur and Khosla 2019). The Papro locality
(Lalitpur District, Uttar Pradesh State, north India) is known
to yield freshwater fishes (mainly isolated dental elements
assigned to Lepisosteus indicus, Pycnodus lametai, Phareo-
dus sp., and Eomuraena sp.) and indeterminate amphibian
remains (Shome and Chandel 2013) while the Paleocene
intertrappean sediments at Ninama Hill locality (Gujarat
State, western India) are devoid of vertebrate fossils.

The lignite-associated sedimentary sequences of the
Bikaner and Barmer basins (Rajasthan State) are considered
to range from Thanetian to Ypresian. An assemblage of fish
genera comprising of Lepisosteus, Dasyatis, and Myliobatis
was recorded from the sub-surface deposits of Akli Forma-
tion at Giral Lignite Mine—GLM, Barmer District, Rajasthan
State, western India (Rana et al. 2005). These authors identi-
fied a single vertebrate-yielding level at GLM and favoured a
Paleocene-early Eocene range for the vertebrate-yielding unit
based on the previously recorded palynomorphs and foraminif-
eral assemblages from the Akli Formation (Tripathi et al. 2003
and references therein). Later, Rajkumari and Prasad (2020)
recorded a total of nine taxa of sharks and batoids compris-
ing Squatiscyllium nigeriensis, Ginglymostoma sokotoense,
Brachycarcharias sp., Abdounia recticona, Eotorpedo hil-
gendorfi, Premontreia (Oxyscyllium) peypouqueti, Coupate-
zia sp. cf. C. danica, Ginglymostomatidae gen. et sp. indet.
and Myliobatidae gen. et sp. indet. from a site close to GLM
that is stratigraphically correlated to the upper (bentonitic
clay unit) part of the Akli Formation at GLM. These authors
favoured a Thanetian age for the recovered fish assemblage.
Subsequently, Prasad et al. (2020) based on dinoflagellate
cysts provided a Paleocene (Danian to Thanetian) age for the
sedimentary sequence at GLM. Recently, Uddandam et al.
(2023) identified two vertebrate (dominantly fish yielding)
sedimentary units within the lignite-associated sedimentary
succession belonging to the Akli Formation at the Sonari Lig-
nite Mine (SLM), Barmer Basin, western India that have been
biostratigraphically (based on dinoflagellate cysts) constrained
to Selandian—Ypresian interval. The Ypresian fish genera
(mainly represented by dental remains) at SLM include Ging-
lymostoma, Jaekelotodus, Brachycarcharias, Myliobatis, and
Pycnodus while the Selandian-Thanetian fish dental remains
include Dasyatis and Pycnodus. Data on the 16 fish genera
recorded from the Akli Formation (Uddandam et al. 2023)
and previously known fish genera from the early Paleogene
sedimentary units of western and northern India provided cru-
cial understanding on the temporal and spacial distributions
of these fish fauna. In terms of calculated Jaccard Similarity
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(J) and Sorensen Similarity (S) indices the data suggested
high similarity (J=0.31; S=0.47) between the Akli, Cambay
Shale, and Fatehgarh formations and no similarity (J=0.00;
S=0.00) with the Palana Formation (Uddandam et al. 2023).
Interestingly, the data also suggested that freshwater genera
Lepisosteus, Enchodus, and possibly Coupatezia survived the
Cretaceous-Paleogene mass extinction linked to Deccan vol-
canism. The genera Squatina and Premontreia are restricted
to the Selandian—Thanetian interval within the Barmer Basin
(western India), and the genus Gymnura is restricted to the
Thanetian—Ypresian of western India. The fish genera Ging-
lymostoma, Jaekelotodus, Brachycarcharias, and Myliobatis
survived the Paleocene-Eocene transition within the Barmer
Basin, and thus, survived the global warming event PETM
close to 56 Ma (Uddandam et al. 2023). These authors pro-
vided an explanation for the observed discontinuous distribu-
tion in the early Paleogene fish records of India, citing the
presence of divided realms with varyingly constrained pal-
aeoenvironmental conditions spread over the country’s west-
ern and northern regions (refer to Table 2 in Uddandam et al.
2023). The records of definite Paleocene freshwater vertebrates
(fish, turtles, crocodiles, squamates, and associated coprolites)
from the lignitic sequences of Barmer Basin, western India
(Uddandam et al. 2023) hint at the future palaeontological
potential of these deposits. It should be noted that to date, no
definite Paleocene mammals have been recorded from India.

