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a b s t r a c t

Ten palm leaf impressions are documented from the latest Maastrichtian (late Cretaceous) to early
Danian (earliest Paleocene) sediments (K-Pg, c. 66e64 Ma) of the Mandla Lobe of the Deccan Inter-
trappean Beds, Madhya Pradesh, central India. The palmate leaf shape along with a definite well-
preserved costa support their placement in the subfamily Coryphoideae of the family Arecaceae. We
place all recovered palm leaf specimens in the fossil genus Sabalites, report seven species of coryphoid
palms and describe two new species namely, Sabalities umariaensis sp. nov. and Sabalites ghughuaensis sp.
nov. The fossils indicate that coryphoid palms were highly diverse in central India by the latest Creta-
ceous. These and earlier reported coryphoid palm fossils from the same locality indicate that they
experienced a warm and humid tropical environment during the time of deposition. These discoveries
confirm the presence of a diversity of Coryphoideae in Gondwana prior to the India-Eurasia collision and
provide information about coryphoid biogeographical history over geological time. Based on megafossil
remains, we trace coryphoid palm migration pathways from India to mainland Southeast (SE) Asia and
other parts of Asia after the docking of the Indian subcontinent with Eurasia early in the Paleogene.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The subfamily Coryphoideae constitutes the second largest
subfamily of Arecaceae (palms) with respect to the number of
genera and the third in terms of the number of species (Uhl and
Dransfield, 1987; Dransfield et al., 2008). Coryphoideae consists
of 47 genera and 518 species (Baker and Dransfield, 2016) and
subdivides into eight tribes: Borasseae, Caryoteae, Chuniophoeni-
ceae, Corypheae, Cryosophileae, Phoeniceae, Sabaleae and Trachy-
carpeae (Asmussen et al., 2006; Dransfield et al., 2008). This palm
subfamily is sister to the Arecoideae and Ceroxyloideae clades
(Asmussen et al., 2000) and includes all palms with a fused lamina
and induplicate folded leaf segments (Matsunaga et al., 2019). Fan-
shaped palmate leaves with radiating leaf segments are
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characteristic of the subfamily Coryphoideae (Dransfield et al.,
2008), however some members of the tribes Caryoteae (Caryota
L., and Arenga Labill. ex DC.) and Phoeniceae (Phoenix L.) of this
subfamily possess pinnately compound leaves (Matsunaga and
Smith, 2021). In Coryphoideae, truly palmate leaves (without
costae) are rather unusual, while the costapalmate type is more
widespread (Dransfield et al., 2008). Costapalmate leaves, exclusive
for the subfamily Coryphoideae, are typically similar to a palmate
leaf but have a definite costa (midrib) (Fig.1). The costa or extension
of the petiole into the lamina area is robust, armed or unarmed,
very thick at the basal portion and gradually tapers towards the
apex. The adaxial surface of the leaves may possess a hastula or
ligule-like appendage at the junction of the petiole and leaf blade
(Manchester et al., 2010). The above-mentioned diagnostic
morphological features are known to occur among various cor-
yphoid palm genera (Dransfield et al., 2008).

Modern members of the Coryphoideae are distributed in a wide
range of habitats from pantropical to some warm temperate areas
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
censes/by-nc-nd/4.0/).
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Fig. 1. Different types of modern palm leaves.
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of the southern part of North America, the northern part of South
America, Africa, Madagascar, the Philippines, Indonesia, the
southern part of Australia and Asia (Dransfield et al., 2008;
Reichgelt et al., 2018). They can also tolerate mild frosts as adults
and survive in gardens, but do not form naturally reproducing
populations where frosts are frequent or severe (Reichgelt et al.,
2018). In Asia, the Coryphoideae has a widespread distribution
from the Solomon Islands through Vanuatu, New Caledonia, Fiji to
French Polynesia, Malesia, and Hawaii (Prebble and Dowe, 2008). In
India, the Coryphoideae are represented by a few common taxa
with costapalmate type leaves such as Sabal, Borassus, Trachycarpus,
Licuala, Livistona, Corypha, Hyphaene etc. (Govaerts and Dransfield,
2005).

Numerous coryphoid palm leaves have been reported from
Mesozoic to Paleogene sediments outside of India (Berry, 1905, 1911,
1914, 1917, 1924; Endo, 1934; Lesquereux, 1878; Knowlton, 1917;
Brown, 1962; Guo, 1965; Daghlian, 1978; van der Burgh, 1984; Tao,
1988; Mustoe and Gannaway, 1995; Newberry, 1898; Kva�cek and
Herman, 2004; Marmi et al., 2010; Zhou et al., 2013; Wang et al.,
2015, 2016; Greenwood and West, 2017; Su et al., 2019;
Greenwood and Conran, 2020; Song et al., 2021). The earliest cor-
yphoid leaf fossils are from the late Cretaceous (upper Coniacian-
lower Santonian) of South Carolina (Berry, 1914) and the Santonian
Magothy Formation of New Jersey and Maryland (Berry, 1905, 1911).
Based on fossils from the Late Cretaceous (Campanian) Aguja For-
mation of Texas it has been suggested that an ecological relationship
between animals (dinosaur herbivores) and coryphoid palms may
have played an important role in palm evolution (Manchester et al.,
2010). However, only a few confirmed reports of fossil costapalmate
leaf remains are known so far from the Late Cretaceous to Paleogene
sediments of India (Table S1; Mahabale, 1966; Lakhanpal et al., 1983,
1984; Bonde,1986; Srivastava et al., 2014; Roy et al., 2021). From this
perspective, the occurrence of seven species of coryphoid palms,
including two new species from the latest Maastrichtian (Late
Cretaceous) to earliest Danian (early Paleocene) sediments (Chron
29R, 66e64 Ma) of the Deccan Inter-trappean Beds of India, several
million years prior to the earliest likely time of IndiaeAsia land
contact, is noteworthy and seems to indicate a well-established Late
Cretaceous Gondwanan presence of the subfamily Coryphoideae.
This subfamily then probably dispersed to mainland Southeast (SE)
Asia just before, or soon after, a land connection was established
between the Indian subcontinent and Eurasia. The recovered palm
fossils also indicate that, at the time of the Cretaceous-Paleogene (K-
Pg) transition, the flora in Madhya Pradesh included a diversity of
coryphoid palms, which also has some bearing on the reconstruction
of the paleoclimate of that area.

The aims of the present study are to (1) report and describe, two
new species of coryphoid palm leaf remains under the fossil genus
Sabalites, (2) review the fossil history of Asian coryphoid palms in
detail and compare our fossil leaf specimens with earlier reported
81
reliable coryphoid fossil leaf species, and (3) review comprehen-
sively the biogeographic patterns of this palm subfamily in Asia and
discuss its possible migration patterns.