Coprolite (fossilized faecal matter) ichnofossil records
associated with vertebrates have been researched since the
past more than 150 years in India. However, research on
Indian coprolites is mostly focussed on the Maastrichtian
coprolites from Deccan volcano sedimentary Lameta Forma-
tion (infratrappean) deposits of Pisdura locality, peninsular
India (Kapur et al. 2020a and references therein). Further,
the early Paleogene coprolite records from India are limited
to middle Eocene Harudi Formation, Kachchh region, west-
ern India (Sahni and Mishra 1975). In this context, observa-
tion of coprolite remains within the lignite associated sedi-
mentary deposits at SLM (Barmer Basin, western India) has
assisted to fill the crucial gap on coprolite ichnofossils from
the Paleocene of India (Uddandam et al. 2023). Ongoing and
future research on the recovered coprolite assemblage from
SLM may help reveal the producer linkage(s) and the dietary
habit(s) of the producer(s).

Vertebrates (particularly mammalian)
records from the early Eocene Cambay Shale

Cambay Shale (Cambay Basin, western India) is a younger
(early Eocene: ~ 55 Ma) but very significant vertebrate
(including mammals) yielding sedimentary unit in India
(Kapur et al. 2022 and references therein). Many groups
of terrestrial vertebrates, especially mammals, have been

recovered from the Cambay Shale at three main locations
(or mine sites): Vastan, Tarkeshwar, and Mangrol within
the Surat District, Gujarat State, western India (Smith et al.
2016; Kapur et al. 2022; Sahni and Patnaik 2022 and refer-
ences therein; Figs. 1 and 2). This is the result of the pale-
ontological community’s unwavering efforts over the past
two decades. These discoveries have provided direct evi-
dence to help address some of the issues discussed earlier
in this article. More than ten mammalian orders have been
recorded from the Cambay Shale (Cambay Basin, Gujarat
State, western India) that include but not limited to peris-
sodactyls, artiodactyls, primates, hyaenodonts, condylarths,
pantodonts, apatotherians, proteutherians, rodents, bats,
lagomorphs, and tillodonts (Sahni and Patnaik 2022 and
references therein). However, existing discord amongst the
scientific community considering taxonomic position and/
or nomenclature identifications of a few mammalian taxa
(Kapur 2020 and references therein) has been resolved (to an
extent) in case of a few mammalian orders (Kapur et al. 2022
and references therein). For instance, the originally assigned
‘perissodactyl’ status of cambaytheres (Bajpai et al. 2005a,
2006a, 2009) has been retained following independent
detailed phylogenetic studies that recognized a stem group
position for cambaytheres within perissodactyls and close
relationships of Indo-Pakistani anthracobunids to perisso-
dactyls rather than to tethytheres (Cooper et al. 2014; Rose
et al. 2014; Kapur et al. 2022). The family Cambaytheriidae
is represented by the genera Cambaytherium and Kalith-
erium recorded within the Cambay Shale (western India)
(Bajpai et al. 2005a, 2006a, 2009) and the genus Nakusia
from the Ghazij Formation (Rose et al. 2014 and references
therein). Additionally, the proposed synonymy between
Cambaytherium and Kalitherium (Rose et al. 2020) is
untenable based on morphological variations between these
genera (Kapur et al. 2022 and references therein). Further,
as presently understood, the genera Cambaytherium and
Kalitherium did not co-occur in the same mammal-bearing
horizon within Cambay Shale as Kalitherium was recorded
from a significantly higher stratigraphic level (Kapur et al.
2022). Furthermore, the genus Perissobune (represented by
P. intizarkhani and P. munirulhaqi) (Missiaen and Ginger-
ich 2012) from the early Eocene upper Ghazij Formation
(Baluchistan, Pakistan) and Indobune are most likely junior
synonyms of Cambaytherium (Kapur et al. 2022 and refer-
ences therein). However, published literature still debates
the number of species representing the type genus Cambay-
therium (Kapur 2020 and references therein) but unequivo-
cally recognizes C. thewissi (Bajpai et al. 2005a) as the type
species of genus Cambaytherium (Fig. 1). C. bidens and C.
minor are additional valid species of this genus (Kapur et al.
2022 and references therein). However, it is not yet possible
to rule out the possibility of the existence of more species
within the genus Cambaytherium, which could be revealed
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by further fossil finds from the Cambay Shale in future pal-
aeontological research.