2. Materials and methods

2.1. Geological setting

The Deccan Inter-trappean Beds, one of the world's most
important Large Igneous Provinces, covers an area of about
500,000 km2 in western, central, and southern parts of India,
including Andhra Pradesh, Gujrat, Karnataka, Madhya Pradesh, and
Maharashtra (Smith et al., 2015). The Deccan Volcanic Province
records a massive accumulation of tholeiitic magmas in a relatively
short time span (Chenet et al., 2007, 2009) from the latest Maas-
trichtian to the earliest Danian (c. 67e64 Ma, chrons 30Ne29N)
based on radiometric dating (40Ar/39Ar), planktonic foraminifera
and magnetostratigraphy (Venkatesan et al., 1997; Khosla, 1999;
Hofmann et al., 2000; Sheth et al., 2001; Keller et al., 2009; Chenet
et al., 2007, 2009; Renne et al., 2015; Schoene et al., 2015; Smith
et al., 2015; Srivastava et al., 2015). Bounding the K-Pg transition,
lavas poured out through numerous fissures and in so doing
inundated and created a range of terrestrial and lacustrine envi-
ronments (Nair and Bhusari, 2001). The eruptions occurred in
discrete episodes with intermittent quiescent periods marked by
the accumulation of inter-trappean sediments comprising lacus-
trine shale, silt and carbonate deposits hosting floral and faunal
fossils (Khosla and Verma, 2015; Verma and Khosla, 2019). The
eruptive succession in western India began at ~66.4 Ma and
continued until 65.6 Ma (Schoene et al., 2015, 2019; Sprain et al.,
2019). The palm fossils described here are from the Mandla Lobe,
a 900-m thick package of 29 flows dated as primarily belonging to
Chron 29R (Pathak et al., 2017), which lasted <1 Ma and straddles
the K-Pg boundary, although Srivastava et al. (2015) argue for a
mean age of 64.21 ± 0.33 Ma.

2.2. Materials and preparation

We recovered fossilized palm fronds bearing similarities with
modern coryphoid palm leaves during fieldwork in 2021. All were
collected from the latest Maastrichtian (Late Cretaceous) to earliest
Danian (early Paleocene) sediments of the Mandla Lobe Deccan
Inter-trappean beds of Umaria village (23

�
05026.4100N,

80
�
37035.2500E), GughuaMal village (23�06048.6000N, 80�37022.8900E)

in Dindori District, and Karondi village (N23� 12.2740, E80� 33.1050)
in Jabalpur District ofMadhya Pradesh, central India (Fig. 2). Umaria,
a small village under Mehandwani Tehsil in Dindori District, is
located 48 kmwestwards from the district headquarters of Dindori.
Ghughua, a village under Shahdol Division in Dindori District, is
situated betweenNiwas and Shahpura about 77 km east of Jabalpur,
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while Karondi is a small village (a total area of about 320.99 ha)
under Karondi Panchayat in Kundam Tehsil in Jabalpur District,
located 45 km eastward from the district headquarters in Jabalpur.
We have recovered a large number of fossil woods, seeds, and leaves
from the aforesaid localities; some of them are reported (Khan et al.,
2019, 2020a, b; Roy et al., 2021). The inter-trappean sediments of
Madhya Pradesh are very rich in permineralized woods (Mahabale,
1958; Lakhanpal et al., 1979; Ambwani, 1983; Ambwani and
Mehrotra, 1989; Gayakwad and Patil, 1989; Bonde et al., 2008;
Khan et al., 2019, 2020a), but leaf remains are very scarce (Srivastava
et al., 2014; Roy et al., 2021).

The recovered leaf specimens (Figs. 3e7) required a little
preparation before photography, as the morphological details are
not exposed in the initial fracture but are revealed by careful
removal of the overlying matrix using chisel and hammer.
Photography was donewith natural low-angled light using a digital
camera (NIKON D3300). Line-drawings of holotype fossil speci-
mens (Figs. 3b, 4g, 5b and d), additional specimens (Fig. 6b, d), and
earlier reported coryphoid palm leaf specimens (Figs. 8 and 9) were
made using CorelDraw V. 20 software. The exact taxonomic
determination required extensive literature and herbarium
searches to compare the Deccan palm leaf specimens with both
fossil and modern leaves of coryphoid palms sharing similar
morphological features (nature of the costae, petioles, and leaf
segments with their venation patterns). Identification of the fossil
palm leaf specimens was based on the key and definitions provided
by Read and Hickey (1972). We followed their classification and
placed our specimens under the fossil genus Sabalites G. Saporta
(Read and Hickey, 1972), which they proposed exclusively for cos-
tapalmate fossil palm leaves. Terms used to describe our Cretaceous
palm leaf specimens are in conformity with the standard termi-
nology for the morphological description of fossil palm leaves
(Read and Hickey, 1972). Several modern coryphoid palm leaves
were also examined critically using digital herbarium catalogues,
specifically the Kew Herbarium catalogue (https://apps.kew.org/
herbcat/navigator.do), and global biodiversity information facility
(www.gbif.org). The holotype specimens (SKBU/PPL/Um/L/1a;
SKBU/PPL/Gu/L/1) and additional specimens (SKBU/PPL/Um/L/1b;
SKBU/PPL/Gu/L/2; SKBU/PPL/Um/L/2a, SKBU/PPL/Um/L/2b, SKBU/
PPL/Um/L/3, SKBU/PPL/Um/L/5, SKBU/PPL/Um/L/6; SKBU/PPL/K/L/
2) are housed in the Museum of the Department of Botany, Sidho-
Kanho-Birsha University (SKBUH), Purulia, India.

A cluster analysis using the PAST 4.03.exe. software was
employed to explore the relationships between the external
Fig. 2. Map showing Deccan Volcanic Province (DVP). The red sta

82
morphological features (leaf form, petiole armature and striation,
length and breadth of petiole, length and breadth of costa, base
width of costa, number of leaf segments, width and length of leaf
segment, leaf base, angle of divergence of leaflets and hastula) of
twenty-one fossil species of coryphoid palm leaf remains including
our two new fossil species (Tables S2 and S3). The characteristics
included in this analysis were chosen because they are well-
preserved in the fossil species. The dendrogram was constructed
using the paired group (UPGMA) algorithm and the BrayeCurtis
method, the most efficient clustering algorithm. Details of the
characteristics and the scoring are given in Table S3.
3. Results

3.1. Taxonomic treatment of the recovered palm leaf specimens

As all the recovered Deccan leaf specimens are impressions
lacking epidermal anatomy, we focus only on their leaf blade ar-
chitecture. The characteristic features of the fossil leaf specimens,
including palmate, plicate induplicate leaf segments with a well-
defined costa (the extension of the petiole into the leaf blade-
costapalmate), a triangular hastula, and an unarmed petiole,
collectively demonstrate that they have affinities with modern
leaves of the palm subfamily Coryphoideae. This is because a cos-
tapalmate leaf type is found today exclusively in the Coryphoideae
(Harley, 2006; Dransfield et al., 2008). As Read and Hickey (1972, p.
129) stated, “Since it is very difficult to identify specimens of
modern palms accurately from their leaves alone, no attempt
should be made to place fossil palm fragments in genera of modern
palms unless unquestionably identifiable with them.” Thus, it is
difficult to assign the present fossil palm leaves to a taxonomic unit
below the subfamily level based only on their external morpho-
logical characters. Under these circumstances, we place our fossil
specimens under the morphogenus Sabalites (Saporta, 1865; Read
and Hickey, 1972). Here, we report two new fossil species,
namely, Sabalities umariaensis sp. nov., and Sabalites ghughuaensis
sp. nov., and only their detailed systematic descriptions are pro-
vided. However, only diagnostic morphological features are pro-
vided for the other five species of Sabalites leaf specimens. Due to
the lack of sufficient diagnostic characters, especially leaflet vena-
tion patterns, it is unreasonable to refer to them as new species at
present. Therefore, we here tentatively describe them under
morphotypes.
r indicates fossil localities (modified after Smith et al., 2015).

https://apps.kew.org/herbcat/navigator.do
https://apps.kew.org/herbcat/navigator.do
http://www.gbif.org