The tapiroids Cambaylophus vastanensis and Vastanolo-
phus holbrooki represent the second group of perissodactyls
from the Cambay Shale (Kapur and Bajpai 2015; Smith et al.
2015). Considering the Eocene (~55.5 Ma) tapiroid Orien-
tolophus reported from the upper Lingcha Formation (Hen-
yang Province, China) as the globally oldest record (Ting
et al. 2011), Cambaylophus vastanensis and Vastanolophus
holbrooki from the Cambay Shale (western India) certainly
represent the earliest records of this group from South Asia
(Kapur and Bajpai 2015 and references therein). Vastanolo-
phus is known from a fragmentary solitary premolar and an
isolated lower molar, whereas Cambaylophus is known from
a maxillary fragment containing in situ deciduous premo-
lars and permanent molars. As a result, direct comparisons
between these two species are absent, to date. A close rela-
tionship between Cambaylophus and the Asian genus Ori-
entolophus has been suggested by independent phylogenetic
research (Kapur and Bajpai 2015; Bai et al. 2018; Kapur
et al. 2022). Tapiromorphs are an important component
in mammalian chronology as they have allowed division
of the early Eocene Bumbanian Asian Land Mammal Age
(ALMA) into three interval zones namely: Orientolophus,
Homogalax, and Heptodon interval zones (Ting 1998). In
this regard, the tapiromorph Cambaylophus has assisted in
correlation of Cambay Shale mammals to the early Bum-
banian ALMA (Kapur 2020 and references therein). This

Fig.1 Large-sized early Eocene (~ 54.5 Ma) Cambay Shale peris-
sodactyls. A Cambaytherium thewissi (VLM-505), holotype right
dentary with in situ p4-m3, occlusal view; B. C thewissi (VLM-505),
holotype left dentary with in situ p4-m3, occlusal view; C Cambay-
lophus vastanensis (VLM-760), holotype right maxillary fragment
with dp3, dp4, m1, m2 and erupting m3, occulusal view. (after Kapur
2020)
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further suggested that the Cambay Shale mammals are cer-
tainly older than mammals (including tapiromorphs) known
from the Upper Ghazij Formation, Pakistan (Kapur 2020 and
references therein).

Published literature also debates the nomenclature identi-
fications and nomenclature priorities for a few genera within
artiodactyls, primates, and rodents recorded from the early
Eocene Cambay Shale. Gujaratia is the only artiodactyl
genus within Cambay Shale that was erected by Bajpai et al.
(2005a). Subsequently, Kumar et al. (2010) proposed to syn-
onymize Gujaratia to a known genus Diacodexis; however,
recent studies retain the original generic nomenclature Guja-
ratia for the Cambay Shale artiodactyl considering the mor-
phological differences in the lower as well as upper molars
of these two separate genera (Kapur et al. 2022; Rautela and
Bajpai 2023 and references therein). Very recently, Rautela
and Bajpai (2023) reported additional dental specimens of
Gujaratia from the Cambay Shale and undertook a phyloge-
netic analysis to understand the interrelationship(s) between
Gujaratia and other diacodexeids, dichobunoids, raoellids,
and pakicetids. According to the phylogenetic analysis,
Gujaratia is monophyletic, whereas Diacodexis and Diac-
odexeidae are substantially polyphyletic. Furthermore,
although commonly accepted to be endemic to the Indian
subcontinent, Raoellids and pakicetids are monophyletic and
do not exhibit close affinity to Gujaratia; instead, they seem
to be more closely related to certain European dichobunoids,
such as D. gazini (Rautela and Bajpai 2023). These newly
inferred phylogenetic relationships amongst artiodactyls
suggest that the existing understanding about the origin, and
early evolution of artiodactyls should be reappraised. Pri-
mates are one of the most diverse groups of terrestrial mam-
mals recorded from the early Eocene Cambay Shale (Bajpai
et al. 2005a, 2007; Rose et al. 2007, 2009, 2018) but nomen-
clature issues with regards to synonymy and/or naming pri-
orities exist in the published literature (Kapur et al. 2022 and
references therein). For instance, Bajpai et al. (2007) erected
Suratius robustus based on a dentary fragment; however, this
genus-species was considered as a junior synonym of Asia-
dapis cambayensis by Rose et al. (2009). Recently, Kapur
et al. (2022) contested the above-mentioned nomenclature
issues citing the difference in the dental morphology within
these two separate genera. Additionally, Kapur et al. (2022)
discussed the morphological similarity between the lower
molar (m2) of omomyid Vastanomys gracilis (Bajpai et al.
2005b) and Vastanomys major (Rose et al. 2009) that has
raised doubts on the validity of V. major. These authors have
also proposed that based on morphological similarity, the
rodent Meldimys musak (Rana et al. 2008) is a junior syno-
nym of Anthramys vastani (Bajpai et al. 2007; Gupta and
Kumar, 2015). Additionally, Kapur et al. (2022) observed
that despite extensive sampling, ailuravines, a European
group supposedly recorded from the early Eocene Cambay
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Shale (Meldimys musak, Rana et al. 2008), appear to be
entirely absent from nearly contemporary or younger (early
Eocene/middle Eocene) rodent assemblages recorded from
the Subathu Formation of Himalaya.

In a recent investigation, based on a statistical analy-
sis (at the ordinal level) of size variation(s) in the lower
dentitions, Kapur (2020) categorized the Cambay Shale
non-volant mammals into three broad groups i.e., small,
medium, and large. The median ranges provided for
size categorization were as follows: large mammals
(p4: 69.56-100.28 mm?; ml: 86.90-113.10 mm?; m2:
55.65-138.00 mm?; m3: 127.80-184.04 mm?), medium
mammals (p4:10.29-18.30 mm?; m1:8.16-18.00 mm?;
m2:15.48-23.45 mm?; m3:19.25-31.82 mm?) and small
mammals (p4:0.61-5.40 mm?; ml: 1.20-7.35 mm?;
m2:1.21-7.44 mm?; m3:1.02-6.97 mmz). The small-sized
non-volant mammalian assemblage consisted of primates,
proteutherians, rodents, and didelphimorphs; the medium-
sized non-volant mammalian assemblage comprised of artio-
dactyls, creodonts, and tillodonts, and the large-sized ter-
restrial mammals were represented by perissodactyls (Kapur
2020). Taken together, the size categorization of Cambay
Shale non-volant mammals provided by Kapur (2020), evo-
lutionary relationship(s) of Cambay shale perissodactyls,
and previously proposed palaeobiogeographic viewpoints
concerning perissodactyls have important implications in
terms of delineating the scenario(s) and timing(s) of biotic
exchange between India and Eurasia (Kapur 2020; also refer
to section ‘Palaeobiogeographic scenario(s)’).

Very Recently, Das et al. (2021) recorded a nyctitheriid
Indonyctia cambayensis within the Cambay Shale (Cambay
Basin, western India) based on two dentary specimens pre-
serving in situ premolars and molars (Fig. 2). The discovery
of a nyctitheriid in the early Eocene of India points to an
extensive palaeogeographic range and intricate dispersal of
this Holarctic family. Earlier, Zack et al. (2021) recorded
Pahelia mysteriosa, an indeterminate ungulate-like her-
bivorous mammal from the early Eocene Cambay Shale.
According to Zack et al. (2021), the early Eocene Pahelia
from India and the early Eocene quettacyonids from Pakistan
plausibly represent a component of a broader endemic radia-
tion across the subcontinent.