Fig. 3. a. Sabalites umariaensis Kumar, Spicer RA et Khan, sp. nov. (Holotype: SKBU/PPL/Um/L/1a)- a portion of leaf blade showing a short petiole with a distinct hastula and plicate
leaf segments attached to a distinct long straight costa; b. drawing of the leaf blade of S. umariaensis (Scale bar ¼ 2 cm).
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3.2. Cluster analysis

We compare the dissimilarities between the different coryphoid
leaf fossil species through cluster analysis (Fig. 10). The first cluster
contains only two species of Sabalites, namely, S. geneseensis and
S. umariaensis. The second cluster containing the remaining fossil
species consists of two sub-clusters. The first sub-cluster contains
fifteen species such as,

Sabalites karondiensis, S. dawsonii, Sabalites campbellii, Sabalites
longirhachis, Trachycarpus formosa, S. cf. asymmetricus,
83
S. ghughuaensis, Sabalites dindoriensis, Sabalites guangxiensis, Chu-
niophoenix slenderifolia, S. colaniae, S. szei, Sabalites tenuifolius,
Sabalites asymmetricus and S. robustus. The second sub-cluster
contains only four species: Sabal maior, Livistona roundifolia, S.
tibetensis and S. changchangensis (Fig. 10). S. ghughuaensis is widely
separated from the other species, T. formosa and S. cf. asymmetricus,
within the same branch. These results, along with the detailed
comparison of their morphological features with the earlier re-
ported fossil species of coryphoid palm leaves in Table S2, are
sufficient to further distinguish our new fossil species, namely,



Fig. 4. Sabalites umariaensis Kumar, Spicer RA et Khan, sp. nov. a, b. Enlarged views of the basal portion of the leaf blade of S. umariaensis showing induplicate leaf segments with a
distinct mid-vein (marked by the IL) attached to costa (marked by the C) and hastula (marked by the H); c. Basal portion of the leaf blade of modern coryphoid palm; d. a
counterpart of leaf blade of S. umariaensis (specimen no.: SKBU/PPL/Um/L/1b) ; e, f. enlarged view of a part of the leaflet of fig. d showing mid-vein (marked by 1), secondary lateral
veins (marked by 2) and cross veins (marked by 3); g. line drawing of a part of fossil leaflet showing mid-vein (marked by 1), secondary lateral veins (marked by 2), and cross veins
(marked by 3) (Scale bar ¼ 1 cm).
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S. umariaensis and S. ghughuaensis. The thirteen features selected
are based on the characteristics preserved and observed in the
fossil specimens.

3.3. Systematics

Family: Arecaceae Bercht. & J. Presl
Sub-family: Coryphoideae Burnett
Genus: Sabalites G. Saporta emended Read et Hickey
84
Species: Sabalites umariaensis Kumar, Hazra T et Khan, sp. nov.
Holotype: SKBU/PPL/Um/L/1a (Fig. 3a)
Additional specimen: SKBU/PPL/Um/L/1b (Fig. 4d)
Repository: Repository: Department of Botany, Sidho-Kanho-

Birsha University (SKBUH), West Bengal, India.
Type locality: Umaria village (23

�
05026.4100N, 80

�
37035.2500E) in

Dindori District, Madhya Pradesh, central India.
Type horizon and age: Deccan Inter-trappean beds; latest

Maastrichtian (Late Cretaceous)-earliest Danian (early Paleocene)



Fig. 5. Sabalites ghughuaensis Kumar, Spicer RA et Khan, sp. nov. (Holotype: SKBU/PPL/Gu/L/1). a. A portion of leaf blade showing plicate leaf segments attached to a robust costa; b.
line drawing of fig. a; c. enlarged view of a portion of the leaf blade of S. ghughuaensis showing plicate leaf segments with distinct mid-vein and secondary lateral veins; d. line
drawing of fig. c showing plicate leaf segments with distinct mid-vein and secondary lateral veins (Scale bar ¼ 2 cm).
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Etymology: The specific epithet “umariaensis” refers to the fos-
sils being found in Umaria village.

Specific diagnosis: Leaf costapalmate, large, fan-shaped with a
long and strong costa; leaf blade symmetrically attached to the
costa; petiole stout, unarmed, with pronounced longitudinal stri-
ations; triangular hastula present; costa slightly broad at the base
and gradually tapers towards the apex; leaf segments narrow,
plicate, fused at emerging point, emerging straight from the apex of
the petiole and from the both sides of the costa at an acute angle,
basal leaf segments strongly pendulous; plication induplicate; thick
and prominent midvein in each leaf segment; mid-vein paralleled
85
by prominent secondary lateral veins, oblique and transverse cross
veins present on both sides of the secondary lateral vein.

Description: The holotype (Fig. 3a) preserves the basal and
middle portion of a fan-shaped leaf blade and the top of petiole,
apical portion broken; leaf frond large, costapalmate, maximum
preserved length 24.3 cm and a maximumwidth of 6 cm; leaf blade
symmetrically attached to the costa; the petiole clearly preserved
at the base of the recovered leaf specimen (Figs. 3a and 4a, b), short,
length 1.5 cm and breadth 1.1 cm, texture fibrous, longitudinal
striations clearly seen on the petiole (Fig. 4a, b), spineless with no
prominent armouring found, the petiole tapering upward forming



Fig. 6. Sabalites deccanensis Kumar, Spicer RA et Khan, sp. nov. (Holotype: SKBU/PPL/Gu/L/2). a. A portion of leaf blade showing a distinct petiole and induplicate leaf segments
attached to a robust costa; b. line drawing of fig. a; c. enlarged view of a lower portion of the leaf blade of S. deccanensis with induplicate leaf segments emerging from the transition
area of petiole and costa; d. line drawing of fig. c showing induplicate leaf segments attached to the costa (Scale bar ¼ 1 cm).
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a strong long costa about 0.6 cmwide at the base; hastula (Figs. 3a,
b and 4a, b) prominent, triangular, 2 cm in length, 1.4 cm wide at
base and 0.8 cmwide at the tip; costa (extension of the petiole into
the leaf blade) well-preserved, long, straight, 22.8 cm in length,
86
0.6 cm in width, broad at the base and gradually tapering towards
the apex (Figs. 3a, b and 4a, b, d); some faint longitudinal fiber-like
structures also seen on the surface of costa; leaf segments well-
preserved along both sides of the costa (Figs. 3a, b and 4a, d),



Fig. 7. a. Sabalites sp. Type 1 (specimen no. SKBU/PPL/Um/L/2a)- a portion of leaf blade showing induplicate leaf segments attached to a long straight costa (Scale bar ¼ 1 cm); b.
Sabalites sp. Type 1 (specimen no. SKBU/PPL/Um/L/2b)- counterpart showing induplicate leaf segments attached to a long straight costa (Scale bar ¼ 1 cm); c. Sabalites sp. Type 2
(specimen no. SKBU/PPL/Um/L/6)- a portion of leaf blade showing induplicate leaf segments attached to a long straight costa (Scale bar ¼ 1 cm); d. Sabalites sp. Type 3 (specimen no.
SKBU/PPL/Um/L/3)- a portion of leaf blade showing leaf segments attached to a robust costa (Scale bar ¼ 1 cm); e. Sabalites sp. Type 4 (specimen no. SKBU/PPL/Um/L/5)- a portion of
leaf blade showing induplicate leaf segments attached to a long straight costa (Scale bar ¼ 1 cm); f. enlarged view of the basal portion of the leaf blade of Sabalites sp. Type 4 (Scale
bar ¼ 1 cm); g. Sabalites sp. Type 5 (specimen no. SKBU/PPL/K/L/2)- a portion of leaf blade showing induplicate leaf segments attached to a stout costa (Scale bar ¼ 2 cm).
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narrow, folded, spineless, connate (attached to the adjoining leaf
segments) at the base, plicate, emerging at an acute angle from the
costa, basal segments strongly pendulous (Figs. 3a and 4a, b),
proximally the basal leaf segments of one side of the specimen first
directed downward and then curve upward (Fig. 3a), the plication
of the well-preserved leaf segments easily discernible and indu-
plicate (V-shaped, i.e., midrib protruding downward) (Figs. 3a and
4a, d); seemingly 25e31 number of leaf segments preserved on
one side of the costa and 9 on another side, fused adjacently and
attached to the costa by the entire base (Fig. 4a, d), angle of
divergence approx. 25e35�, leaf segments maximum 17.3 cm in
length, about 1.5 cm wide at the base and 1.3 cm at the distal re-
gion; each leaf segment with a characteristic thick, distinct mid-
87
vein or primary vein (0.8 mm thick) (Fig. 4e, f, g), primary vein
with numerous secondary lateral veins (Fig. 4e, f, g); secondary
veins distinct, running parallel on either side of the mid-vein, dis-
tance between two secondaries 1.2e1.5 mm; some prominent
oblique and transverse cross veins (Fig. 4e, f, g) present between
secondary lateral veins.

3.3.1. Comparison with other coryphoid leaf fossil species
Numerous coryphoid costapalmate palm leaf fossils have been

reported from the late Mesozoic and early Cenozoic sediments of
India and elsewhere, and it is not possible to compare all of them
with the present fossil specimen due to various differences in pres-
ervation state. We restricted our comparisons to those fossil species



Fig. 8. Leaf architecture of fossil species of Coryphoid palms. a. Sabalites dindoriensis Srivastava et al. (Scale bar ¼ 4 cm); b. S. guangxiensis Wang et al. (Scale bar ¼ 2 cm); c.
S. tibetensis Su et al. (Scale bar ¼ 1 cm); d. Chuniophoenix slenderifolia Wang et al. (Scale bar ¼ 1 cm); e. Sabalites cf. asymmetricus Wang et al. (Scale bar ¼ 1 cm); f. S. longirhachis
Marmi et al. (Scale bar ¼ 5 cm); g. S. changchangensis Zhou et al. (Scale bar ¼ 1 cm); h. S. geneseensis Greenwood and West (Scale bar ¼ 1 cm); i. S. karondiensis Roy et al. (Scale
bar ¼ 1 cm); j. Livistona roundifolia Wang et al. (Scale bar ¼ 2 cm).
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that are well-preserved (Table S2; Figs. 8 and 9). In China, several
reliable coryphoid costapalmate palm leaves have been reported
from Eocene deposits, such as S. asymmetricus, S. robustus,
S. tenuifolius, S. szei, and S. changchangensis (Zhou et al., 2013), and
Oligocene sediments, namely, C. slenderifolia, Livistona rotundifolia, T.
formosa (Wang et al., 2015), S. guangxiensis and S. cf. asymmetricus
(Wang et al., 2016). S. asymmetricus, S. robustus, S. tenuifolius, S. szei
and S. changchangensis reported by Zhou et al. (2013) from the
Eocene Changchang Basin of Hainan Island of South China possess
shorter costae with much narrower and shorter leaf segments than
our specimen. Our specimen also differs from S. asymmetricus,
S. robustus, S. szei and S. changchangensis in having a triangular
hastula between the petiole and leaf blade. C. slenderifolia, L. rotun-
difolia, and T. formosa reported by Wang et al. (2015) from the
Oligocene deposits of the Ningming Formation in Ningming County,
Guangxi (China) possess a shorter costa than our specimen. In C.
slenderifolia, leaf segments emerge asymmetrically from the sides of
the costa. The petiole of L. rotundifolia has robust spines that differ-
entiate it from the Deccan fossil specimen. T. formosa differs in
having a cordate leaf base. Another two Oligocene (Ningming For-
mation) Chinese species, namely, S. guangxiensis and S. cf.
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asymmetricus reported by Wang et al. (2016) from the Chengzhong
Town, Ningming County, Guangxi (China), possess a shorter costa,
but have a longer petiole in comparison to the Deccan specimen. Our
specimen also differs from S. guangxiensis and S. cf. asymmetricus in
having a characteristic hastula between the leaf blade and petiole.
Additionally, S. cf. asymmetricus differs in having an asymmetrical
leaf base. S. tibetensis reported by Su et al. (2019) from the early late
Eocene (Bartonian) sediments of Dayu Village, Lunpola Basin, central
Tibetan Plateau differs in having spines at the base of the leaf blade.
This material was originally described as being deposited at ~25 Ma,
but subsequent U/Pb dating has shown its age to be ~38 Ma (Fang
et al., 2020). The Tibetan fossil species also possesses a much
longer petiole (65 cm) than the current specimen (1.5 cm).

A recently reported fossil species, S. colaniae (Song et al., 2021)
from the Oligocene Dong Ho Formation of Hoanh Bo Basin, north-
ern Vietnam, also possess a longer petiole (38 cm) than our spec-
imen. In the Vietnam species, leaf segments emerge
asymmetrically from the petiole apex and along both sides of the
costa. However, in our specimen, leaf segments emerge symmet-
rically from the petiole apex and along both sides of the long costa.
A Canadian early Paleocene species S. geneseensis (Greenwood and



Fig. 9. Leaf architecture of fossil species of Coryphoid palms. a. Trachycarpus formosa Wang et al. (Scale bar ¼ 2 cm); b. Sabalites tenufolius Zhou et al. (Scale bar ¼ 1 cm); c.
S. asymmetricus Zhou et al. (Scale bar ¼ 1 cm); d. S. colaniae Song et al. (Scale bar ¼ 1 cm); e. S. dowsonii Greenwood and Conran (Scale bar ¼ 5 cm); f. S. robustus Zhou et al. (Scale
bar ¼ 1 cm); g. S. campbellii Mustoe and Gannaway (Scale bar ¼ 5 cm); h. S. szei Zhou et al. (Scale bar ¼ 1 cm); i. Sabal maior Vanderburgh (Scale bar ¼ 2 cm).
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West, 2017) differs in having an asymmetrical leaf base and a
prominent oblique ladder-like zigzag pattern of transverse veins.
However, our specimen possesses a longer costa (22.8 cm) than
S. geneseensis (3.1 cm) and a hastula, which is absent in
S. geneseensis. Another Canadian fossil species, S. dawsonii reported
by Greenwood and Conran (2020) from Eocene (Huntingdon For-
mation) sediments, differs in having an acutely narrow short costa
that extends less than 10% of the leaf blade length from its broad
triangular base. S. campbellii Newberry reported from the
Paleocene-Eocene of USA (Newberry, 1898; Mustoe and Gannaway,
1995) differs from the palmmaterial presented here in possessing a
truncate leaf base. S. campbellii leaves from the Bellingham Bay
Member of the Chuckanut Formation of Washington, USA (Mustoe
and Gannaway, 1995) possess a shorter costa (1.5e2 cm) than our
Deccan specimen. S. longirhachis Kva�cek and Herman reported from
the lower Campanian of the Grünbach Formation of Austria (Kva�cek
and Herman, 2004) and from the lower Maastrichtian of Fumanya
(Tremp Formation), Pyr�en�ees, Spain (Marmi et al., 2010) possess a
much thicker, longer costa and petiole than our Deccan specimen. A
fossil costapalmate leaf species, S. maior van der Burgh, reported
from the Miocene of the lower Rhenish Plain, Germany, by
Vanderburgh (1984), shows a clear difference in costa lengths and
shapes and leaf segment dissection compared to our palm leaf
specimen.
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The present specimen was also compared to S. dindoriensis Sri-
vastava et al. and S. karondiensis Roy et al. from the Cretaceous-
Paleogene (K-Pg) boundary of Madhya Pradesh, central India
(Srivastava et al., 2014; Roy et al., 2021). However, both these earlier
reported Deccan species have no hastula between petiole and costa,
which is clearly seen in our specimen. Our specimen also differs
from them in having a greater number of plicate leaf segments. In
addition, the arrangement and angle of divergence of the leaf
segments is also different. Thus, by comparing the present fossil
leaf specimen with the previously published reliable fossil species
of coryphoid palms, we conclude that our fossil specimen differs
from them (Table S2; Figs. 8 and 9) and is, therefore, identified as a
new species known as S. umariaensis Kumar, Hazra T et Khan, sp.
nov. This conclusion is also supported by the cluster analysis
(Fig. 10).