Apart from mammals, the early Eocene Cambay Shale
is well-known to yield remains of fishes, amphibians, rep-
tiles, and birds (Kapur et al. 2022 and references therein).
Interestingly, a recent study documented the presence of
collagen in early Eocene fish vertebrae recovered from the
Cambay Shale (Dutta et al. 2020). The study suggested
that the preservation of collagen in fossilized soft tissues
is not rare. Additionally, these authors suggested that the
identification and distribution of 2,5-diketopiperazines in
the pyrolysis products of vertebrate fossil elements can be
a useful proxy for recognizing palaeo-proteins. Further, to

detect nitrogen-bearing macromolecules in deep time fossil-
ized remains, the pyrolysis-GCIGC-TOF MS technique can
prove to be quite useful in future research (Dutta et al. 2020).

Overall, palaeontological research on Cambay Shale
mammalian taxa have revealed that India was a major diver-
sity hotspot for many orders of mammals including peris-
sodactyls, primates, and possibly artiodactyls of modern
aspect. The Cambay Shale terrestrial fauna in an evolution-
ary and palaeobiogeographic context has been crucial to
understand the scenarios of biotic exchange between India
and Eurasia close during the early Paleogene (also refer to
section ‘Palaeobiogeographic scenario(s)’). Therefore, it is
necessary that vertebrate palaecontological efforts are contin-
ued within the early Eocene lignitic sequences of Cambay
Basin, western India.

Vertebrates (particularly mammalian)
records from the middle Eocene of India

The Harudi Formation (Kutch Basin, western India) and
Subathu Formation (northwest Himalaya, northern India)
are widely recognized for yielding vertebrate records of mid-
dle Eocene fishes and reptiles (Thewissen and Bajpai 2009;
Sahni and Patnaik 2022 and references therein). However,
the records of associated marine mammals (cetaceans) from
the above-mentioned formations have gained importance as
they offer critical insights into the origin of whales from
terrestrial predecessors such as the raoellid genus Indohyus
(Bajpai et al. 2011; Bajpai and Thewissen 2014; Thewissen
et al. 2020; Sahni and Patnaik 2022 and references therein).
Raoellids is a group of basal artiodactyls known to occur
mainly within the middle Eocene of the Indian subcontinent.
Additionally, an isolated lower molar (m3) from the mid-
dle Eocene of Shanghuang (China) which was originally
assigned as a suoid, has been allocated to raoellids (Orliac
and Ducrocq 2011). Further, based on a thorough review of
Indo-Pakistani raoellids, Thewissen et al. (2020) proposed
Indohyus is represented by the two species /. Indirae and I.
major. Furthermore, Indohyus is a senior synonym of numer-
ous Eocene genera that include Haqueina (in part), Raoe-
lla, Kunmunella, and Metkatius (Thewissen et al. 2020). As
presently understood, the middle Eocene Harudi Formation
is known to yield cetacean families Remingtonocetidae and
Protocetidae. Of these, Remingtonocetidae is endemic to the
Indian subcontinent while Protocetidae have a cosmopolitan
historical distribution (Bajpai and Thewissen 2014; Thewis-
sen et al. 2020; Kapur et al. 2022 and references therein).
A vertebrate faunal assemblage has been recorded
from the late Middle Eocene (Bartonian) Bandah Forma-
tion, Jaisalmer Basin, western India (Kumar et al. 2020).
The recorded assemblage comprised of selachians (sharks,
rays), reptiles (crocodilians, turtles) and most interesting
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Fig.2 Small-sized early Eocene
(~54.5 Ma) Cambay Shale
nyctitherid insectivore. A-D
Indonyctia cambayensis (VLM-
929), holotype left dentary. A,
B. occlusal view; C labial view;
D lingual view. (after Das et al.
2021)

archaeocete cetaceans (archaic whales) remains. Kumar
et al. (2020) assigned the fragmentary remains of ceta-
ceans to two taxa i.e., the remingtonocetid Kutchicetus and
an unnamed protocetid. These finds are important as they
extend the geographic region of cetaceans within India dur-
ing the middle Eocene and highlights the palacontological
potential of the area in terms of shallow marine vertebrate

@ Springer

fossils (including cetaceans) in future endeavours. Biswal
et al. (2022) recently recorded middle Eocene vertebrates
and associated invertebrate fauna from the Sylhet Lime-
stone, Mikir Hills, northeast India. The fossil assemblage
reported by Biswal et al. (2022) comprises of fish (sharks,
rays), reptiles (crocodile) and echinoderm remain indicative
of a shallow to open marine palacodepositional environment.
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Considering the rarity of early Paleogene records from the
northeastern of India, the findings by Biswal et al. (2022)
highlights the future palacontological potential of the region.