Species: S. ghughuaensis Kumar, Hazra T et Khan, sp. nov.
Holotype: SKBU/PPL/Gu/L/1
Additional specimen: SKBU/PPL/Gu/L/2
Repository: Department of Botany, Sidho-Kanho-Birsha Uni-

versity (SKBUH), West Bengal, India.
Type locality: Ghughua mal (location: 23�06048.6000N,

80�37022.8900E) in Dindori District, Madhya Pradesh, central India.
Type horizon and age: Deccan Inter-trappean beds; latest

Maastrichtian (Late Cretaceous)-earliest Danian (early Paleocene)



Fig. 10. Cluster analysis dendrogram using PAST software showing the characteristic relationship between the present two fossil species and the other reported fossil species of
coryphoid palms (Linkage Algorithm-paired group (UPGMA); Similarity index- BrayeCurtis).

S. Kumar, T. Hazra, R.A. Spicer et al. Plant Diversity 45 (2023) 80e97
Etymology: The specific epithet “ghughuaensis” recognizes
Ghughua Mal village, the locality from where the fossil specimens
were collected.

Specific diagnosis: Leaf costapalmate, fan-shaped with wide
costa; leaf blade with an asymmetrical base; petiole well-developed,
wide, unarmed, with pronounced longitudinal striations; hastula
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absent; leaf segments narrow, plicate, connate, emerging at an acute
angle from the costa, basal leaf segments pendulous; plication
induplicate; prominent mid-vein present in each leaf segment, par-
allel secondary lateral veins on either side of mid-vein.

Description: The impression specimens (Figs. 5a and 6a) pre-
serve the basal-middle portion of the fan-shaped leaf blade with
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costa and petiole, apical portion totally broken; leaf frond cos-
tapalmate, preserved part about 7.5e15 cm in length and
5.7e5.9 cm in width; leaf blade asymmetrically attached to the
costa; petiole evidently preserved at the base (Figs. 5a and 6a),
length 1.3e4.5 cm and breadth 1.5e2.5 cm, spineless, longitudinal
striations clearly seen on the petiole of one specimen (Fig. 6a);
hastula absent; costa (Figs. 5a and 6a) well-preserved, wide, almost
straight, 6.2e10.5 cm in length, 1.8e2.8 cm in width; some faint
longitudinal fiber like striations or ribs seen on the surface of costa
(Fig. 5a); leaf segments narrow, well-preserved along both sides of
the costa in holotype specimen (Fig. 5a) and along one side of the
costa in another specimen (Fig. 6a), emerge asymmetrically from
the apex of petiole and bilateral sides of the costa at an acute angle,
spineless, connate at the base, plicate, basal leaf segments in one
specimen strongly pendulous (Fig. 6a, c), the plication induplicate
(V-shaped) (Figs. 5c and 6c); 24 leaf segments preserved on both
sides of the costa in the holotype specimen (Fig. 5a) and 18 leaf
segments on one side of the costa in another specimen (Fig. 6a),
segments fused adjacently and attached to the costa by the entire
base (Figs. 5c, d, 6c and 6d), angle of divergence approx. 35e45�,
leaf segments 2.5e3.5 cm in length and 1.3e1.5 cmwide; due to the
missing apex, the orientation of the leaf segments unknown; each
leaf segment with a distinct primary vein (0.9 mm thick) (Figs. 5c,
d and 6c, d), secondary veins distinct, running parallel on either
side of the primary vein (Figs. 5c, d and 6c, d), the distance between
two secondaries 1e1.3 mm; cross veins not clearly visible between
secondary lateral veins.

3.3.2. Comparison with other coryphoid leaf fossil species
Fossil costapalmate palm leaf species, namely, S. longirhachis,

S. colaniae, S. tibetensis, S. cf. asymmetricus, S. guangxiensis, T. for-
mosa, L. roundifolia, C. slenderifolia, S. szei, S. robustus and Sabal
maiori, possess a longer petiole and leaf segments than our spec-
imen. S. tenuifolius, S. colaniae, S. tibetensis and S. campbellii differ
from the present specimen in having hastula between petiole and
leaf blade.

The Chinese Oligocene species L. roundifolia has robust spines on
the petiole, whereas the Ghughua specimen has an unarmed
petiole. Four species of Sabalites, namely, S. dindoriensis,
S. asymmetricus S. karondiensis and S. longirhachis, differ in having a
longer costa with much longer leaf segments than S. ghughuaensis,
and the current species differs from S. changchangensis and
S. dawsonii in having amuch longer costa. Additionally, longitudinal
striations are clearly seen on the surface of the petiole and costa in
S. ghughuaensis. Thus, in being different from earlier reported cor-
yphoid fossil leaf remains (Table S2; Figs. 8 and 9), a conclusion that
is also supported by our cluster analysis (Fig. 10), the Ghughua
specimen is here described under a new specific name,
S. ghughuaensis Kumar, Hazra T et Khan, sp. nov.

Species: Sabalites sp. Type 1
Specimen numbers: SKBU/PPL/Um/L/2a (Fig. 7a); SKBU/PPL/

Um/L/2b (Fig. 7b)
Locality: Umaria village (23

�
05026.4100N, 80

�
37035.2500E) in Din-

dori District, Madhya Pradesh, central India.
Description: Leaf strongly costapalmate, fan-shaped with a long

and strong costa; leaf blade symmetrically attached to the costa;
hastula absent; costa slightly broad at the base and gradually tapers
towards the apex, costa 10.5 cm in length and 0.6e1.1 cm in
breadth; leaf segments narrow, plicate, connate, emerging from the
bilateral sides of the costa at an acute angle, 8e10 leaf segments
preserved on one side and 4e5 on another side of the costa, about
0.9 cm wide, about 9.2 cm in length, angle of divergence of leaf
segments approx. 30

�
e32

�
; prominent mid-vein in each leaf

segment; mid-vein paralleled by faint secondary lateral veins,
further venation details not clearly visible.
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Species: Sabalites sp. Type 2
Specimen number: SKBU/PPL/Um/L/6 (Fig. 7c)
Locality: Umaria village (23

�
05026.4100N, 80

�
37035.2500E) in Din-

dori District, Madhya Pradesh, central India.
Description: Leaf strongly costapalmate, fan-shaped with a long

and strong costa; costa slightly broad at the base and gradually
tapers towards the apex, costa 10.4 cm in length and 0.5e1.6 cm in
breadth, some faint longitudinal striations seen on costa; leaf seg-
ments narrow, plicate, connate, emerging symmetrically from the
bilateral sides of the costa at an acute angle, 22 leaf segments
preserved, about 0.7 cm wide, about 2.5e10 cm in length, angle of
divergence of leaf segments approx. 35

�
e40

�
; prominent mid-vein

seen in some leaf segment; mid-vein paralleled by faint secondary
lateral veins, cross veins not clearly visible.