In the context of middle Eocene marine mammals, apart
from cetaceans, the Harudi Formation (Kutch Basin, west-
ern India) is well-known to yield cranial and post-cranial
remains of sirenians (sea-cow) (Bajpai et al. 2006a, b, 2009;
Kapur et al. 2022 and references therein). These finds have
significantly improved our understanding of the early evo-
lutionary history of this group. It is generally argued that
sirenians (particularly the family Dugongindae) plausibly
originated in South Asia, and subsequently spread along
the shallow marine coastal regions of the Tethyan Seaway
towards the eastern Atlantic. As presently understood, the
middle Eocene sirenian record from the Indian subcontinent
includes two protosirenids (Ashokia antique and Protosiren
sp.) and two derived dugongids (Eosiren sp. and Eotheroides
babiae) (Bajpai et al. 2006a, b, 2009). Additionally, north-
ern (European) and southern (North African and Indian)
sirenian fauna are distinct, thus, endemic to these regions
and evolved in isolation within the shallow marine coasts of
the Neotethys Seaway (Bajpai et al., 2009). Quite intriguing
is the fact that the families Protosirenidae and Dugongidae
(Subfamily Halitheriinae) represent the Eocene sirenians
from the Kutch region (western India) while only dugongids
(Subfamily Dugonginae) fossils have been recorded from
the post-Eocene interval of western India (Kapur et al. 2022
and references therein). In the context of the present arti-
cle, it should be noted that Oligocene terrestrial vertebrate
records are also a major gap in the fossil record of India.
This aspect does not allow examination of the evolution-
ary link(s) between vertebrate fauna (particularly mammals)
from the Paleogene and Neogene intervals of western India.

Palaeobiogeographic scenario(s)

According to McKenna (1973), the Indian subcontinent
served as a Noah’s Ark that allowed dispersal of biota fol-
lowing the India-Eurasia docking at/close to the P-E inter-
val. However, it is important to acknowledge that the fossil
evidence from the northern (Laurasian) continents indicates
abrupt appearance of modern orders of mammals namely:
artiodactyls, perissodactyls, and primates (APP taxa), close
to the Paleocene-Eocene (P-E) transition (Gingerich 2006
and references therein). Prior to this, Krause and Maas
(1990) proposed the “Out-of-India” hypothesis that viewed
an isolated northward drifting Indian subcontinent as the
centre of origin of APP taxa which were ferried into Eurasia
post India-Eurasia docking. India may have been isolated
geographically and most likely biotic exchanges between
India and the erstwhile Gondwanan continents continued
via sweepstakes mechanism during its drifting phase. Sahni

and Patnaik (2022) cited several investigations that argue
in favour of biotic exchanges between India and Africa via
Madagascar close to ~66 Ma (Fig. 3). For instance, com-
mon presence of Maastrichtian gondwanatherian mammals
within erstwhile Gondwanan continents; similarity of the
meso-eusuchian crocodiles from India and Africa (Smith
et al. 2016; Sahni and Patnaik 2022 and references therein).
Nevertheless, several issues concerning the dispersal and
direction of migration of biota during the active drift phase
of the Indian subcontinent (i.e., ~66 Ma to 50 Ma) are still
poorly understood (Kapur 2020; Sahni and Patnaik 2022;
Kapur et al. 2022). The most invoked migratory route
(island hopping mechanism) between India and Eurasia is
the Kohistan-Ladakh Island Arc (Prasad and Sahni 2009,
2014; Kapur et al. 2017a, b; Kapur 2020; Das et al. 2021,
Fig. 3); however, to date, no Cretaceous or early Paleogene
terrestrial faunal remains have been recorded within the
Island Arc sediments (see Sahni and Patnaik 2022). Also,
to date, no Paleocene terrestrial mammalian remains have
been recorded within India. It should be noted that Mantilla
et al. (2022) provided a latest Cretaceous (Maastrichtian:
66.136-66.056 Ma) age for the mammal yielding Deccan
volcano sedimentary sequences at Naskal and Rangapur
located within the Main Deccan subprovince (see Kapur