Species: Sabalites sp. Type 3
Specimen number: SKBU/PPL/Um/L/3 (Fig. 7d)
Locality: Umaria village (23

�
05026.4100N, 80

�
37035.2500E) in Din-

dori District, Madhya Pradesh, central India.
Description: Leaf costapalmate; costa strong and wide, 12 cm in

length and 0.9e1.5 cm in breadth, longitudinal striations clearly
seen on the surface of the costa; leaf segments connate, emerging
from the costa at an acute angle, 7 leaflets preserved on one side of
the costa, about 0.9 cm wide, about 5.2 cm in length, angle of
divergence of leaf segments approx. 30

�
e32

�
; mid-vein preserved

but other venation details of leaf segments not clearly preserved.
Species: Sabalites sp. Type 4
Specimen number: SKBU/PPL/Um/L/5 (Fig. 7e, f)
Locality: Umaria village (23

�
05026.4100N, 80

�
37035.2500E) in Din-

dori District, Madhya Pradesh, central India.
Description: Leaf strongly costapalmate, fan-shaped with a

prominent costa; costa slightly broad at the base and gradually
tapers towards the apex, costa 7.2 cm in length and 0.3e0.9 cm in
breadth; leaf segments narrow, plicate, connate, emerging from the
one side of the costa at an acute angle, 12 leaf segments preserved
on one side and 7 on another side of the costa, about 0.7 cm wide,
about 9.1 cm in length, angle of divergence of leaf segments approx.
18

�
e22

�
; prominent mid-vein in each leaf segment; mid-vein par-

alleled by faint secondary lateral veins, some faint cross veins also
seen.

Species: Sabalites sp. Type 5
Specimen number: SKBUH/PPL/K/L/2 (Fig. 7g)
Locality: Karondi village (N23�12.2740, E80� 33.1050) in Jabalpur

District, Madhya Pradesh, central India
Description: Leaf costapalmate; costa prominent, slightly broad

at the base and gradually tapers towards the apex, costa 8.5 cm in
length and 2.1 cm in breadth; leaf segments narrow, connate,
emerging from the costa at an acute angle, 4 leaf segments clearly
preserved on one side of the costa, about 1.9 cm wide, about
10.2 cm in length, angle of divergence of leaf segments approx.
30

�
e35

�
; prominent mid-vein in each leaf segment; mid-vein

paralleled by faint secondary lateral veins.

4. Discussion

4.1. Biogeographical implications

4.1.1. The fossil history of coryphoid palms in Asia
The fossil record of Arecaceae has been extensively reviewed

elsewhere by Harley (2006) and Dransfield et al. (2008), and among
all the sub-families of Arecaceae, the sub-family Coryphoideae has
by far the richest fossil record. However, the megafossil records of
Coryphoideae in Asia have not yet been discussed specifically and
so are presented here for the first time (Table S1). Megafossil re-
cords of coryphoid palms are geographically widespread in Asia,
specifically in India and mainland SE Asia, and comprise a wide
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range of organs, namely, leaves, cuticles, leaf bases, leaf axes, stems,
roots, fruits, peduncles, and inflorescences. For some of these or-
gans records are rare, while for others, such as leaves and stems,
records are abundant. Earlier fossil records show that coryphoid
palms flourished at the K-Pg boundary (late Cretaceous-earliest
Paleocene) in India and reached a peak of geographic distribution
in the later Paleogene (Eocene and Oligocene) of China.

Leaves: Many coryphoid palm leaf fossils representing multiple
species, such as Sabalites sp., S. cf. taishuensis, S. guangxiensis,
S. colaniae, S, chinensis, S. asymmetricus, S. robustus, S. tenuifolius,
S. szei, S. changchangensis, T. formosa, C. slenderifolia, L. roundifolia
and Livistona sp., have been recovered from the Paleogene sedi-
ments of mainland SE Asia (Endo, 1934; Guo, 1965; Zhou et al.,
2013; Wang et al., 2015, 2016; Song et al., 2021). In SE Asia, they
are reported from the Oligocene of China (Wang et al., 2015, 2016)
and Northern Vietnam (Song et al., 2021) and the Eocene of China
(Endo, 1934; Guo, 1965; Zhou et al., 2013). Coryphoid palm leaf
fossil specimens described as S. tibetensis are also recorded from
early late Eocene sediments of the Lunpola Basin, central Tibetan
Plateau (Su et al., 2019) and Livistona tibetica has been reported
from the Eocene sediments of Xizang, China (Tao, 1988). It is
interesting to note that most of them (S. guangxiensis, S. cf. asym-
metricus, S. asymmetricus, S. robustus, S. tenuifolius, S. szei,
S. changchangensis, T. formosa, C. slenderifolia, L. roundifolia and
Livistona sp.) were described on the basis of both morphological
and cuticular characteristics (nature of stomata, epidermal cells,
trichome bases) (Zhou et al., 2013; Wang et al., 2015, 2016).

Chinese palm fossils are very rare in Neogene sediments, with
only one coryphoid leaf species being reported from the Miocene
sediments of Guangdong (Guo, 1965). Their limited distribution
may be the result of taphonomic biases and/or fewer well-studied
Neogene fossil localities in southern China compared to those of the
Paleogene.

In India, fossil records of coryphoid leaf remains, namely,
Sabalites sp., S. dindoriensis, S. karondiensis, S. microphylla, Livistona
wadiai, Trachycarpus ladakhensis, Palmophyllum mohgaonense and
Sabalophyllum livistonoides, are found from the Late Cretaceous
through to the Miocene (Sahni, 1964; Mahabale, 1966; Lakhanpal
et al., 1983, 1984; Bonde, 1986; Mathur et al., 1996; Srivastava
et al., 2014; Roy et al., 2021). Besides leaf remains, other mega-
fossil organs, namely sheathing leaf bases, petioles and leaf axes,
have been reported from the Deccan Inter-trappean beds of India
(Kulkarni and Patil, 1977; Shete and Kulkarni, 1980; Bonde et al.,
2000). A permineralized sheathing leaf base described as Phoeni-
cicaulon mahabalei, having affinity to the leaf base of extant
members of the tribe Phoeniceae, was documented from the Dec-
can Intertrappean beds at Umaria, Madya Pradesh, India (Bonde
et al., 2000). Shete and Kulkarni (1980) observed a fossil petiole
described as Palmocaulon hyphaeneoides in the Deccan Inter-
trappean Beds of Wardha District, Maharashtra, India. They
observed that its anatomy strongly resembled a petiole of the
modern coryphoid palm taxon Hyphaene. A petrified palm leaf axis
described as Palmocaulon costapalmatum was also reported from
the same locality (Kulkarni and Patil, 1977).