Fig.3 Paleogeographic reconstruction of India during its final drift
phase (~ 56 Ma) with envisaged biotic dispersal routes between
India and its surrounding continents. Scenario 1: Biotic dispersals
between India and Africa via Madagascar; Scenario 2: Biotic disper-
sals between India and Eurasia via the Kohistan—Ladakh arc system;
Scenario 3: Biotic dispersals between India and North Africa—Eurasia
along the shallow marine coasts of the Tethys. (Map modified after
Scotese 2013).
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and Khosla 2019 and references therein) based on “°Ar/*Ar
geochronology, magnetostratigraphy, chemostratigraphy,
and palynofloral data. Additionally, these authors suggested
that an earliest Paleocene age cannot be ruled out for the
above-mentioned mammal-yielding sedimentary sequences
as the chronological data constrains within the 100 kyr of
the Cretaceous-Paleogene boundary.

Fortunately, as already mentioned, several groups of
non-volant mammals have been reported from the early
Eocene Cambay Shale (Cambay Basin, western India)
including perissodactyls, artiodactyls, primates, proteuthe-
rians, lagomorphs, tillodonts, rodents, and didelphimorphs
(Kapur et al. 2022 and references therein). The fauna of the
Cambay Shale has Laurasian affinities; however, is primar-
ily endemic at the family and/or generic levels (Smith et al.
2016; Kapur et al. 2022 and references therein). Moreover, a
mammal of Gondwanan affinity Bharatlestes kalami has also
been recorded from the early Eocene Cambay Shale, west-
ern India (Kapur et al. 2017a, b). Many investigations have
emphasized the significance of size and phylogenetic inter-
relationships (in an evolutionary context) within mammalian
groups to test palaeobiogeographic and palaeogeographic
hypotheses (Kapur and Khosla 2016; Klaus et al. 2016;
Kapur 2020). Considering the Indian subcontinent, Prasad
and Sahni (1999) also emphasized the size limitations on the
biota involved in biotic exchange, to explain the presence of
Laurasian elements within the Indian subcontinent during
the Maastrichtian. The Cambay Shale mammals are the old-
est Cenozoic record from the Indian subcontinent and allow
to test the earlier proposed palaecobiogeographic scenarios.
In this context, statistical analysis of size variation(s) in the
non-volant mammalian assemblage (at ordinal level) from
the Cambay Shale was recently researched (Kapur 2020).
The author considered the limitations on size for an animal
and the possible mechanisms for dispersal (e.g., sweep-
stakes, island hopping, and secular) during biotic exchange
in the context of available data on the timings and dynamics
of docking between the India and Eurasia. Cambay Shale
perissodactyls (Cambaytheres and Tapiromorphs) were
grouped into the ‘large-sized” mammals (> 35 Kg) category
that were unable to cross oceanic barriers surrounding the
geographically isolated Indian subcontinent (Kapur 2020).
In addition, considering the phylogenetic relationships and
evidence on the origin of perissodactyls within the Indian
subcontinent (Krause and Maas 1990; Bajpai et al. 2005a;
Cooper et al. 2014; Rose et al. 2014), the existence of a
short-lived corridor for dispersal between Indian subconti-
nent and Eurasia prior to ~54.5 Ma was envisaged by Kapur
(2020). Further, considering the geological evidence in the
published literature from the India-Eurasia collision zone,
Kapur (2020) proposed that periodic exposure of carbon-
ate platforms and volcanic island arcs most likely acted as
pathways for secular dispersal across the Tethys Sea near
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the Paleocene-Eocene boundary (i.e., 57-55 Ma). However,
the ‘small-sized’ and ‘medium-sized’ mammalian catego-
ries (see Kapur 2020) may have most likely invoked sweep-
stakes and/or island-hopping mechanisms for migration
between India and Africa and/or India and Eurasia (Fig. 3).
Recently, Das et al. (2021) suggested that the morphological
similarities between the small-sized nyctitherid insectivore
Indonyctia cambayensis and the late Paleocene genus Vol-
taia (recorded from Kazakhstan), point to plausible faunal
exchanges between Eurasia and India via the Dras-Kohistan
Island Arc complex near the Paleocene-Eocene boundary
(~56 Ma) (Fig. 3). The above-mentioned mechanisms for
biotic exchange between India and Eurasia quite likely con-
tinued into the middle-late Eocene as suggested by the fossil
evidence on raoellids from both India and Asia (Kapur et al.
2022 and references therein). Unfortunately, it is difficult to
examine the late Paleogene palacobiogeographic scenarios
due to lack of terrestrial mammals from the Oligocene inter-
val of India.