Stems: Fossil palm stems are usually included in the single genus
Palmoxylon. Fossil coryphoid palm stem specimens assigned to
different species of Palmoxylon have been found only in India
(Mahabale, 1958; Sahni, 1964; Lakhanpal et al., 1979; Prakash and
Ambwani, 1980; Ambwani and Mehrotra, 1989; Gayakwad and
Patil, 1989; Bonde et al., 2008; Roy, 2013; Khan et al., 2020a). The
significant anatomical attributes of the early reported Indian fossil
species revealed their resemblance with Coryphoideae by having
Cocos to Corphy-type general stem organization, the presence of
well-preserved fibrovascular bundles with the reniform type of
dorsal fibrous sclerenchymatous part, generally two metaxylem
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vessel elements in each fibrovascular bundle, compact ground pa-
renchyma tissue, and the absence of centrifugal differentiation of
the fibrous part of the fibrovascular bundle. Sahni (1964) and Roy
(2013) documented silicified fossil wood Palmoxylon coronatum
resembling Borassus from the late Tertiary (Miocene) of West
Bengal. In the latest Maastrichtian to early Danian (earliest Paleo-
cene) sediments (c. 66e64 Ma) of the Mandla Lobe of the Deccan
Inter-trappean Beds of Madhya Pradesh, central India, fossil stem
species, such as Palmoxylon sp., P. licualaense, P. mandlaensis, Pal-
moxylon shahpuraensis, P. taroides and P. dindoriensis, have been
reported (Mahabale, 1958; Lakhanpal et al., 1979; Ambwani and
Mehrotra, 1989; Gayakwad and Patil, 1989; Bonde et al., 2008;
Khan et al., 2020a). A permineralized stem described as Palmoxylon
livistonoides, having affinity with the modern stem of Livistona,was
documented from the Deccan Inter-trappean beds of Nawargaon
village in Wardha District, Maharashtra (Prakash and Ambwani,
1980).

Inflorescence axis: A fossil palm inflorescence axis or peduncle
described as Palmostroboxylon indicum, and resembling that of
modern Phoenix, has been reported from the Deccan Inter-trappean
Beds of Dongargaon District Chandrapur, Maharashtra, India
(Biradar and Bonde, 1979).

Fruits: Until recently there have been only three reports of fossil
fruits of coryphoid palms from Asia, and all are from the
Cretaceous-Paleocene sediments of India (Bande et al., 1982; Shete
and Kulkarni, 1985; Patil et al., 2016). The fossil fruit Hyphaeneo-
carpon indicum from the latest Maastrichtian to early Danian
(earliest Paleocene) sediments of the Deccan Inter-trappean Beds of
Madhya Pradesh exhibits an affinity to the extantHyphaene alliance
(Bande et al., 1982). Patil et al. (2016) found a fruit described as
Palmocarpon patanii from the Deccan Inter-trappean Beds of
Maharashtra that has an affinity with the modern fruits of the
coryphoid palm taxon Livistona. Shete and Kulkarni (1985) also
found a coryphoid palm fossil fruit known as Palmocarpon cor-
yphoidium at this locality.

Roots: So far only two borassoid fossil palm roots have been
reported from the Deccan Inter-trappean Beds of Wardha District,
Maharashtra, India (Ambwani, 1981, Awasthi et al., 1996a, b).

4.1.2. Possible migration routes of coryphoid palms from India to
mainland SE Asia

Coryphoid palms originated in the Northern Hemisphere in the
Late Cretaceous and diversified in boreotropical regions through
the Cenozoic (Bjorholm et al., 2006; Baker and Couvreur, 2013a, b).
They have a long fossil history in Asia, especially in India and
mainland SE Asia (Table S1). However, scenarios for their biogeo-
graphical history, diversification and migratory routes in an Asian
perspective through geological time remain poorly understood. Our
fossil evidence of coryphoid palm leaf remains from the Deccan
Inter-trappean beds of India provides important information
regarding the paleobiogeography and palaeodiversity of Cor-
yphoideae in Asia, and based on megafossil remains, we also trace
Asian palm migration pathways.

The fossil findings presented and reviewed here demonstrate a
Gondwanan presence of Coryphoideae. Previous fossil evidence of
Coryphoid palms in Asia suggested that they had a broad distri-
bution across India and mainland SE Asia during the late Mesozoic
and Cenozoic (ranging from the Late Cretaceous to Miocene)
(Table S1; Fig. 11). Until now, the oldest unequivocal fossils of Asian
Coryphoideae are from the latest Maastrichtian (Late Cretaceous) to
early Danian (earliest Paleocene) sediments (c. 66e64 Ma) of the
Deccan Inter-trappean Beds of India (Table S1). Members of the
Coryphoideae exhibit significant diversity with different fossil
species bearing leaves, petioles, leaf axes, leaf bases, stems, roots,
and peduncles; a diversity of form is seen in the Deccan Inter-



Fig. 11. Map showing the distribution of extinct Coryphoideae in Asia and its possible migratory routes.
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trappean Beds of India since Late Cretaceous- earliest Paleocene
time. This may imply that the tropical zone of Deccan Inter-
trappean Beds was one of the centers for diversification of cor-
yphoid palms. However, a large number of post K-Pg Coryphoideae
palm leaf fossils have been reported mainly from China (Table S1),
showing that in the late Paleogene (Eocene and Oligocene) Cor-
yphoideae underwent a marked increase in geographic distribu-
tion, species diversity, and abundance, becoming an important
group in the Palaeogene forests of China (Endo, 1934; Guo, 1965;
Tao, 1988; Zhou et al., 2013; Wang et al., 2015, 2016). However,
besides India, we do not have any convincing megafossil records of
Coryphoideae from the Cretaceous or Paleocene sediments of other
regions of Asia, especially mainland SE Asia. The only exception is
that Ôyama andMatsuo (1964) noted a very small (4.2 cmwide and
8.6 cm long), incompletely preserved palm leaf fragment from the
Upper Cretaceous (?) sediments of Japan, eastern Asia, and this
identification may be insecure given the limited nature of the
material; thus, the taxonomic position of this specimen is not clear.
In addition, the Japanese specimen has only a long, triangular ligule
and a wide rachis (?)/petiole (Please see Figs. 3 and 4 pp. 244e245
in Ôyama and Matsuo, 1964) but lacks a definite costa, the most
important morphological feature for the identification of cos-
tapalmate or coryphoid palm leaf. Sung et al. (1976) studied a fossil
palynomorph Sabalpollenites areolatus recovered from Late
Cretaceous-Early Palaeogene sedimentary deposits of Yunnan,
China, and compared fossil pollen with the modern pollen of Sabal;
but precise identification at a specific level was not definitive.
Moreover, because pollen can be transported over long distances
(Rousseau et al., 2008), and reworked from older to younger sedi-
ments prior to a final deposition without showing clear signs of
abrasion or damage (Mander and Punyasena, 2014), megafossil
evidence is more reliable than of pollen grains, especially in the
case of palms.

Our new findings as well as a previous megafossil-based
investigation (Srivastava et al., 2014; Khan et al., 2020a; Roy et al.,
2021) strongly suggest the presence of Coryphoideae on the
Gondwana fragment that is now India, providing support for the
“Out-of-India” hypothesis (Figs. 11 and 12). This hypothesis holds
that some Asian biotic elements had an ancient Gondwanan origin
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and reached Asia sometime close to 55 ± 10 Ma (Wang et al., 2014)
by “rafting” on the Indian subcontinent after the breakup of
Gondwana (Briggs, 2003). The geological history of India, including
its split from other parts of Gondwana, its northward journey, and
eventual collision with Eurasia, has been well documented (Briggs,
2003; Ali and Aitchison, 2005; Bouilhol et al., 2013).

The collision between India and Eurasia provided opportunities
for exchanges of Cenozoic flora and fauna (Karanth, 2006). Many
biotic elements from the Indian subcontinent therefore presumably
spilled into Asia and differentiated in the Cenozoic mountains and
valleys of southern China, Xizang, where for much of the Paleogene
it was a lowland (<2 km) valley (Su et al., 2019), Indo-China,
Thailand, and the Malayan peninsula after the collision. Some
studies have also suggested that biotic exchange between India and
Asia may not have required direct contact between the two land-
masses (Chatterjee and Scotese, 2010). Instead, it may have
occurred via African-Arabian connections between India and Eur-
asia (Greater Somalia or the Oman-Kohistan-Dras Island Arc) to-
wards the end of the Cretaceous. This hypothesis is also consistent
with the presence of Coryphoideae megafossils in Africa (Pan et al.,
2006). Nevertheless, these considerations also support the “Out-of-
India” hypothesis presented here that Coryphoid palms entered
mainland masses of SE Asia (Vietnam) and other parts of Asia
(Xizang, China) directly, or indirectly, from the Indian subcontinent
(Figs. 11 and 12). Previously, Srivastava et al. (2014) discussed the
possible migratory path of the Coryphoideae from the Northern
Hemisphere to the Indian subcontinent in a global perspective and
suggested that this palm subfamily may have dispersed into India
from Europe via Africa during the latest Cretaceous, before the In-
dian Plate collided with the Eurasian Plate. However, this route
does not explainwhy SE Asian occurrences seem to post-date those
in India and why Coryphoid palms did not move eastwards from
Europe in the Late Cretaceous and early Paleogene, particularly as a
high Tibetan plateau did not exist at that time (Spicer et al., 2020)
and migration would have been possible both along the lower
southern slopes of the Gangdese Mountains that pre-dated the rise
of the Himalaya and through a wide east-west trending migratory
corridor in central Tibet (Spicer et al., 2020). It may be that yet-to-
be-discovered fossils will show palms were present in SE Asia prior



Fig. 12. Plate tectonic configuration from Cretaceous to Neogene and the possible dispersal routes of coryphoid palms. (a. Late Cretaceous (65 Ma); (b. Eocene (33.9 Ma); (c.
Oligocene (23.03 Ma); and (d. Miocene (5.33 Ma). Blue area shows the possible extent of the subducted Indian plate.
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to the K-Pg, but at present, it seems India provided the most likely
coryphoid route to that region.

Our materials, together with the previously reported coryphoid
palms from the same locality (Table S1), indicate that costapalmate
palmswere one of themajor components of theMadhya Pradesh K-
Pg flora and exhibited a rich diversity. However, few coryphoid
palms occur in the present-day tropical dry deciduous forests of
Madhya Pradesh. In Madhya Pradesh, Coryphoideae is represented
by only five genera (Borassus, Livistona, Caryota, Trachycarpus and
Phoenix) with six species (B. flabellifer, Chuniophoenix urens, Livis-
tona chinensis, P. sylvestris, P. dactylifera and Trachycarpus fortune)
(Singh et al., 2001; Singh, 2014). Here, we assume that the narrow
distribution of coryphoid palms today is likely due to climate,
ecology, and vegetation change since the Late Cretaceous (Prasad
et al., 2013; Bhatia et al., 2021).

4.2. Implications for past climate

Fossil palms, which can be very good indicators of past climatic
conditions (Reichgelt et al., 2018), today have a near pantropical
distribution (Harley, 2006). Palms are iconic plant fossils, providing
94
evidence of warm climates in the geological past in different
geographical areas (Wing and Greenwood, 1993; Greenwood and
Wing, 1995; Archibald et al., 2014; Ding et al., 2017; Reichgelt
et al., 2018; Su et al., 2019; Xiong et al., 2020). Early palm lineage
fossils from the Cretaceous were most likely growing in tropical
conditions (Manchester et al., 2010) and palms are interpreted to
have diversified and spread out from tropical environments during
the late Paleogene and Neogene (Svenning et al., 2008; Couvreur
et al., 2011). The core distribution of modern palms is predomi-
nantly tropical (Walther et al., 2007; Reichgelt et al., 2018).
Generally, high palm diversity is usually supposed to reflect both
warm temperatures and a humid climate (Dransfield et al., 2008;
Zhou et al., 2013). The highest diversity and abundance of palms are
found in tropical regions where the mean annual temperature is
18e28 �C, the coldest month mean temperature �18 �C, and the
mean annual range of temperature �10 �C (Greenwood and Wing,
1995; Reichgelt et al., 2018). Additionally, palm subfamilies
including Coryphoideae, have their centres of distribution and
diversification in the tropics (Svenning et al., 2008; Reichgelt et al.,
2018). Thus, the discovery of present and previously reported cor-
yphoid palm megafossils of different organs, namely, leaves
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(Srivastava et al., 2014; Roy et al., 2021), petioles (Trivedi and
Verma, 1981), leaf bases (Bonde et al., 2000), stems (Mahabale,
1958; Lakhanpal et al., 1979; Ambwani, 1983; Ambwani and
Mehrotra, 1989; Gayakwad and Patil, 1989; Bonde et al., 2008;
Khan et al., 2020a) and fruits (Bande et al., 1982) is generally taken
to indicate a warm and humid tropical climate prevailed across
what is now Madhya Pradesh, central India, during Late
Cretaceous-early Paleocene times. This suggested paleoclimatic
condition is also supported by earlier published qualitative paleo-
climatic reconstruction using nearest living relatives (NLR) analysis
(Srivastava, 2010; Prasad et al., 2013; Srivastava and Srivastava,
2014; Manchester et al., 2016; Baas et al., 2017; Kapgate et al.,
2017; Khan et al., 2019; Smith et al., 2021) and quantitative pa-
leoclimatic data using Climate Leaf Analysis Multivariate Program
(CLAMP) analysis (Bhatia et al., 2021). The CLAMP-derived results
based on physiognomic features of woody dicot fossil leaf assem-
blages of the same fossil locality predict a mean annual tempera-
ture of 23.4 �C± 2.3 �C; a coldmonthmean temperature of 17.2 �C ±
3.5 �C, a warm month mean temperature of 28.1 �C ± 2.9 �C, a
relative humidity of 75.6% ± 10.1% and a growing season precipi-
tation of 2320 mm ± 643 mm during Late Cretaceous-early Paleo-
cene time (Bhatia et al., 2021).

5. Conclusions

The seven species of coryphoid palms, including two new spe-
cies, recovered from the Deccan Inter-trappean Beds of Madhya
Pradesh, central India provide important information for exploring
the evolutionary history of coryphoid palms in the tropics and sub-
tropics, and also provide solid evidence for the reconstruction of
the paleoclimate of the Deccan region in latest Cretaceous to
earliest Paleocene time. The fossil evidence of Coryphoideae pre-
sented and reviewed here suggests that members of the Cor-
yphoideae were present in Gondwana in the Late Cretaceous and
were “ferried” to Asia on the “raft” of India. Subsequently, they
began a migration to mainland SE Asia around the time of the su-
turing of India and Eurasia 55 ± 10 Ma, possibly very soon after the
KePg transition. A better understanding of the coryphoid palm
biogeography in Asia requires further well-dated fossil discoveries.
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