Palaeohabitat reconstruction: cenogram
approach

Using both qualitative and quantitative ‘Cenogram meth-
odology’, an analysis by Kapur et al. (2020b) was the first
to characterize the habitat of extinct mammalian commu-
nities within the Indian subcontinent. Overall, Kapur et al.
(2020) inferred that the early Eocene Cambay Shale mam-
malian community sustained in a warm, humid, tropical,
evergreen forest based on visual interpretations of the ceno-
gram structure, detailed statistical analysis using the ceno-
gram approach, considerations of known palaecobotanical
and geochemical evidence, general feeding behaviour, and
preferred habitats of modern relatives of the Cambay Shale
mammalian community. In addition, the quantitative statisti-
cal analysis by Kapur et al. (2020b) highlighted the hidden
diversity [i.e., lack of mammals within the logarithmic body
weight (g) ranges 1-1.99 (100 to ~977 g)] within the known
early Eocene Cambay Shale mammalian community that
hints at the future palaeontological aspects.

Conclusions

Last five years (2019 to 2023) of vertebrate palacontological
research from the Paleogene interval of India has furthered
the significance of early Eocene Cambay Shale mammalian
fauna in the context of origin and early evolution of mammals
of modern aspects mainly the APP taxa. Furthermore, most
studies concur that although the earliest Cambay Shale mam-
malian community of India is largely endemic at the family
and/or generic level, it also exhibits Laurasian and Gondwanan
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affinities. Further, the Cambay Shale mammalian community
has been quantitatively categorized into 3 size groupings i.e.,
small-, medium- and large-sized animals. The directions of
biotic migrations between India and its surrounding continents
between the ~66 Ma to ~50 Ma remains to be fully under-
stood; however, the sweepstakes and/or island-hopping mecha-
nisms were the most likely mode of migration for the small-
and medium-sized mammals, while the large-sized (> 36 Kg)
perissodactyls migrated via a secular route between India and
Eurasia. The intermittent exposure of carbonate platforms and
volcanic island arcs most likely provided temporary pathways
for secular dispersal between India and Eurasia close to the
Paleocene-Eocene transition (i.e., 57-55 Ma). Considering the
lack of Paleocene terrestrial mammalian records from India,
a few Deccan volcano-sedimentary (lacustrine) intertrappean
successions and the lignite-associated sedimentary deposits
of Barmer Basin (western India) seem to hold potential for
future palaeontological endeavours. New records of middle
Eocene vertebrates from the Jaisalmer Basin (western India)
and Mikir Hills (northeast India) also suggest that concerted
efforts are required from the palaeontological community
to fully explore the Paleogene successions of western and
northeastern regions of India. Absence of records on Oligo-
cene terrestrial vertebrates from India is a major obstacle in
examination of the evolutionary link(s) between vertebrate
fauna (particularly mammals) from the Paleogene and Neo-
gene intervals of western India. Overall, the early Paleogene
vertebrate fossil records suggest that India was a biodiversity
hotspot for numerous orders of extant terrestrial (e.g., peris-
sodactyls, primates, artiodactyls) and marine mammals (e.g.,
cetaceans, sirenians).
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